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Graphene is proving to be the magic material of the 21th century. It is widely accepted that
it is the strongest material ever studied and can be an efficient substitute for silicon. Besides,
fascinating properties of graphene, such as the highest electrical conductivity among the dis‐
covered substances, have dramatically shocked science and technology world. Graphene is a
carbon based material with high atomic density. Its extraordinary characteristics such as ex‐
tremely high mechanical strength, hardness, and adjustable thermal and electrical conduc‐
tivity, as well as excellent surface and optical feature through chemical marking, have
received great deal of attention by many researchers. The fact that chemists can barely find
an alternative for graphene has caused development of various applications for it in nanoe‐
lectronics, solar cells, and storage tools such as batteries and super capacitors.

This book collects advances in graphene science. I like to appreciate all of contributors to
this book and thank them for their high quality manuscripts. I wish open access publishing
of this book help all researchers to benefit from this collection.

Dr. Mahmood Aliofkhazraei
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Chapter 1

Atomic Structure of Graphene and h-BN Layers and Their
Interactions with Metals

Recep Zan, Quentin M. Ramasse, Rashid Jalil and
Ursel Bangert

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56640

1. Introduction

Since the isolation of graphene and other two-dimensional (2D) materials, such as hexagonal
boron nitride (h-BN), these just one atom layer thick materials have spurred a flurry of
investigations into their structural properties, morphology and chemistry [1, 2]. Graphene is
a 2D crystalline form of carbon and a basic building block for carbon allotropes such as
fullerenes, carbon nanotubes and graphite [3]. In graphene, carbon atoms are packed in a
planar honeycomb network. The unit cell of single-layer graphene consists of two carbon
atoms, separated by 1.42 Å, with a lattice constant of 2.46 Å. Each atom has s, px and py orbitals
and is bonded to three neighbor atoms in the lattice, forming an sp2 atomic network. The pz

orbitals overlap between neighboring atoms resulting in so-called filled π and empty π* states,
which respectively form the valence and the conduction bands in graphene. However, so-
called Bernal (AB-) stacked double layer graphene has four electrons in the unit cell: in this
configuration, the individual layers are stacked but shifted with respect to one-another, so that
the carbon atoms in one layer sit on top of the empty hexagon centers in the underlying layer.
Due to the absence of any measurable bandgap in both single and double layer graphene these
materials are often called zero-gap semiconductors. The lack of a bandgap is a serious
limitation to the use of graphene in electronics as switching off any graphene-based device
would be extremely difficult. Additionally, researchers have shown that the substrate on which
graphene layers are placed has dramatic effects on its transport properties. SiO2/Si substrates
were used for initial graphene devices [1]. However, due to their surface roughness and to the
presence of charged impurities graphene devices built directly on SiO2 substrates could not
demonstrate any marked improvement over more traditional designs: they were seemingly
never able to utilize the intrinsic properties of graphene [4]. Other substrates (2D materials)

© 2015 Zan et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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such as hexagonal boron nitride (h-BN) [5] and, recently, dichalcogenides [6] have therefore
been tried as support.

One of the members of 2D materials is h-BN, which consists of boron and nitrogen atoms
arranged in a hexagonal structure such that each boron atom is bonded to three neighboring
nitrogen atoms and vice versa. The resulting structure resembles graphene, with a similar lattice
constant of 2.52Å. When stacked, h-BN adopts a so-called AA’ configuration whereby each
boron atom sits atop a nitrogen atom, and vice versa [7]. By contrast, graphene is most frequently
observed in an AB stacking arrangement. Despite the presence of structural similarity between
the graphene and h-BN structure, the electronic characteristics are totally different; graphene
is a conductor (semi-metal) whereas h-BN is an insulator or a wide gap semiconductor, with
a gap of 5.9 eV, which makes it the thinnest possible insulator. In addition, h-BN is mostly
inert, its surfaces are missing dangling bonds, and it has large optical phonon modes, making
it an ideal substrate (dielectric support) for high-quality graphene electronic devices [5]. h-BN
has strong covalent bonds in the plane between the atoms and weak Van der Waals bonds
between different planes, which is similar to graphene, but, the bond is slightly ionic in
comparison to graphene.

Due to its unique properties, graphene can be employed in a variety of applications. It is
thought it may eventually replace many of the materials currently used in today's technology
and result in higher performance, energy efficiency, flexibility and durability [8]. Graphene is
being used in electronics [9], energy storage [10, 11], photonics [12], composite materials [13],
sensor technology [14] and as a sample support for TEM applications [15]. One of the most
promising electronic applications of graphene is the manufacture of transistors [1]. However,
transistors, as any other graphene-based electronic device, must involve the incorporation of
metal contacts, which link the graphene to the other device components. The choice of the
metal used as a contact has been shown to dramatically affect the performance of the resulting
devices [16], with little understanding hitherto of why this is the case. While the macroscopic
properties of graphene devices are readily measured and characterized, understanding the
metal-graphene interactions necessitates an investigation and direct ‘visualization’ at the
atomic level, which is a remarkably challenging task. Indeed, there are only few reported
observations at the atomic scale of the metal-graphene system, especially for suspended (or
‘free-standing’) graphene. A large effort has in fact been recently devoted to suspended devices
[17, 18]. Using suspended graphene (rather than supported on a different material) eliminates
substrate effects, which are known as a limiting factor for the mobility in graphene based
devices [19]. A fully suspended geometry also allows exploiting directly the intrinsic, excep‐
tional properties of the material. It is thus essential to carry out detailed systematic studies of
the nucleation following deposition, and of the resulting coverage of metals on suspended
graphene, in order to determine what the optimal contact might be and ultimately to improve
device performance.

Transmission Electron Microscopy (TEM) or Scanning Transmission Electron Microscopy
(STEM) are an ideal, perhaps the only, tool for such studies. Indeed, the technique’s ability to
image and identify directly each and every atom in 2D materials has already played a
significant role in improving our understanding of graphene properties [20, 21]. Rapid
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progress in microscope components in recent years, in particular the successful implementa‐
tion of aberration correctors for electron optical lenses, has heralded a new era in materials-
and nano- science research. These instrumental advances have substantially improved the
overall performance of electron microscopes: much higher resolutions are now attainable in
both structural and spectroscopic data, with very clear benefits to the understanding of the
investigated material’s structure. More crucially, they enable the use of much lower accelera‐
tion voltages, e.g., <80 keV, below the carbon knock-on threshold (voltages, typically ranging
from 100 to 300kV, have conventionally been used to accelerate the electron beam towards the
specimen inside the microscope column) whilst maintaining atomic resolution. Structural
changes and damage to the specimen due to its interactions with the high energy electron beam
can thus be reduced without losing any of the structural details in the micrographs. Most of
the results presented in this chapter were obtained on a Nion UltraSTEM microscope. The
microscope was operated at 60 kV acceleration voltage to prevent knock-on damage to the
graphene [22]. High angle annular dark field (HAADF) imaging was employed to produce
micrographs. This chemically-sensitive ‘Z-contrast’ mode is ideally suited to directly identify
the nature of individual atoms and it is usually complemented by further chemical finger‐
printing through Electron Energy Loss Spectroscopy (EELS).

In the following in turn, we will summarize fabrication of graphene and h-BN flakes, their
preparation for microscopy measurements, pristine graphene and h-BN S/TEM characteriza‐
tion, metal doped graphene and h-BN characterization and finish by conclusions.

2. Graphene and h-BN fabrication

Two different techniques were used to produce the graphene membranes for the experiments:
mechanical cleavage of highly ordered pyrolytic graphite (HOPG) and chemical vapor
deposition growth on copper substrates. For h-BN fabrication only the former method was
used. Obtaining graphene and h-BN by exfoliation (mechanical cleavage) is simply done by
pressing a piece of HOPG or bulk h-BN crystal against some adhesive tape and peeling the
tape off [1, 23, 24]. Due to the layered structure of graphite and h-BN and the weak interlayer
bonding (Van der Waals), the layers are easily separated, so that after repeating the peeling
process a few times extremely thin layers are left on the tape. The thin graphite and h-BN flakes
obtained in this fashion are then placed onto an oxidized silicon substrate. The obtained layers
are initially observed under the optical microscope to identify single layer regions, whose
specific color and contrast against the oxidized silicon wafer background provide a quick and
convenient screening criterion. Identification of graphene flakes on the wafer is straightfor‐
ward. An optical micrograph of exfoliated graphene layers on an oxidized silicon substrate is
presented in figure 1. The flakes on the wafer vary in thickness from single layer to much
thicker regions: a single layer area, 100x100μm in size, is magnified. This size of the single layer
graphene flake is adequate not only for electron microscopy but also for many other charac‐
terization techniques. However, due to their weak contrast on the wafer and their small size
compared to graphene, identification of h-BN flakes under the optical microscope is a quite
challenging task.

Atomic Structure of Graphene and h-BN Layers and Their Interactions with Metals
http://dx.doi.org/10.5772/56640

5



such as hexagonal boron nitride (h-BN) [5] and, recently, dichalcogenides [6] have therefore
been tried as support.

One of the members of 2D materials is h-BN, which consists of boron and nitrogen atoms
arranged in a hexagonal structure such that each boron atom is bonded to three neighboring
nitrogen atoms and vice versa. The resulting structure resembles graphene, with a similar lattice
constant of 2.52Å. When stacked, h-BN adopts a so-called AA’ configuration whereby each
boron atom sits atop a nitrogen atom, and vice versa [7]. By contrast, graphene is most frequently
observed in an AB stacking arrangement. Despite the presence of structural similarity between
the graphene and h-BN structure, the electronic characteristics are totally different; graphene
is a conductor (semi-metal) whereas h-BN is an insulator or a wide gap semiconductor, with
a gap of 5.9 eV, which makes it the thinnest possible insulator. In addition, h-BN is mostly
inert, its surfaces are missing dangling bonds, and it has large optical phonon modes, making
it an ideal substrate (dielectric support) for high-quality graphene electronic devices [5]. h-BN
has strong covalent bonds in the plane between the atoms and weak Van der Waals bonds
between different planes, which is similar to graphene, but, the bond is slightly ionic in
comparison to graphene.

Due to its unique properties, graphene can be employed in a variety of applications. It is
thought it may eventually replace many of the materials currently used in today's technology
and result in higher performance, energy efficiency, flexibility and durability [8]. Graphene is
being used in electronics [9], energy storage [10, 11], photonics [12], composite materials [13],
sensor technology [14] and as a sample support for TEM applications [15]. One of the most
promising electronic applications of graphene is the manufacture of transistors [1]. However,
transistors, as any other graphene-based electronic device, must involve the incorporation of
metal contacts, which link the graphene to the other device components. The choice of the
metal used as a contact has been shown to dramatically affect the performance of the resulting
devices [16], with little understanding hitherto of why this is the case. While the macroscopic
properties of graphene devices are readily measured and characterized, understanding the
metal-graphene interactions necessitates an investigation and direct ‘visualization’ at the
atomic level, which is a remarkably challenging task. Indeed, there are only few reported
observations at the atomic scale of the metal-graphene system, especially for suspended (or
‘free-standing’) graphene. A large effort has in fact been recently devoted to suspended devices
[17, 18]. Using suspended graphene (rather than supported on a different material) eliminates
substrate effects, which are known as a limiting factor for the mobility in graphene based
devices [19]. A fully suspended geometry also allows exploiting directly the intrinsic, excep‐
tional properties of the material. It is thus essential to carry out detailed systematic studies of
the nucleation following deposition, and of the resulting coverage of metals on suspended
graphene, in order to determine what the optimal contact might be and ultimately to improve
device performance.

Transmission Electron Microscopy (TEM) or Scanning Transmission Electron Microscopy
(STEM) are an ideal, perhaps the only, tool for such studies. Indeed, the technique’s ability to
image and identify directly each and every atom in 2D materials has already played a
significant role in improving our understanding of graphene properties [20, 21]. Rapid

Advances in Graphene Science4

progress in microscope components in recent years, in particular the successful implementa‐
tion of aberration correctors for electron optical lenses, has heralded a new era in materials-
and nano- science research. These instrumental advances have substantially improved the
overall performance of electron microscopes: much higher resolutions are now attainable in
both structural and spectroscopic data, with very clear benefits to the understanding of the
investigated material’s structure. More crucially, they enable the use of much lower accelera‐
tion voltages, e.g., <80 keV, below the carbon knock-on threshold (voltages, typically ranging
from 100 to 300kV, have conventionally been used to accelerate the electron beam towards the
specimen inside the microscope column) whilst maintaining atomic resolution. Structural
changes and damage to the specimen due to its interactions with the high energy electron beam
can thus be reduced without losing any of the structural details in the micrographs. Most of
the results presented in this chapter were obtained on a Nion UltraSTEM microscope. The
microscope was operated at 60 kV acceleration voltage to prevent knock-on damage to the
graphene [22]. High angle annular dark field (HAADF) imaging was employed to produce
micrographs. This chemically-sensitive ‘Z-contrast’ mode is ideally suited to directly identify
the nature of individual atoms and it is usually complemented by further chemical finger‐
printing through Electron Energy Loss Spectroscopy (EELS).

In the following in turn, we will summarize fabrication of graphene and h-BN flakes, their
preparation for microscopy measurements, pristine graphene and h-BN S/TEM characteriza‐
tion, metal doped graphene and h-BN characterization and finish by conclusions.

2. Graphene and h-BN fabrication

Two different techniques were used to produce the graphene membranes for the experiments:
mechanical cleavage of highly ordered pyrolytic graphite (HOPG) and chemical vapor
deposition growth on copper substrates. For h-BN fabrication only the former method was
used. Obtaining graphene and h-BN by exfoliation (mechanical cleavage) is simply done by
pressing a piece of HOPG or bulk h-BN crystal against some adhesive tape and peeling the
tape off [1, 23, 24]. Due to the layered structure of graphite and h-BN and the weak interlayer
bonding (Van der Waals), the layers are easily separated, so that after repeating the peeling
process a few times extremely thin layers are left on the tape. The thin graphite and h-BN flakes
obtained in this fashion are then placed onto an oxidized silicon substrate. The obtained layers
are initially observed under the optical microscope to identify single layer regions, whose
specific color and contrast against the oxidized silicon wafer background provide a quick and
convenient screening criterion. Identification of graphene flakes on the wafer is straightfor‐
ward. An optical micrograph of exfoliated graphene layers on an oxidized silicon substrate is
presented in figure 1. The flakes on the wafer vary in thickness from single layer to much
thicker regions: a single layer area, 100x100μm in size, is magnified. This size of the single layer
graphene flake is adequate not only for electron microscopy but also for many other charac‐
terization techniques. However, due to their weak contrast on the wafer and their small size
compared to graphene, identification of h-BN flakes under the optical microscope is a quite
challenging task.

Atomic Structure of Graphene and h-BN Layers and Their Interactions with Metals
http://dx.doi.org/10.5772/56640

5



Figure 1. Optical image of the exfoliated graphene layers on 290 nm thick oxidized silicon wafers and enlarged view
of single layer region, shown as inset.

Graphene growth by the chemical vapour deposition (CVD) technique is based on the
decomposition of hydrocarbon gases at elevated temperature and the diffusion of carbon
atoms ona metal surface, followed by rapid cooling to ‘freeze in’ any graphene layers formed
on the surface of the substrates. The most widely used combination of gas and substrate at
present consists of methane gas and a copper substrate; the low solubility of carbon in copper
provides a means of restricting the graphene growth to a single layer [25, 26]. In our case,
graphene was obtained on Cu substrates and methane gas was used as precursor in a quartz
tube at pressure 600mTorr.

2.1. Fabrication of suspended sample for microscopy

A so-called wet transfer technique was used to prepare suspended samples for the microscopy
experiments from both exfoliated and CVD-grown flakes, with only small variation in the
methodology depending on how the flakes were initially grown [27, 28].

In the case of exfoliated samples for both graphene and h-BN, following the initial identifica‐
tion of regions of interest on the oxidised silicon wafer under an optical microscope, a layer of
~300 nm of poly-methyl-methacrylate (PMMA) was ‘spun’ onto the graphene flakes using a
spinner, followed by a 130oC bake of the samples for 5mins. This additional layer is designed
to protect the underlying graphene layers, providing mechanical support and facilitating the
handling of the flakes during the transfer procedure. The substrate, or more precisely the
oxidised silicon layer (topmost layer of the wafer), is then etched away using a 3% potassium
hydroxide (KOH) solution, detaching the PMMA and the flakes from the silicon wafer. Once
almost detached, the wafers are dipped into de-ionized (DI) water, to fully detach the PMMA
and the flakes and to rid them of chemical residues from the etching process as well as of any
possible contamination from the silicon wafer. Rinsing in DI water is repeated to ensure the

Advances in Graphene Science6

best sample cleanliness. Once the flakes are transferred onto a TEM grid by simply ‘fishing
them out’ of the DI water bath, the sample is dried at 50oC for 10 mins, followed by a further
120oC bake for 10 mins in clean room conditions to improve the adhesion of the flakes to the
grid, get rid of any remaining water content, and importantly, to flatten out (anneal) any
possible wrinkles, which may have been created during the transfer. The PMMA protective
layer is then dissolved by dipping the sample into acetone for 15 mins. Finally, the sample is
dried in a Critical Point Dryer (CPD) in order to protect the delicate, now suspended, graphene
layers against any rupture, damage or deformation due to surface tension. The transfer process
to TEM grid is schematically summarised in figure 2.

Figure 2. Schematic representation of the transfer of exfoliated graphene layers from an oxidized silicon wafer to a
TEM grid by wet-etching using a KOH solution.

Optical images of exfoliated graphene flakes on the substrate (figure 3a) and after transfer onto
the grid are shown in figures 3b and c, along with a low magnification TEM image in figure 3d.

In the case of graphene obtained by CVD on Cu substrate, the graphene growth takes place
on both sides of the Cu surface. An additional step is therefore necessary to remove the flakes
present on one of the two sides to avoid interference of layers during the transfer. The side
being prepared for transfer is covered with PMMA, in order to protect the underlying graphene
and to ease the transfer process as was the case for exfoliated samples, while the other side is
exposed to a 20 mTorr oxygen plasma for a few minutes to remove the graphene layer. Then
an aqueous ammonium persulphate ((NH4)2 S2O8) solution (0.1 molar) was used to etch the Cu
substrate to produce the material investigated here. After the etching procedure, the PMMA/
graphene layers are repeatedly rinsed in DI water, to remove further possible contaminants.
The flakes are again directly transferred onto TEM grids by 'fishing them out' of the DI water
bath. As for the exfoliated graphene transfer procedure previously described, the grids are
then baked, the PMMA layers are dissolved in acetone and finally dried in a CPD.
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substrate to produce the material investigated here. After the etching procedure, the PMMA/
graphene layers are repeatedly rinsed in DI water, to remove further possible contaminants.
The flakes are again directly transferred onto TEM grids by 'fishing them out' of the DI water
bath. As for the exfoliated graphene transfer procedure previously described, the grids are
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Thermal and electron-beam evaporators were used to deposit metal impurities onto the
suspended graphene membranes. A fixed amount of material was deposited in fixed condi‐
tions for a large variety of metallic species, allowing a thorough comparison between metals,
of the distibution, size and shape of the clusters. A total amount of 2Å of Au, Ti, Ni, Al and Pd
was evaporated onto different suspended graphene and h-BN layers on TEM grids at a rate of
0.1 nm/s, in vacuum better than 10-6 mbar (up to ~10-8 mbar).

3. Transmission electron microscopy

Electron microscopy is based on the interactions of matter with a high energy beam of electrons
(from a few keV to several 100 keV). These interactions provide insights about the structure,

Figure 3. Graphene flakes a) as prepared on an oxidized silicon wafer, b) after transfer onto a TEM grid; c) magnified
optical image of the green square indicated in (b) illustrating how suspended single layer regions are not easily visible;
d) low magnification TEM image of a single layer area. Broken flakes and rolled up regions produce some visible con‐
trast and hint at the presence of the single layer graphene sheet.
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topology, morphology and composition of a material. The interactions of an electron beam
with matter can be divided into two categories: elastic and inelastic interactions, which are used
in the TEM and STEM to obtain structural and compositional information about the specimen.

One of the main imaging modes of a TEM is known as bright field (BF) in which only the direct,
unscattered and small-angle scattered electrons are allowed to contribute to the image
formation. Phase contrast is the main contrast mechanism in BF imaging and constitutes the
basis for so called high-resolution TEM (HRTEM). Phase contrast occurs due to the difference
in the phase of the electron waves inferred by interaction with the atomic potential of the atoms
in the thin specimen.

3.1. Scanning transmission electron microscope

In contrast to employing a broad and stationary beam in conventional TEM, in the STEM a
small, focussed probe is scanned over the specimen. Transmitted or scattered electrons are
collected to build up images serially from a very large number of image points over a reason‐
ably long time (for high signal/noise ratio), whereas in a TEM image recording is parallel
(simultaneous for all image points) and thus usually much shorter.

A STEM is more powerful to obtain Annular Dark Field (ADF) images than a conventional
TEM. One of the most important characteristics of ADF imaging is using incoherent, elastically
scattered electrons in contrast to BF imaging which relies mostly on phase contrast and
therefore interference phenomena. STEM ADF signals are predominantly produced by
electrons that have been scattered by the atomic nucleus (Rutherford scattering). This makes
the ADF intensity of individual atoms depend on the charge of the atom’s nucleus. Different
Z atoms therefore give different ADF image intensities and this imaging technique is called Z-
contrast imaging [29]. Only when sufficiently high angles are used in STEM ADF imaging does
it become predominantly incoherent. This imaging (collecting very high angle, incoherently
scattered electrons) is also often called HAADF imaging as the intensity recorded in this mode
by positioning the electron beam on an atomic site is approximately proportional to the square
of the average atomic number Z of this site [30, 31]. The HAADF-STEM imaging mode is
particularly useful to visualize the structure and defects of materials, as its chemical sensitivity
provides a direct visual guide to identify ad-atoms and impurities of a different weight from
the surrounding material [22, 32].

As a result of inelastic interactions between the incident beam and the specimen, the scattered
electrons can lose a part of their energy. This loss of energy can be measured by a spectrometer
to yield elemental, chemical and dielectric information about the specimen. In addition to
HAADF imaging, EELS was employed to identify foreign species on the graphene and h-BN
surfaces in our investigations.

3.2. Instrumenation

Tecnai: Initial experimental data to identify graphene layers and some of the high resolution
data of the metal-graphene system were obtained on an FEI Tecnai F30 microscope operated
at 300 kV.
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SuperSTEM: Most of the experimental data were acquired on an aberration corrected dedicated
STEM, the Nion UltraSTEM It is equipped with a cold field emission gun with an energy spread
of 0.3 eV and operated at 60 kV to prevent knock-on damage in graphene. The UltraSTEM
microscope has a UHV design throughout, allowing pressures at the sample of below 5x10-9

torr for contamination-free observation. The estimated probe size (full width at half-maxi‐
mum) is about 1.2 Å for the typical operating conditions for graphene investigations at 60 kV
acceleration voltage and 30 mrad probe convergence semi-angle. Detectors with different
geometries are used to collect electrons scattered to different angular ranges. For example, the
BF detector used to obtain phase contrast images can collect electrons scattered up to 6 mrad.
The so-called medium angle annular dark field (MAADF) detector collects electrons scattered
from 45 to 190 mrad and the HAADF detector used to record the Z-contrast images has inner
and outer radii of 70 mrad and 210 mrad, respectively. The instrument is equipped with a
Gatan Enfina EEL spectrometer and its acceptance semi-angle was calibrated at 35 mrad for
core-loss spectroscopy.

4. TEM characterisation of pristine graphene

TEM has been widely used in graphene research for applications as varied as: number of layers
determination [33], elemental identification [22, 34], surface roughness (ripples) visualization
[33, 35], detection of sheet edge types [36], observation of defects [37], and stacking faults [38,
39], impurities, such as contamination and individual ad-atoms [40] effects of radiation [41]
and investigation of graphene based heterostructures [42].

Due to the substantial amount of hydrocarbon contamination, foreign ad-atoms and other
residues from the chemicals used during fabrication and transfer, graphene layers were found
not to be perfectly clean as also evidenced by low magnification STEM micrographs. Although
the presence of contamination can be reduced with careful and cleaner fabrication and transfer
procedures, ‘unintentional’ contamination (due to handling of the samples in air or to residual
gases in the microscope column [21] albeit to lower amounts), was observed to exist on the
surface at all times. An unprocessed HAADF image of a reasonably large area of a single layer
graphene flake is shown figure 4a. It can be clearly seen that clean graphene regions (residue
free areas) are limited in size (from few to few hundred nm2) and surrounded by contamina‐
tion, which was found to consist of H, C, O and Si in our EDX analysis. Very dark, grayish and
bright regions in the image represent the graphene, hydrocarbon contamination and foreign
ad-atoms, respectively. Contaminations are also clearly visible due to higher scattering in
regions with heavier atoms and larger thickness. A close-up of figure 4a is presented in figure
4b which shows the atomically resolved graphene lattice.

TEM electron diffraction is a straightforward technique to distinguish single- from double-
and few-layer graphene by comparing the intensities of the first and second ring of the
diffraction spots [20, 33]. For single layer graphene the intensity of the outer hexagon spots is
roughly the same as, or less than that of the inner one. In contrast, for double layer graphene
the outer hexagon intensity is higher than the inner one. Figure 5 shows diffraction patterns
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for single- and AB-stacked double- layer graphene and their intensity profiles. In addition,
diffraction peak intensities vary only weakly with the tilt angle between the graphene
membrane and the incident beam for single layer graphene, whereas for double layers, tilting
of a few degrees leads to strong variations in the diffraction intensities [20].

Figure 5. Diffraction patterns of a) single layer and b) double layer graphene. Intensity profile plots taken between
the red arrows are shown in the inset. The diffraction patterns were acquired with a Tecnai F30.

After identifying single layer graphene, high resolution BF and HAADF micrographs were
recorded. Although both BF and HAADF images can be used to visualize the graphene

Figure 4. a) An overview unprocessed HAADF and b) High resolution HAADF image of pristine single layer graphene.
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structure, HAADF images are more powerful to identify individual atoms in the lattice due to
its approximate Z2 sensitivity. Thus, atomic resolution STEM was used to visualize the
hexagonal atomic structure of graphene as well as individual carbon atoms in the graphene
lattice. Atomic resolution STEM- BF and HAADF images of single layer graphene are shown
in figures 6a and d, respectively. Although the images are unprocessed and acquired at 60 kV,
the hexagonal structure and individual carbon atoms, especially in the HAADF image, are
visible. Carbon atoms appear bright and holes dark in the HAADF image and vice versa in the
BF image. Simulated BF and HAADF images with the respective STEM parameters are also
shown in figures 6b and c, respectively. The simulations were performed with the Kirkland
TEMSIM program using multislice method to calculate the electron wave function exiting the
specimen [43].

Figure 6. Unprocessed atomic resolution a) experimental raw BF, b) simulated BF, c) simulated HAADF and d) raw ex‐
perimental HAADF images of pristine single layer graphene at 60kV.

HAADF images are found to be very useful for observing foreign ad-atoms on/in pristine
graphene and most of  them can be identified via intensity/contrast  analysis  by utilizing
the sensitivity of HAADF images to the atomic number [22, 32]. However, HAADF imag‐
ing in  combination with  EELS dramatically  increases  the  accuracy of  chemical  analysis.
For example, Si, one of the most abundant and stable contaminants in graphene, was ob‐
served and identified by simultaneous HAADF imaging and EELS analysis shown in fig‐
ure 7. The point spectrum was taken on the red circled bright atom, which was identified
to be Si by its L2,3 absorption edge.

Diffraction patterns are also utilized to identify and observe disordered or misoriented
graphene membranes known as turbostratic graphene. This misalignment in between layers
might be formed during exfoliation of graphene with different orientations on top of each other
or during the growth process, in particular for graphene grown on nickel substrates. However,
it is not perfectly clear whether they originate from the fabrication process or intrinsic stacking
faults. The turbostratic graphene layers were easily identified by multiple diffraction spots in
the diffraction pattern. Rather than having only 6 spots in each ring as in the case of single and
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Bernal-stacked few layer graphene, several sets of 6 spots appear for misoriented layers (6, 12,
18 etc.) where each 6-spot pattern represents one layer [38]. The rotation angle between the
layers can be determined by measuring the angle between neighboring diffraction spots in the
same ring of the diffraction pattern and the angles between the layers have been found to vary
from 1° to 59°. The angle between neighboring spots in the same ring of the diffraction pattern
(hexagonal) of graphite (graphene layers) is 60°. Thus when the rotation angle between layers
is 60° the spots from different layers overlay and rotation cannot be distinguished. When
graphene layers are rotated with respect to each other it gives rise to Moiré patterns in which
a larger periodicity is superimposed onto the single- or AB-stacked multi- layer graphene. It
has been demonstrated both, theoretically and experimentally, that the graphene layers
become electrically decoupled when the layers are misoriented [44]. The parabolic band
behavior of AB-stacked double layer graphene changes to a linear dispersion when the layers
are decoupled, meaning a change in the electronic structure upon layer rotation. Additionally,
an external electric field does not open a band gap in the spectrum in case of turbostratic double
layer graphene unlike in AB-stacked double layer graphene.

A diffraction pattern for turbostratic double layer graphene is shown in figure 8a. There are
12 spots in each ring rather than just 6 and each group of 6 spots arises from different layers.
The rotation between layers is 12° as measured from neighboring spots. Although diffraction
patterns can be used as a straightforward method to identify the presence of turbostratic
graphene, it is important to witness the Moiré pattern at a reasonably high magnification
because single, double (AB-stacked) and turbostratic graphene layers appear quite similar to
each other when observed at low magnification. High magnification atomically resolved BF
images of turbostratic double layer graphene are shown in figures 8b-d and rotation angles
are measured as 5°, 8°, 15° for b, c, and d, respectively form their Fourier transforms shown as

Figure 7. a) Noise filtered HAADF image of single layer graphene with bright atom at bottom left side, b) EEL spectra
taken on the red circled bright atom in a) and background subtracted spectra shown as dotted line revealing that the
bright atom is Si.
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insets. As can be seen in figures 8b-d, the Moiré periodicity in the turbostratic graphene is
larger than the lattice periodicity of single layer or AB-stacked few layer graphene [45].
Additionally, the periodicities are getting smaller as the rotation angle between the layers
increases. Furthermore, individual graphene layers of turbostratic graphene can be recon‐
structed as shown in figure 8e and f by masking different sets of hexagonal spots as shown in
the inset. The sum of the separate (reconstructed) images in figures 8e and f is then shown as
inset to make sure the reconstruction of layers led to the correct image.

Figure 8. a) Diffraction patterns of turbostratic graphene, the angle between the spots is 12°; b). c) and d) turbostratic
double layer graphene unprocessed BF images taken at 60kV with rotation angles between the layers of, respectively,
5o, 8o and 15o ; the rotation angles are measured on their respective FFTs, shown insets. e) reconstructed first layer by
masking 6 spots in the FFT (inset), (f) reconstructed second layer by masking the other 6 spots (inset), and summed
reconstructed layers (inset).

5. TEM characterisation of pristine h-BN

Single layer h-BN HAADF experimental (raw and filtered) images are presented in figure 9.
B and N in both images are easily discernible as the atomic number of N is higher than B and
thus N atoms appear more intense than B atoms; this gives triangular patterns. For a better
demonstration of the difference between B and N, a part of figure 9a is filtered and magnified
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as shown in figure 9b. The B-N sequence can also be revealed by the intensity profiles, e.g.,
like the one taken along the red line in the filtered image that shown in figure 9c.

Figure 9. HAADF single layer h-BN images at 60 kV. (a) unprocessed (color inverted), (b) filtered (and magnified of a),
(c) B and N can be distinguished as demonstrated by the intensity profile across the image (b).

AA’ stacking is the well-known stacking configuration for h-BN, with boron on top of nitrogen
and vice versa. AA’ stacked double layer h-BN is shown in figure 10a. As can be seen the
intensities in neighboring atomic positions are similar to each other due to the same number
of atoms giving the same sum of Z2 in the atomic columns. Although imaging was performed
at and energy of 60 keV, which is lower than the calculated displacement threshold energy for
the atoms in the h-BN structure, we were able to etch thick h-BN region layer-by-layer with
the scanning electron beam. An example of this is shown in figure 10b, which was taken few
minutes after figure 10a. The etching happened in triangular shapes as is always the case for
h-BN because of the difference in the knock-on threshold energies of B and N [7, 46]. As a result
of etching, a single layer region appeared revealing itself by the above mentioned triangular
intensity pattern (see figure 10b).

Misorientations are also observed between h-BN layers similar to graphene, giving rise to
Moiré patterns, which reveal themself by multiple spots in diffraction patterns or in Fourier
transforms of the micrograph [39]. A noise filtered STEM-BF image of double layer turbostratic
h-BN is shown in figure 11a. A magnified image of the red square in figure 11a is presented
in figure 11b, which provides a closer look into turbostratic appearance of h-BN layers. The
rotation angle between the layers was found to be 6o from measurements of the angle between
neighboring spots in the Fourier transform as shown in figure 11c.
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insets. As can be seen in figures 8b-d, the Moiré periodicity in the turbostratic graphene is
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5. TEM characterisation of pristine h-BN
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demonstration of the difference between B and N, a part of figure 9a is filtered and magnified
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as shown in figure 9b. The B-N sequence can also be revealed by the intensity profiles, e.g.,
like the one taken along the red line in the filtered image that shown in figure 9c.

Figure 9. HAADF single layer h-BN images at 60 kV. (a) unprocessed (color inverted), (b) filtered (and magnified of a),
(c) B and N can be distinguished as demonstrated by the intensity profile across the image (b).
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and vice versa. AA’ stacked double layer h-BN is shown in figure 10a. As can be seen the
intensities in neighboring atomic positions are similar to each other due to the same number
of atoms giving the same sum of Z2 in the atomic columns. Although imaging was performed
at and energy of 60 keV, which is lower than the calculated displacement threshold energy for
the atoms in the h-BN structure, we were able to etch thick h-BN region layer-by-layer with
the scanning electron beam. An example of this is shown in figure 10b, which was taken few
minutes after figure 10a. The etching happened in triangular shapes as is always the case for
h-BN because of the difference in the knock-on threshold energies of B and N [7, 46]. As a result
of etching, a single layer region appeared revealing itself by the above mentioned triangular
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Moiré patterns, which reveal themself by multiple spots in diffraction patterns or in Fourier
transforms of the micrograph [39]. A noise filtered STEM-BF image of double layer turbostratic
h-BN is shown in figure 11a. A magnified image of the red square in figure 11a is presented
in figure 11b, which provides a closer look into turbostratic appearance of h-BN layers. The
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Figure 11. a) Unprocessed STEM BF image of turbostratic h-BN, b) magnified and c) FFT of (a).

6. Metal-graphene interactions

Any electronic device irrespective of whether macro or nano sized has metal contacts to
connect it to external device components. Thus, metal behavior on material surfaces is an
important subject of study. The interfacing of graphene with metal contacts is a recurring
theme for graphene based devices. This area of graphene research is still ripening and the

Figure 10. Unprocessed HAADF double layer h-BN images at 60 kV a) before and b) after electron beam induced etch‐
ing, revealing a single layer region.
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consequences of particular dopants on graphene’s electronic properties are still being inves‐
tigated. Understanding of metal-graphene interactions on a fundamental level is of signifi‐
cance to the improvement of graphene based devices. Thus, distribution, bonding, doping and
stability of metals on the graphene surface needs to be understood. For this purposes we
studied various metals on single and few layer graphene.

Figures 12a and b shows simultaneously taken BF and HAADF images of 2Å gold evaporated
on single layer graphene. Gold atoms and clusters segregate to the hydrocarbon contamina‐
tion, which indicates the extreme mobility of gold on the residue free pristine (clean) graphene
surfaces (upper right corner of figures 12a and b).We never observed gold atoms on single or
misoriented (turbostratic) graphene layers [47]. Single gold atoms can only be observed on
few-layer graphene films, where the bonding contribution from sub-surface layers appears to
suppress their diffusion and enhance the sticking probability to the graphene surface. The gold
atoms, which have appeared on few-layer graphene (figures 12c and d; some of them are
numbered), were dissociated from the bigger gold cluster (left, figure 12d) as a result of
repeated scanning in the STEM [48]. The atoms stay for a few scans in their positions. By
comparing locations of gold atoms in the HAADF image (figure 12d) with identical positions
in the BF image, (figure 12c), the sites can be identified as on top of carbon atoms in the
graphene honeycomb structure. The position of metal impurities with respect to the hexagon
structure depends on the metal’s electron affinity and the electron density on the hexagon
structure; these factors determine whether gold atoms sit on top of carbon atoms, on the bond
bridging two carbon atoms or centered at the middle of the hexagon.

Initial investigations of gold atoms on pristine graphene revealed that none of the metals
studied reacted with the clean (residue free) graphene surface. Thus to be able to amend this
behavior researchers proposed to attach hydrogen to carbon atoms in the graphene lattice.
Hydrogen ad-atoms can trap small molecules to specific sites on the graphene surface and
these molecules remain stable at room temperature [49]. This suggestion stimulated attempts
of experimental proof of gold deposition on functionalized graphene with hydrogen [48].
Hydrogenation breaks graphene sp2 bonds and leads to sp3 bond formation, which leads to
opening of a band gap. We have carried out gold deposition on hydrogenated graphene
surfaces to find out whether the latter increase the sticking probability for gold atoms. To
conduct a fair comparison, gold evaporation was performed for the same amount (2Å) and
simultaneously on hydrogenated and pristine graphene surfaces. TEM-BF images of gold
deposited pristine and hydrogenated graphene taken at the same magnification are presented
in figures 13a and b, respectively. As can be seen in the figure the hydrogenated sample has a
higher gold coverage, and gold cluster distributions and cluster sizes are of higher uniformity
than in the pristine graphene sample. In the latter case less than half of the area is covered with
gold and cluster sizes vary. However, similar to pristine graphene, gold is only retained in the
contamination on the hydrogenated sample [48].

In the process of investigating the interaction between metal species and graphene in the
(S)TEM, an intriguing etching phenomenon was observed. The etching occurred in the
microscope column in UHV conditions at room temperature. This behavior was distinct from

Atomic Structure of Graphene and h-BN Layers and Their Interactions with Metals
http://dx.doi.org/10.5772/56640

17



Figure 11. a) Unprocessed STEM BF image of turbostratic h-BN, b) magnified and c) FFT of (a).
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Hydrogen ad-atoms can trap small molecules to specific sites on the graphene surface and
these molecules remain stable at room temperature [49]. This suggestion stimulated attempts
of experimental proof of gold deposition on functionalized graphene with hydrogen [48].
Hydrogenation breaks graphene sp2 bonds and leads to sp3 bond formation, which leads to
opening of a band gap. We have carried out gold deposition on hydrogenated graphene
surfaces to find out whether the latter increase the sticking probability for gold atoms. To
conduct a fair comparison, gold evaporation was performed for the same amount (2Å) and
simultaneously on hydrogenated and pristine graphene surfaces. TEM-BF images of gold
deposited pristine and hydrogenated graphene taken at the same magnification are presented
in figures 13a and b, respectively. As can be seen in the figure the hydrogenated sample has a
higher gold coverage, and gold cluster distributions and cluster sizes are of higher uniformity
than in the pristine graphene sample. In the latter case less than half of the area is covered with
gold and cluster sizes vary. However, similar to pristine graphene, gold is only retained in the
contamination on the hydrogenated sample [48].

In the process of investigating the interaction between metal species and graphene in the
(S)TEM, an intriguing etching phenomenon was observed. The etching occurred in the
microscope column in UHV conditions at room temperature. This behavior was distinct from
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existing reports of graphene/graphite etching via metals at high temperature and under gas
flow, a well-established method to cut graphitic layers [50, 51].

As seen in the images of figures 13 and 14a the metal clusters sit preferentially in the middle
of the hydrocarbon contamination, however, after a few scans of the electron beam some of
the clusters and/or individual atoms can be dragged by the beam to the edge of the contami‐
nation layer. Figure 14b shows an HAADF image of such a Ni cluster positioned in the middle
of the contamination and figure 14c was taken after few scans that show the clusters were
dragged to very edge of a contamination area. A magnified image of the red square in figure
14c is presented in figure 14d, which shows individual Ni atoms on a region of clean single
layer graphene at the edge of the particle. While some carbon chains may still be present

Figure 12. Unprocessed simultaneously taken a) BF and b) HAADF images of 2Å Au evaporated single layer graphene,
simultaneously taken c) BF and d) HAADF images of 5Å Au evaporated few-layer graphene. All obtained at 60kV.
Frame widths are 15 nm in a) and b) and 3nm in c) and d), respectively.
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immediately under these Ni atoms, the here observed configuration offers a great proximity
between pure graphene and metal atoms. After a few additional scans of the beam, a hole has
formed (figure 14e), decorated by individual Ni atoms as evidenced by the clear Ni M2,3

signature in the EEL spectrum (figure 14f), and acquired by placing the electron probe exactly
on top of the bright atom marked in figure 14e. After the initial hole formation, individual Ni
atoms are observed to jump onto the exposed edge with subsequent enlargement of the hole.
The holes expand in proximity of the hydrocarbon contamination in which metal clusters
reside. A strong indication that the drilling process is indeed metal-mediated arises from the
observation that when no Ni atom is decorating the hole, the latter merely re-shapes dynam‐
ically but does not grow further in size. In other words, the drilling stops when the local
reservoir of metal impurity atoms is exhausted, until more Ni atoms are drawn towards the
energetically unstable edges of the hole via surface diffusion owing to the high mobility of
single metal impurities on single layer graphene [52].

Further demonstration of the etching process which resulted in the hole evolution and
expansion in the presence of metals (2Å Aluminum), is presented in figure 15. Figure 15a shows
a clean, intact graphene patch (black) surrounded by hydrocarbons (gray) with Al clusters
(white). Various stages of hole formation and enlargement are shown in subsequently taken
images in figures 15b−d; figure 15e shows the hole after etching has more or less ceased. Once
a hole is formed as result of interaction between Al atoms and graphene (figure 15b), the hole
is decorated by newly arriving Al atoms, which are dragged by the electron beam, leading to
further enlargement (figure 15c and d); no such atoms can be observed in figure 15e, indicating
that the reservoir is exhausted. An overview at smaller magnification of an intermediate
etching stage together with the aluminium distribution is shown in figure 15f. Figure 15
demonstrates clearly that the etching propagates from the border of the contamination into

Figure 13. Unprocessed TEM images of 2Å gold evaporated onto a) pristine and b) hydrogenated graphene shown at
the same magnification (the scale bar is 20 nm).
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clean graphene as long as metal atoms are supplied to the edge of the hole. In the absence of
metal atoms at the hole, no progression of the etching is observed [53].

The migration of the metal atoms under the beam to the edge of the contamination layer and
etching of graphene was observed for other metals on single layer graphene samples as well,
e.g., for palladium (figure 16a) and titanium (figure 16b). In both cases, the nature of the atoms
decorating the edges of the newly formed holes was confirmed by placing the electron probe
directly on top of these atoms and recording an EELS spectrum, as shown on figure 16 below
the corresponding HAADF images [52].

As mentioned earlier metals have been used as catalysts for patterning of graphene devices in
hydrogen or oxygen flow at high temperatures [50, 54]. However, neither gas environment
nor high temperatures were used in our study, which, to our knowledge, provides the first
experimental evidence of electron beam- assisted drilling of graphene through direct interac‐
tion with metals. This destructive behavior was predicted specifically for Fe, Co, Ni and Al by
calculations showing a drastic lowering of the formation energy for mono- and di-vacancies
in single layer graphene when metal ad-atoms are present on the graphene surface [55]. In
addition to that a constant trait of all those elements is their propensity to form oxides (except
Au), which suggests that oxidation could be playing a major role in the effects we are observing.
This hypothesis is further strengthened by the fact that by contrast no hole-forming was
observed on Au-deposited samples, Au being of course not prone to oxidation except in very

Figure 14. Unprocessed (a), (b) and (c) HAADF images of Ni clusters on graphene; (d) Ni-cluster sitting on the edge of
the hydrocarbon contamination. Single Ni atoms have been dragged by the beam from the cluster and are in contact
with the graphene single layer. (e) After a few more scans, a hole has formed, whose edges are decorated with single
Ni atoms, identified by their Ni M2,3 EELS signal, shown in f). EELS spectrum acquired by positioning the beam for 1s on
the bright atom circled in (e)
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specific circumstances. Nevertheless, even in the mono-vacancy formation model for the
destruction of graphene proposed via DFT calculations Au is not expected to lead to a major
loss in stability as its defect formation energy remains high so this observation cannot
definitively point to a role of O in this etching process. The most likely sources of oxygen could
be metal evaporation (relatively poor vacuum condition, ~10-7 torr), transport of the samples
(exposing the sample to the air), hydrocarbon contamination (on the sample) and residual
O2 gases in the microscope column (with relatively high partial pressure of O). However, the
latter can be ignored as the sample chamber (microscope column) was systematically at its
base pressure of <5x10-9torr.

7. Metal-h-BN interactions

Our metal-graphene interaction studies have inspired us to carry out micro structural studies
of the metal-h-BN system to compare metal behaviors between these 2D systems. Similar to
the graphene case Au, Ti and Ni metals have been investigated on the h-BN flakes.

Figure 17 shows simultaneously taken STEM- HAADF and BF images of 1Å gold evaporated
on few-layer h-BN. Neither individual gold atoms nor clusters were observed on pristine parts
of the h-BN sheets. However, ad-atoms and gold clusters can be seen in the hydrocarbon

Figure 15. Unprocessed HAADF images of graphene etching in the presence of Al; (a) before etching, (b) after the
start of the hole formation, (c) after hole enlargement in subsequent scans, (d) after continued etching as a result of a
sustained supply of Al atoms to the hole’s edge (some Al atoms are indicated by red arrows in (b−d), and (e) after the
etching process has almost stopped because the Al atom supply has ceased; (f) lower magnification overview of the Al
distribution and hole evolution. The scale bar is the same in (a−e), 1 nm.
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specific circumstances. Nevertheless, even in the mono-vacancy formation model for the
destruction of graphene proposed via DFT calculations Au is not expected to lead to a major
loss in stability as its defect formation energy remains high so this observation cannot
definitively point to a role of O in this etching process. The most likely sources of oxygen could
be metal evaporation (relatively poor vacuum condition, ~10-7 torr), transport of the samples
(exposing the sample to the air), hydrocarbon contamination (on the sample) and residual
O2 gases in the microscope column (with relatively high partial pressure of O). However, the
latter can be ignored as the sample chamber (microscope column) was systematically at its
base pressure of <5x10-9torr.

7. Metal-h-BN interactions

Our metal-graphene interaction studies have inspired us to carry out micro structural studies
of the metal-h-BN system to compare metal behaviors between these 2D systems. Similar to
the graphene case Au, Ti and Ni metals have been investigated on the h-BN flakes.

Figure 17 shows simultaneously taken STEM- HAADF and BF images of 1Å gold evaporated
on few-layer h-BN. Neither individual gold atoms nor clusters were observed on pristine parts
of the h-BN sheets. However, ad-atoms and gold clusters can be seen in the hydrocarbon

Figure 15. Unprocessed HAADF images of graphene etching in the presence of Al; (a) before etching, (b) after the
start of the hole formation, (c) after hole enlargement in subsequent scans, (d) after continued etching as a result of a
sustained supply of Al atoms to the hole’s edge (some Al atoms are indicated by red arrows in (b−d), and (e) after the
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contamination, which resembles the Au behavior on the graphene surfaces. This indicates the
extreme mobility of gold on the clean h-BN surface. Single gold atoms have been observed in
contaminated areas, as a result of dissociation from bigger gold cluster by the scanning beam
in the STEM; these can be seen in figure 17a around the middle cluster, but no atoms can be
seen on the clean h-BN surfaces. Another observation is the ‘peeling’ of BN layers under the
continuous scanning electron beam. This has been shown earlier: the holes that occur are
triangular in shape as indicated by the dashed white triangle in the HAADF image in figure
17a and in the corresponding BF image in figure 17b.

Another metal, which has been evaporated onto h-BN layers for comparison with graphene,
is Ti as it has the highest coverage among the studied metals on the graphene surfaces for the
same amount of metal. HAADF images of 1Å Ti evaporated double layer h-BN are shown in
figure 18. A low magnification overview image in figure 18a shows the distribution of Ti on
the h-BN surface. Ti is clustered and resides in the hydrocarbon chains similar to the graphene
case, however, the distribution is less homogeneous compare to the Ti on graphene. A close-
up image of figure 18a is shown in figure 18b; here the position of the Ti atoms and clusters
can be clearly seen in the upper-right corner of the image. Although these clusters are disso‐
ciated and have moved towards edge of the hydrocarbon chains (bordering clean h-BN
regions) during the scan, h-BN etching was not observed. This is in contrast to the Ti-graphene

Figure 16. Unprocessed HAADF images (color inverted) of holes formed in single layer graphene through metal medi‐
ated etching with (a) Pd and (b) Ti. EEL spectra acquired by positioning the beam for 1s on the atoms encircled in the
images are shown below the corresponding image.
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interaction. Etching of h-BN as observed in both, figures 18b and c, is beam induced (knock-
on damage), and is not metal mediated or related. Further evidenced for this is that it was not
observed on the edge of the hydrocarbon chains, where the etching initiated in the case of
metal-graphene interactions.

Figure 18. Unprocessed HAADF of 1Å Ti doped h-BN at different magnification, obtained at 60kV.

HAADF images of 1Å Ni doped h-BN and simultaneously taken corresponding BF images are
shown in figure 19. Figures 19a, b and c are subsequently acquired HAADF images with
increasing magnification at 60 kV acceleration voltage; magnified areas are indicated by blue
squares in figures 19a and b. All HAADF images clearly show that there are no Ni atoms or
cluster on clean h-BN surfaces. This is not obvious in the corresponding BF images, which
reveal disturbances (Ni-islands) of the h-BN lattice; the impurities are in fact not sitting on the

Figure 17. Unprocessed a) HAADF, b) BF image of 1Å Au doped h-BN, obtained at 100kV. Frame widths are 15nm.

Atomic Structure of Graphene and h-BN Layers and Their Interactions with Metals
http://dx.doi.org/10.5772/56640

23
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ated etching with (a) Pd and (b) Ti. EEL spectra acquired by positioning the beam for 1s on the atoms encircled in the
images are shown below the corresponding image.
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interaction. Etching of h-BN as observed in both, figures 18b and c, is beam induced (knock-
on damage), and is not metal mediated or related. Further evidenced for this is that it was not
observed on the edge of the hydrocarbon chains, where the etching initiated in the case of
metal-graphene interactions.

Figure 18. Unprocessed HAADF of 1Å Ti doped h-BN at different magnification, obtained at 60kV.

HAADF images of 1Å Ni doped h-BN and simultaneously taken corresponding BF images are
shown in figure 19. Figures 19a, b and c are subsequently acquired HAADF images with
increasing magnification at 60 kV acceleration voltage; magnified areas are indicated by blue
squares in figures 19a and b. All HAADF images clearly show that there are no Ni atoms or
cluster on clean h-BN surfaces. This is not obvious in the corresponding BF images, which
reveal disturbances (Ni-islands) of the h-BN lattice; the impurities are in fact not sitting on the

Figure 17. Unprocessed a) HAADF, b) BF image of 1Å Au doped h-BN, obtained at 100kV. Frame widths are 15nm.
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h-BN lattice itself, but in/on the contamination layer between Ni atoms and the h-BN surface.
Exact Ni-atom positions can only be revealed in the HAADF images, which is the reason why
HAADF imaging is more powerful than phase contrast (BF) imaging in terms of revealing
constellations and positions of impurities and ad-atoms. In particular, individual Ni atoms can
be observed in the HAADF image in figure 19c to sit on a very fine contamination layer,
through which the h-BN structure is still clearly visible. Without the guidance of the HAADF
images it would not be possible to identify the sites of the ad-atoms on the honeycomb
structure.

Figure 19. Unprocessed HAADF and BF images of 1Å Ni doped BN at different magnification, obtained at 60kV. a), b)
and c) HAADF, d), e) and f) corresponding BF images. Frame widths are 25, 10, 5 nm in a) and b), c) and d), e) and f),
respectively.

8. Conclusions

In conclusion, we used an aberration-corrected STEM, to investigate the structural properties
of pristine graphene and h-BN layers on the atomic scale, and additionally the metal behaviors
on these layers in terms of coverage, distribution and interaction.

Graphene and h-BN layer identification and atomic scale investigations were performed in
TEM and STEM. We have shown that graphene and h-BN layers are not perfectly clean and
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the presence of hydrocarbon contamination appears to be an issue with graphene structures
in that it might has an effect on the charge transfer between graphene and metals. Single, two
and few layer graphene were differentiated via diffraction patterns as was turbostratic
graphene and the rotation angles between the layers. Hexagonal periodicity and individual
carbon, boron and nitrogen atoms in graphene and h-BN layers were observed in TEM and
STEM operated at an acceleration voltage below the knock-on threshold of carbon. Cleanliness,
surface contamination and foreign ad-atoms on the graphene layers were identified in HAADF
and EELS in the STEM.

After studies of pristine graphene in the (S)TEM, the behavior of the metals Au; Cr; Ti; Ni; Al;
Pd on suspended graphene and Au; Ti; Ni on h-BN surfaces was investigated. As a general
observation, all studied metals did not interact with the clean graphene and h-BN surface as
none of them were observed on clean parts of them. The metals were mainly clustered and
found to be on the hydrocarbon chains. The size and distribution of the clusters were found
to vary on the graphene for different metals, for example Au clusters were the biggest and Ti
the smallest in size for the same amount of metal deposition, which indicates that Ti has a
better distribution than Au. Unequal distributions and irregular sizes of Au clusters were
amended upon chemical modification of the graphene via hydrogenation. However, Au ad-
atoms or clusters were still not observed on clean part of the graphene similar to the pristine
case. The weak interaction between the metal and graphene and the preponderance of metals
to reside on the hydrocarbons might have effects on the electrical transport properties of
graphene (charge transfer between graphene and metals), because the hydrocarbon contami‐
nation on the graphene surface is unavoidable unless annealed at high temperatures and kept
in UHV.

On the other hand, interesting results have been witnessed for all studied metals (except Au)
in that they etch the graphene layer during STEM investigations. Although the metals
nucleated on the hydrocarbons they were dragged by the scanning electron beam to clean parts
of the graphene surface. As soon as the metal interacted with carbon atoms of the graphene a
vacancy appeared followed by creation of further vacancies which coalesce to form a hole. This
was observed although the microscope column was kept in UHV and operated at 60 kV, i.e.,
below the damaging threshold of carbon. Although it is known that the defect formation
energies in graphene are substantially lowered in the mere presence of metal atoms, the actual
etching mechanism at play here is not fully resolved. An oxidation mechanism may provide
the most likely explanation, whereby oxygen released from nearby contamination may lead
to a C-C bond dissociation mediated by the oxidation of the metal atoms. Furthermore, the
observed metal-mediated etching of graphene could provide an explanation for the degrada‐
tion of device performance over time. This etching could also be exploited in controlled
tailoring and self-assembly processes for future graphene based devices as the etched holes
can be healed spontaneously.

HAADF images reveal that both Au, Ti and Ni metals do not stick to the clean (contamination-
free) surface of h-BN, however, they form ad-atoms and clusters on the contamination. That
indicates the interaction between metals and BN is much weaker than the metal-metal
interaction. On the other hand, we haven’t observed any metal-mediated h-BN etching at all
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observation, all studied metals did not interact with the clean graphene and h-BN surface as
none of them were observed on clean parts of them. The metals were mainly clustered and
found to be on the hydrocarbon chains. The size and distribution of the clusters were found
to vary on the graphene for different metals, for example Au clusters were the biggest and Ti
the smallest in size for the same amount of metal deposition, which indicates that Ti has a
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in that they etch the graphene layer during STEM investigations. Although the metals
nucleated on the hydrocarbons they were dragged by the scanning electron beam to clean parts
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in contrast to metal-graphene systems (even metals cannot be dragged towards clean bits
under continuous scanning electron beam). That can be explained with the tendency of
graphene to oxidation with yields of CO or CO2 as the contaminations (even metal clusters)
are rich from oxygen. It was also found that h-BN is a very good transparent support for the
study of nanocrystals in the S/TEM.
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1. Introduction

Graphene, single-layer graphite, has drawn great attention recently, both because of its special
properties [1-5], and because of its wide-range potential applications, for example in future-
generation electronics [4, 6-8]. Chemical vapor deposition (CVD) of hydrocarbons on transition
metals (TMs) provides a practical method for graphene production [9-17]. With this chapter
we would like to summarize our investigations with in-situ scanning tunneling microscopy
(STM), aimed at understanding the growth of graphene on metal surfaces. The ‘fruit fly’ of our
work has been graphene formation on Rh(111). Observations on this surface are generalized
into a simple physical picture that should be suitable to interpret the formation of graphene
also on other metals.

The first experimentally produced and verified graphene was obtained in 2004 by mechanical
exfoliation of graphite [18]. Soon in 2010 The Nobel Prize in Physics was awarded to Andre
Geim and Konstantin Novoselov at the University of Manchester "for groundbreaking
experiments regarding the two-dimensional material graphene". Scotch tape was used to
repeatedly split graphite crystals into progressively thinner pieces. Many experiments on
graphene have been performed using this method [5, 19]. It nicely provides experimentalists
with the best quality in topographical flatness [19] and electron mobility [5]. The drawback of
this method is, of course, reproducibility. From an application point of view, it is hard to
imagine any production facility using microscopes to find tiny bits of graphene for electronic
devices.

Since 2004, researchers have tried out many ways for a reproducible, bottom-up production
of graphene. One method is to heat silicon carbide to high temperatures (>1100 °C), in order
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to make it sublime silicon and thereby reduce its surface to graphene [20, 21]. The choice of
the face of the silicon carbide that is used for graphene creation, either silicon-terminated or
carbon-terminated, strongly influences the thickness (i.e. the number of layers), mobility, and
carrier density of the graphene. This process produces a graphene sample size that is depend‐
ent on the size of the SiC substrate. However, the size of the domains is still in the order of
hundreds of nanometers [20, 21]. Although the quantum Hall effect (QHE) could be measured
with the graphene samples created by this method [20], the electronic mobility in this graphene
only reached 2700 cm2 V-1s-1, [22] which is much lower than for the graphene obtained by the
scotch tape method.

A very promising alternative method to produce precisely mono-layer of graphene is chemical
vapor deposition (CVD) on metal surfaces [9-17, 23-28]. Actually, graphitic layers on metals
had been investigated much earlier [11, 29-33], before specific attention was paid to graphene.
It is the method that we have concentrated on in our work. Metal surfaces as favorable
substrates for graphene growth by CVD have catalysts for hydrocarbon decomposition and
they strongly bind to the graphene that forms, while newly arriving hydrocarbon molecules
do not stick to or decompose on the graphene that has already formed. Also as the solubility
of carbon in a metal often depends strongly on temperature, graphene can also be made using
segregated carbon [9, 12, 16, 27, 30, 34]. After samples have been prepared at high temperature
and cooled down subsequently, it is not easy to distinguish which kind of carbon, segregated
or deposited, has been responsible for the formation of the graphene layer.

As a consequence of its strong interaction with the substrate, graphene on top of a metal is
very different from the idealized free-standing graphene. It does not have the interesting
electronic properties mentioned before, but it does have its own special appeal, for example,
being the template for the self assembly of additional overlayers [35], or the graphene-metal
contact serving a spin filter [36, 37], etc. In order to produce free-standing graphene, several
recipes have been introduced for transferring graphene from metals onto other substrates [15,
34, 38, 39]. With these recipes, CVD-grown graphite layers on metals have become a good
candidate for producing high-quality graphene. A promising carrier mobility of 4,000 to 7,350
cm2 V-1s-1 has already been reported for graphene, obtained via this route [40-43]. The size of
graphene made by CVD method is reported up to 30 inch [43].

No matter in what form the graphene is produced, free-standing or on a substrate, for many
applications it is the structural quality of the graphene that limits its properties and therefore
the quality of the final products in which it can be applied. The typical types of imperfections
introduced by the CVD method on metals are impurities and structural defects. The problem
of impurities can be solved by using a sufficiently clean production setup and sufficiently clean
materials (metal substrate and precursor gasses). The structural defects include other carbon
phases (e.g. metal carbide), domain boundaries between different graphene patches, point
defects [13] (e.g. pentagons and heptagons [44]) and thickness variations (voids or multilayers).
It has been demonstrated that such defects can influence the electronic properties of graphene
[44]. To reduce and eventually completely avoid the occurrence of structural defects, full
control of the formation mechanism of graphene is necessary. This can only come through a
thorough, atomic-scale understanding of the process. Once we have acquired a full under‐
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standing of the basic mechanisms of graphene formation and possible competing processes,
we can use that to subsequently develop an optimal growth recipe.

This chapter will start with a brief introduction of the in-situ STM technique and compare it
with other in-situ techniques, e.g. low-energy electron microscopy (LEEM) and scanning
electron microscopy (SEM). Ethylene deposition on Rh(111) is taken as an example to dem‐
onstrated the formation of graphene on metal surfaces. This system is ideal to demonstrate the
interaction between carbon and metals, as all effects are present ‘at the same time’: in addition
to graphene formation, we observe carbide formation and dissolution of carbon into the
substrate, which later re-surfaces and deteriorates the quality of the graphene. A universal
physical picture for graphene formation and competing phenomena on metal surfaces will be
provided. This picture is based on very general surface-science knowledge, which makes it
easy to be adapted to other CVD procedures and to graphene formation on other metals. Solid
experimental evidences will be shown to confirm the picture. Guided by this picture, we will
demonstrate several paths to improve the quality of graphene formed on a metal surface. Each
path shows its own advantages and disadvantages. We hope these demonstrations will help
the readers understand the universal picture better and use it to improve graphene quality for
different applications.

2. STM for in-situ measurements

Direct real-space microscopic observation during the formation of graphene is obviously
important for understanding the kinetic processes and thermal dynamics as well as for
improving the quality of graphene. However, due to the high growth temperature, to realize
such observation one has to face many technical challenges. Firstly, any temperature changes
in the macro structures of the microscope will cause dramatic thermal drift on the atomic scale
in the imaging process. Secondly, even though one can image at a constant, high temperature,
it is more difficult to stabilize the whole system at higher temperatures than for example room
temperature or lower.

Many common microscopy techniques, such as STM, LEEM, and SEM, etc. have been per‐
formed in situ to investigate the graphene formation at high temperatures on metals [9, 16, 38,
45-47]. In table 1, the working conditions and the performances of these techniques are listed
for comparison. With some special designs, all of these methods satisfy the required conditions
for graphene growth, i.e., sample temperature and gas pressure. Although there are arguments
about the definition of the resolution, high-temperature STM is superior in spatial resolution.
In fact, it is the only technique which can provide images in which the moiré pattern between
graphene and metal substrate (about 3 nm) can be clearly distinguished even at the growth
condition of graphene [46]. The higher resolution certainly provides more information for
understanding the growth kinetics of graphene. On the other hand, LEEM and SEM can image
much larger areas, which gives a macroscopic knowledge of the growth. In STM, the meas‐
urement itself has less influence the formation, because the energy of the tunneling electrons
is typically not more a few eV instead of keV which is typical for a SEM. Considering the
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advantages and disadvantages, we chose a special designed STM for our investigation of
graphene growth.

Spatial resolution at

high temperature *

Maximum field of

view

Sample temperature Maximum vacuum

pressure

STM 1 nm 3 µm ~1200 K 1 x 10-3 mbar

LEEM 2 nm at room

temperature

75 µm ~1200 K 1 x 10-6 mbar

SEM 2 nm at room

temperature

4 mm ~1200 K 1 x 10-4 mbar

* There are some debates in the definition of resolution. Only general numbers are list here.

Table 1. Comparison of microcopies that can be used at the conditions for graphene growth on metals. The
specifications of each microscopy are very dependent on the specific design. E.g. differential pumping stages might
increase the maximum vacuum pressure.

The STM we used had been optimized for (fast) scanning at high sample temperatures and
also during substantial temperature variations [48, 49]. Like most other STMs, our Variable-
Temperature STM (VT-STM) is using a piezoelectric tube, in our case with a length of 12 mm,
to scan regions up to typically 3 x 3 μm2, with sub-nanometer resolution. The macroscopic
dimensions of the piezo element, the sample and other components in the mechanical path
between the tip and the sample make that even modest temperature variations can cause a
significant drift in an STM image. More dramatically, when the component of this drift in the
z-direction, along the tip axis, were to exceed the control range of the piezo element, this would
lead to a situation where either the surface drifts out of range or a crash of the tip into the
sample surface occurs. For these reasons, most STMs are used either at room temperature or
at a constant, low or (modestly) elevated temperature, at which the sample and microscope
are first allowed to equilibrate for a long time, typically several hours, prior to the coarse tip-
sample approach and imaging. The STM we were using could compensate for thermal drifts
by its special design [48]. With this design, neither the expansion of the piezo element and
other components of the microscope nor that of the sample and sample holder can give rise to
a significant tip-sample distance variation. In practice, experiments have been performed
without the need for any mechanical adjustments in the tip height, while the sample temper‐
ature was being changed from 300 K to approximately 1200 K.

In addition to the drift-minimizing mechanical design, the STM electronics have been opti‐
mized to scan fast. It has been demonstrated that the STM can image surfaces at video rate (24
frames per second) [49] (A commercial version of this instrument is marketed by Leiden Probe
Microscopy BV, www.leidenprobemicroscopy.com). Because of the critical experimental
conditions, in particular the high temperatures during deposition, video-rate scanning is very
difficult. Therefore, the high-speed capabilities of the VT-STM have not been exploited directly
in the work described in this chapter. On the other hand, the low noise level that the high-
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speed electronics has at low frequencies and the modular design of the electronics provided
stable scanning conditions plus possibilities for customization of the scans, which played an
important role in this work.

3. Experimental detail

Our special-purpose, VT-STM [48, 49], enables us to follow the reaction and growth of
graphene in situ. Ethylene decomposition on Rh(111) is taken as a generic example of carbon
deposition on metals. The interaction between carbon and Rh can lead to carbide formation
[50], carbon dissolution [51], and graphene formation [29]. These are also the typical ‘products’
that can be formed on other metals. Actually, carbon is the main contaminant in Rh crystals.

The complexity of the carbon-on-Rh(111) system makes it a good example for demonstrating,
in general, the interaction between carbon and metals. The 3-fold (111) orientation was chosen,
to act as a template for graphene crystallization. In addition, graphene forms an easily
recognizable moiré pattern on Rh(111). A simple calculation shows that the moiré pattern
‘magnifies’ the misfit defects between the lattice of the graphene layer and that of the Rh
substrate. For example, 1 degree of actual graphene rotation with respect to the Rh lattice
results in a 10 degree apparent rotation in the moiré pattern. In this way, atomic information
about graphene can be achieved even without actually achieving atomic resolution in STM.

All measurements in this chapter were performed with a STM-setup which consisted of a single
ultrahigh vacuum (UHV) chamber, equipped with a scanning tunneling microscope (STM), a
low-energy electron diffraction (LEED) apparatus, an Auger electron spectroscopy (AES)
instrument, and a quadrupole mass spectrometer (QMS), for analysis purposes. The base
pressure of the vacuum system was 1.5 x 10-11 mbar. During measurements, the vacuum level
was kept below 2 x 10-10 mbar. To achieve and maintain this vacuum, a single 170 liter/second
magnetically levitated turbo-molecular pump, a 410 liter/second ion getter pump, and a
titanium sublimation pump, integrated into a cold trap, were connected to the UHV chamber.
Also, the entire vacuum system was extensively degassed by a bake-out procedure up to 450
K and the sample holder and STM components were further degassed by prolonged annealing
of the Rh sample to 800K.

The Rh sample was cleaned by cycles of Ar+ ion sputtering, followed by flash annealing to 1300
K and then exposure of the sample to 2 to 3 ×10-7 mbar of O2 for 1 to 2 hours at temperatures
of 700 to 800 K. This latter step proved necessary in order to remove C surface contamination
emanating from the bulk. Residual O was removed from the Rh surface by flashing the sample
to 1000 K. After this cycle had been repeated at least 10 times, no C contamination could be
detected by Auger Electron Spectroscopy, and the density of visible impurities in the STM
images were typically below 1/μm2. The dosage of ethylene gas, from ALDRICHTM, with a
purity of 99.99 %, was through a precision leak valve.
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specifications of each microscopy are very dependent on the specific design. E.g. differential pumping stages might
increase the maximum vacuum pressure.

The STM we used had been optimized for (fast) scanning at high sample temperatures and
also during substantial temperature variations [48, 49]. Like most other STMs, our Variable-
Temperature STM (VT-STM) is using a piezoelectric tube, in our case with a length of 12 mm,
to scan regions up to typically 3 x 3 μm2, with sub-nanometer resolution. The macroscopic
dimensions of the piezo element, the sample and other components in the mechanical path
between the tip and the sample make that even modest temperature variations can cause a
significant drift in an STM image. More dramatically, when the component of this drift in the
z-direction, along the tip axis, were to exceed the control range of the piezo element, this would
lead to a situation where either the surface drifts out of range or a crash of the tip into the
sample surface occurs. For these reasons, most STMs are used either at room temperature or
at a constant, low or (modestly) elevated temperature, at which the sample and microscope
are first allowed to equilibrate for a long time, typically several hours, prior to the coarse tip-
sample approach and imaging. The STM we were using could compensate for thermal drifts
by its special design [48]. With this design, neither the expansion of the piezo element and
other components of the microscope nor that of the sample and sample holder can give rise to
a significant tip-sample distance variation. In practice, experiments have been performed
without the need for any mechanical adjustments in the tip height, while the sample temper‐
ature was being changed from 300 K to approximately 1200 K.

In addition to the drift-minimizing mechanical design, the STM electronics have been opti‐
mized to scan fast. It has been demonstrated that the STM can image surfaces at video rate (24
frames per second) [49] (A commercial version of this instrument is marketed by Leiden Probe
Microscopy BV, www.leidenprobemicroscopy.com). Because of the critical experimental
conditions, in particular the high temperatures during deposition, video-rate scanning is very
difficult. Therefore, the high-speed capabilities of the VT-STM have not been exploited directly
in the work described in this chapter. On the other hand, the low noise level that the high-
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speed electronics has at low frequencies and the modular design of the electronics provided
stable scanning conditions plus possibilities for customization of the scans, which played an
important role in this work.

3. Experimental detail

Our special-purpose, VT-STM [48, 49], enables us to follow the reaction and growth of
graphene in situ. Ethylene decomposition on Rh(111) is taken as a generic example of carbon
deposition on metals. The interaction between carbon and Rh can lead to carbide formation
[50], carbon dissolution [51], and graphene formation [29]. These are also the typical ‘products’
that can be formed on other metals. Actually, carbon is the main contaminant in Rh crystals.

The complexity of the carbon-on-Rh(111) system makes it a good example for demonstrating,
in general, the interaction between carbon and metals. The 3-fold (111) orientation was chosen,
to act as a template for graphene crystallization. In addition, graphene forms an easily
recognizable moiré pattern on Rh(111). A simple calculation shows that the moiré pattern
‘magnifies’ the misfit defects between the lattice of the graphene layer and that of the Rh
substrate. For example, 1 degree of actual graphene rotation with respect to the Rh lattice
results in a 10 degree apparent rotation in the moiré pattern. In this way, atomic information
about graphene can be achieved even without actually achieving atomic resolution in STM.

All measurements in this chapter were performed with a STM-setup which consisted of a single
ultrahigh vacuum (UHV) chamber, equipped with a scanning tunneling microscope (STM), a
low-energy electron diffraction (LEED) apparatus, an Auger electron spectroscopy (AES)
instrument, and a quadrupole mass spectrometer (QMS), for analysis purposes. The base
pressure of the vacuum system was 1.5 x 10-11 mbar. During measurements, the vacuum level
was kept below 2 x 10-10 mbar. To achieve and maintain this vacuum, a single 170 liter/second
magnetically levitated turbo-molecular pump, a 410 liter/second ion getter pump, and a
titanium sublimation pump, integrated into a cold trap, were connected to the UHV chamber.
Also, the entire vacuum system was extensively degassed by a bake-out procedure up to 450
K and the sample holder and STM components were further degassed by prolonged annealing
of the Rh sample to 800K.

The Rh sample was cleaned by cycles of Ar+ ion sputtering, followed by flash annealing to 1300
K and then exposure of the sample to 2 to 3 ×10-7 mbar of O2 for 1 to 2 hours at temperatures
of 700 to 800 K. This latter step proved necessary in order to remove C surface contamination
emanating from the bulk. Residual O was removed from the Rh surface by flashing the sample
to 1000 K. After this cycle had been repeated at least 10 times, no C contamination could be
detected by Auger Electron Spectroscopy, and the density of visible impurities in the STM
images were typically below 1/μm2. The dosage of ethylene gas, from ALDRICHTM, with a
purity of 99.99 %, was through a precision leak valve.
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4. A universal description of graphene formation on metals

In this section, we introduce a new physical picture (Figure 1), which descripts the general
principles of graphene and carbide formation on metal surfaces. It is based on the combination
of our direct STM observations and the considerations published by McCarty et al. [12]. In
Figure 1, the black line represents the density of carbon adatoms on the Rh surface, dictated
by equilibrium with carbon dissolved in the bulk. The shape and position of this line is
determined by the carbon concentration in the substrate, and by the dissolution energy of
carbon [12]. The solid red line represents the carbon adatom density derived from equilibrium
with the graphene islands. The point where the black line crosses the solid red line gives the
dissolution temperature of graphene. We now add the solid blue line, which represents the
carbon adatom density which would establish equilibrium with the carbide islands. The
positions of the solid red and blue lines are determined by the edge energies of graphene and
carbide. The lower position of the line means the edge energy is lower and the island is more
stable. The dashed red and blue lines are the supersaturation necessary for observable
nucleation of graphene and carbide. The dashed lines are not only determined by the edge
energies of graphene and carbide, but also by the critical nucleation size of each product. So it
is not necessary that the dashed blue line is higher than the dashed red line, just because the
solid blue line is higher than the solid red line. In fact, our experiment shows the dashed red
line is higher than the dashed blue one, while the solid blue line is higher than the solid red
line. In the following sections, we will experimentally determine the relative position of each
line in this figure. Guided by this figure, we show several paths for improving the quality of
graphene.

Figure 1. Schematic diagram, showing the temperature dependence of various equilibrium adatom concentrations of
carbon on the metal surface. The black line is the carbon adatom concentration, which is in equilibrium with carbon in
the bulk. The solid red line is the adatom concentration for equilibrium with graphene islands (after [12]); the solid
blue line is the adatom concentration for equilibrium with carbide islands; the locations where the solid lines cross the
black line are the dissolution temperatures for graphene and carbide; the dashed red and blue lines indicate the su‐
persaturation levels required for nucleation of graphene and carbide, respectively, on a clean metal surface.
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5. The temperature dependence of graphene and carbide formation

In order to obtain a first impression of the temperature dependence of graphene formation,
we exposed the Rh surface to a high dose of ethylene at room temperature and slowly heated
up the sample, while the surface was monitored continuously with STM. The initial, saturated
layer of ethylene was obtained by exposing the freshly cleaned Rh(111) surface [51] in the UHV
chamber to 3 x 10-5 mbar s of ethylene gas at room temperature. The result of this exposure is
a pronounced, atomic-scale roughness, decorating the entire surface (Figure 2A), that we
associate with the disordered overlayer of ethylene molecules. During the initial stages of the
temperature ramp, clusters formed without any preference for specific edge orientations
(Figure 2B). These clusters grew in size when the temperature was increased. Even though we
have directly observed the motion and coalescence of the clusters, the drifting during tem‐
perature changes makes is difficult to conclude that this was the sole ripening mechanism.
Previous research showed ethylene decomposition on Rh to proceed in various stages at
different temperatures up to ~800 K [29, 52]. Based on this, we interpret the irregular structures
in Figure 2B to be clusters of carbon or CHx. At around 870 K, some islands were observed
with a hexagonal shape, and the characteristic moiré pattern inside, indicating that, at this
temperature, graphene had already been formed, and that the domains were large enough to
appear as moiré patterns. The restructuring of the overlayer into graphene necessarily should
start with small domains, smaller than one unit of the moiré pattern (2 x 12 x 12 carbon atoms).
Ripening processes make some domains grow at the expense of others, to become larger than
this size. Because any ripening process requires the relocation of many carbon atoms, this
ripening should be relatively slow [53]. The combination of this slow ripening with the fast
temperature ramp up to 870 K of 0.2 K/s, implies that the moiré pattern observed at 870 K is a
sign that graphene formation had started already at a temperature below 870 K. Indeed, Figure
2C shows our lowest-temperature observation of a moiré pattern, at 808 K, (temperature ramp
rate was 0.05 K/s) close to the temperature range of 700-800 K, necessary for complete decom‐
position of ethylene [29, 52]. Up to 969 K, the ripening of the graphene islands continued,
making the islands larger, more compact and more hexagonal (Figure 2D). Also, the orienta‐
tions of different domains became similar. Nevertheless, we still observed more than a single
moiré pattern at this high temperature, which indicates that several overlayer orientations may
have similarly low energies.

In a separate experiment we found that the graphene overlayer dissolved into the Rh substrate,
starting at a temperature of ~1050 K. The information obtained from these heating experiments
can be cast in the form of the upper temperature bar in Figure 2E, displaying that, from 808 K
to 1053 K, graphene can be formed on a Rh surface. This 250 K temperature range for stable
graphene on Rh is much wider than the 50 K window that has been reported previously [24].
This process, combining adsorption of ethylene at room temperature with a subsequent
temperature ramp, also yields a lower graphene formation temperature than the temperature
of ~1100 K, reported in case ethylene was dosed directly at high temperature [54].

From this experiment, we can conclude that graphene is more stable than carbide and that in
Figure 1 the solid red line should be lower than the blue one. In this experiment, clustering of
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4. A universal description of graphene formation on metals

In this section, we introduce a new physical picture (Figure 1), which descripts the general
principles of graphene and carbide formation on metal surfaces. It is based on the combination
of our direct STM observations and the considerations published by McCarty et al. [12]. In
Figure 1, the black line represents the density of carbon adatoms on the Rh surface, dictated
by equilibrium with carbon dissolved in the bulk. The shape and position of this line is
determined by the carbon concentration in the substrate, and by the dissolution energy of
carbon [12]. The solid red line represents the carbon adatom density derived from equilibrium
with the graphene islands. The point where the black line crosses the solid red line gives the
dissolution temperature of graphene. We now add the solid blue line, which represents the
carbon adatom density which would establish equilibrium with the carbide islands. The
positions of the solid red and blue lines are determined by the edge energies of graphene and
carbide. The lower position of the line means the edge energy is lower and the island is more
stable. The dashed red and blue lines are the supersaturation necessary for observable
nucleation of graphene and carbide. The dashed lines are not only determined by the edge
energies of graphene and carbide, but also by the critical nucleation size of each product. So it
is not necessary that the dashed blue line is higher than the dashed red line, just because the
solid blue line is higher than the solid red line. In fact, our experiment shows the dashed red
line is higher than the dashed blue one, while the solid blue line is higher than the solid red
line. In the following sections, we will experimentally determine the relative position of each
line in this figure. Guided by this figure, we show several paths for improving the quality of
graphene.

Figure 1. Schematic diagram, showing the temperature dependence of various equilibrium adatom concentrations of
carbon on the metal surface. The black line is the carbon adatom concentration, which is in equilibrium with carbon in
the bulk. The solid red line is the adatom concentration for equilibrium with graphene islands (after [12]); the solid
blue line is the adatom concentration for equilibrium with carbide islands; the locations where the solid lines cross the
black line are the dissolution temperatures for graphene and carbide; the dashed red and blue lines indicate the su‐
persaturation levels required for nucleation of graphene and carbide, respectively, on a clean metal surface.
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5. The temperature dependence of graphene and carbide formation

In order to obtain a first impression of the temperature dependence of graphene formation,
we exposed the Rh surface to a high dose of ethylene at room temperature and slowly heated
up the sample, while the surface was monitored continuously with STM. The initial, saturated
layer of ethylene was obtained by exposing the freshly cleaned Rh(111) surface [51] in the UHV
chamber to 3 x 10-5 mbar s of ethylene gas at room temperature. The result of this exposure is
a pronounced, atomic-scale roughness, decorating the entire surface (Figure 2A), that we
associate with the disordered overlayer of ethylene molecules. During the initial stages of the
temperature ramp, clusters formed without any preference for specific edge orientations
(Figure 2B). These clusters grew in size when the temperature was increased. Even though we
have directly observed the motion and coalescence of the clusters, the drifting during tem‐
perature changes makes is difficult to conclude that this was the sole ripening mechanism.
Previous research showed ethylene decomposition on Rh to proceed in various stages at
different temperatures up to ~800 K [29, 52]. Based on this, we interpret the irregular structures
in Figure 2B to be clusters of carbon or CHx. At around 870 K, some islands were observed
with a hexagonal shape, and the characteristic moiré pattern inside, indicating that, at this
temperature, graphene had already been formed, and that the domains were large enough to
appear as moiré patterns. The restructuring of the overlayer into graphene necessarily should
start with small domains, smaller than one unit of the moiré pattern (2 x 12 x 12 carbon atoms).
Ripening processes make some domains grow at the expense of others, to become larger than
this size. Because any ripening process requires the relocation of many carbon atoms, this
ripening should be relatively slow [53]. The combination of this slow ripening with the fast
temperature ramp up to 870 K of 0.2 K/s, implies that the moiré pattern observed at 870 K is a
sign that graphene formation had started already at a temperature below 870 K. Indeed, Figure
2C shows our lowest-temperature observation of a moiré pattern, at 808 K, (temperature ramp
rate was 0.05 K/s) close to the temperature range of 700-800 K, necessary for complete decom‐
position of ethylene [29, 52]. Up to 969 K, the ripening of the graphene islands continued,
making the islands larger, more compact and more hexagonal (Figure 2D). Also, the orienta‐
tions of different domains became similar. Nevertheless, we still observed more than a single
moiré pattern at this high temperature, which indicates that several overlayer orientations may
have similarly low energies.

In a separate experiment we found that the graphene overlayer dissolved into the Rh substrate,
starting at a temperature of ~1050 K. The information obtained from these heating experiments
can be cast in the form of the upper temperature bar in Figure 2E, displaying that, from 808 K
to 1053 K, graphene can be formed on a Rh surface. This 250 K temperature range for stable
graphene on Rh is much wider than the 50 K window that has been reported previously [24].
This process, combining adsorption of ethylene at room temperature with a subsequent
temperature ramp, also yields a lower graphene formation temperature than the temperature
of ~1100 K, reported in case ethylene was dosed directly at high temperature [54].

From this experiment, we can conclude that graphene is more stable than carbide and that in
Figure 1 the solid red line should be lower than the blue one. In this experiment, clustering of
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CHx must make the surface carbon concentration locally very high, beyond that shown by the
dashed blue and red lines. Under such conditions, both carbide and graphene nuclei can be
formed. With time, the carbide islands disappear and the graphene islands become larger,
since they are energetically more favourable. This is also why the carbide may form first on
metal surfaces, but after long periods of annealing (e.g., 400 minutes) at high temperature, it
can transform to graphene [55].

Another experiment was designed to determine the relative position of dashed red and blue
lines in Figure 1. In the experiment above, the carbon adatom density in CHx is high enough
for the nucleation of both graphene and carbide; the two nucleation process cannot be
distinguished. To discriminate, we fixed the temperature of a clean Rh sample at 830 K, which
is suitable for the formation of graphene and carbide, then we started adding the ethylene
starting from zero. On the clean Rh surface, the carbon adatom density was increasing from
almost zero, while the pressure of ethylene was being increased. Because there was no nucleus
of graphene or carbide on the surface, carbon would form the product (graphene or carbide)
which requires the lower nucleation carbon adatom density, during the increasing of the
density of carbon adatoms. With STM it was seen that an overlayer formed, starting from the
Rh step edges on the surface, and proceeding until it covered the entire surface. As can be seen
in Figure 3A, this overlayer had a structure that was different from that of graphene. After the
entire surface had been covered by this layer, we heated the sample to higher temperatures,
while monitoring the structure with the STM. It was found that the overlayer did not transform
into the graphene structure even up to the temperature of 1016 K, at which it disappeared. The
stability of the structure indicates that it did not consist of CHx clusters, which would otherwise
have transformed into graphene at and above 808 K. We interpret the disappearance again as
the dissolution of the deposited material into the Rh substrate. The fact that the dissolution
temperature differs significantly from the value of 1050 K, mentioned above for graphene,
indicates that in this case the overlayer was not graphene. AES (Figure 3B) on this layer shows
that the KLL of carbon peak had shifted from 272 eV to 275 eV and the MNN peak of Rh had
also undergone a change in shape and position. Both shifts indicate the formation of a new
compound [56]. We suggest that this is a rhodium carbide overlayer. Comparing this AES
spectrum with a reference spectrum taken on a one-monolayer graphene-covered Rh surface
(Figure 3B), we see that the C-to-Rh peak ratios for these two cases were similar. Assuming
that the Rh peak in the AES spectrum of graphene-covered Rh corresponds to effectively one
atomic layer of Rh, we find that the C-to-Rh ratio in the carbide must have been in the order
of 2:1. In Figure 2E, in analogy to the temperature bar for a graphene overlayer, the lower bar
shows the growth and stability regime of a carbide layer on Rh(111). The fact that carbide was
formed first in this experiment means that the require carbon adatom density for nucleation
of graphene is higher than that for carbide, which makes the position of the dashed red line
higher than dashed blue line in Figure 1. From these two experiments, we can determine the
relative position of the lines in Figure 1. It also naturally explains why a lower dissolving
temperature was measured for carbide. That is simple because that the solid blue line crosses
the black line at a lower temperature than the red one.
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Figure 2. STM images measured during continuous heating from 300 K to ~1000 K, after room temperature ethylene
deposition. Panels A, B and D are from one series of experiments. (A) The Rh(111) surface directly after exposure to 3 x
10-5 mbar s of ethylene at room temperature. A mono-atomic step on the Rh surface crosses the image. The saturated
ethylene adsorbed layer causes the rough appearance of the upper and lower terraces. (B) At 778 K, the overlayer
organized into irregular clusters, but no moiré pattern was found at this temperature. (C) Starting from 4 x 10-7 mbar s
ethylene exposure at room temperature, this image shows the lowest temperature where the moiré pattern of gra‐
phene was found. (D) At 975 K, the graphene had ripened into larger islands, with similar orientations. (E) Tempera‐
ture ranges for the observed stability of graphene and carbide on Rh(111). The STM images all have a size of 85 nm ×
85 nm. They have been taken at sample voltages of Vb = 0.05 V, 1.16 V, 1.43 V, and -1.84 V for panels A, B, C and D,
respectively, and at a tunnel current of It = 0.05 nA.

6. Towards the optimal growth recipe

6.1. Direct carbon deposition at high temperature

To reduce the nucleation density of graphene therefore reduce the defect lines between
different nuclei, dosing carbon at a high sample temperature is an obvious solution, since the
high temperature largely enhances the diffusion of carbon adatoms. However, the experiment
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have transformed into graphene at and above 808 K. We interpret the disappearance again as
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temperature differs significantly from the value of 1050 K, mentioned above for graphene,
indicates that in this case the overlayer was not graphene. AES (Figure 3B) on this layer shows
that the KLL of carbon peak had shifted from 272 eV to 275 eV and the MNN peak of Rh had
also undergone a change in shape and position. Both shifts indicate the formation of a new
compound [56]. We suggest that this is a rhodium carbide overlayer. Comparing this AES
spectrum with a reference spectrum taken on a one-monolayer graphene-covered Rh surface
(Figure 3B), we see that the C-to-Rh peak ratios for these two cases were similar. Assuming
that the Rh peak in the AES spectrum of graphene-covered Rh corresponds to effectively one
atomic layer of Rh, we find that the C-to-Rh ratio in the carbide must have been in the order
of 2:1. In Figure 2E, in analogy to the temperature bar for a graphene overlayer, the lower bar
shows the growth and stability regime of a carbide layer on Rh(111). The fact that carbide was
formed first in this experiment means that the require carbon adatom density for nucleation
of graphene is higher than that for carbide, which makes the position of the dashed red line
higher than dashed blue line in Figure 1. From these two experiments, we can determine the
relative position of the lines in Figure 1. It also naturally explains why a lower dissolving
temperature was measured for carbide. That is simple because that the solid blue line crosses
the black line at a lower temperature than the red one.
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deposition. Panels A, B and D are from one series of experiments. (A) The Rh(111) surface directly after exposure to 3 x
10-5 mbar s of ethylene at room temperature. A mono-atomic step on the Rh surface crosses the image. The saturated
ethylene adsorbed layer causes the rough appearance of the upper and lower terraces. (B) At 778 K, the overlayer
organized into irregular clusters, but no moiré pattern was found at this temperature. (C) Starting from 4 x 10-7 mbar s
ethylene exposure at room temperature, this image shows the lowest temperature where the moiré pattern of gra‐
phene was found. (D) At 975 K, the graphene had ripened into larger islands, with similar orientations. (E) Tempera‐
ture ranges for the observed stability of graphene and carbide on Rh(111). The STM images all have a size of 85 nm ×
85 nm. They have been taken at sample voltages of Vb = 0.05 V, 1.16 V, 1.43 V, and -1.84 V for panels A, B, C and D,
respectively, and at a tunnel current of It = 0.05 nA.

6. Towards the optimal growth recipe

6.1. Direct carbon deposition at high temperature

To reduce the nucleation density of graphene therefore reduce the defect lines between
different nuclei, dosing carbon at a high sample temperature is an obvious solution, since the
high temperature largely enhances the diffusion of carbon adatoms. However, the experiment
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above shows that carbide will be formed first on the metal surface before graphene is formed.
Interestingly, there is a narrow temperature window, between 1016 K and 1053 K, in which a
carbide layer is no longer stable, but a graphene monolayer is. In order to explore this window,
we held the Rh at 1035 K, while dosing with ethylene. Indeed, a graphene layer was observed
to form at this temperature. It covered the entire surface without a trace of carbide (Figure
4B). However, the moiré pattern of the graphene overlayer became distorted during the slow
cooling down, after the deposition, as shown in Figure 4C. The low-energy electron diffraction
(LEED) pattern that was taken afterwards at room temperature showed a weak Rh(111) pattern
on a strong, diffuse background (inset Figure 4D). We attribute the deterioration of the
overlayer during the cooling down to segregation of carbon. It is known that carbon, which
dissolves into the near-surface region of the Rh at the growth temperature, can segregate back
to the surface when the temperature is decreased [51]. This segregation could lead to the
nucleation of islands of a second graphene or carbide layer, between the original graphene
layer and the Rh substrate, which will locally push up the graphene overlayer and distort it.

One may augur that the distortion of graphene moiré pattern might be caused by the different
thermal expansion coefficient between graphene and the Rh substrate (in this temperature
regime graphene has a negative expansion coefficient [57, 58]). This effect can be excluded,
since other experiments, in which the role of segregated carbon could be minimized (Figure
5), showed that the quality of the graphene was not affected solely by large changes in
temperature.

Now we turn to the role of dissolved carbon atoms. When we exposed a clean Rh(111) substrate
directly to ethylene at 1035 K, several dark spots appeared in the STM images, before the
graphene was formed (Figure 4A). Graphene formation only started when the ethylene
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Figure 3. Carbide formation on Rh surface by direct ethylene dosing on a clean Rh. (A) An STM image measured at
830K, during deposition of ethylene. We interpret the rough layer that started to grow from the Rh steps as a carbide
film (see text). Before nucleation of the film, the Rh steps were modified, as is indicated by the arrows. Nucleation
started when the ethylene pressure reached 4.4 x 10-8 mbar. (B) Comparison between two Auger electron spectra of
Rh(111); red: with a single-monolayer carbide covered Rh, formed by ethylene deposition at 750K, and black: with
single-layer graphene. The size of the STM image is 85 nm × 85 nm. It has been taken at sample voltages of Vb = 2.79
V, and at a tunnel current of It = 0.05 nA.
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pressure reached 3.5 x 10-7 mbar, which we associate with the dashed red line in Figure 1. In
the framework of Figure 1, it is natural to ascribe the dark spots in Figure 4A to dissolved
carbon atoms, because the supersaturation required for graphene nucleation is high enough
for noticeable carbon dissolution, just before nucleation. This dissolution leads to a relatively
high concentration of carbon atoms in the substrate, close to the surface. Since the solubility
of carbon in the Rh is heavily dependent on temperature, there is a strong driving force for the
dissolved carbon atoms to segregate during cooling and accumulate between the Rh substrate
and the graphene overlayer. The resulting accumulation layer distorted the regular graphene
moiré patterns, as shown in Figure 4C. Other STM measurements of ours also showed that it
was possible to re-dissolve these extra carbon atoms by heating the sample to the growth
temperature. We speculate that this is only possible as long as the density of carbon in the
accumulation layer is not sufficient for the formation of a second layer of graphene. In the latter
case, we should have observed the top graphene layer dissolve together with the accumulated
(graphene) layer. Note, that the high concentration of dissolved carbon atoms led to a higher
dissolution temperature (1118 K) of graphene for this sample, in agreement with our expect‐
ation from Figure 1.

Figure 1 also shows that in order to have less carbon dissolved during the direct deposition;
one should use a higher pressure. The argument for this counterintuitive approach is that by
increasing the pressure the nucleation rate increases super-linearly, whereas the rate of
dissolution will simply be proportional to the pressure. Following this idea, we have been able
to improve the quality of the graphene overlayer on Rh as is demonstrated in Figure 4D. The
temperature of the clean Rh sample was first raised to 1028 K, after which the ethylene pressure
was quickly increased to a high value of 3.9 x 10-6 mbar. The graphene layer that formed under
these conditions covered the whole surface with a much lower defect density than the graphene
structure shown in Figure 4B. However, in spite of the high ethylene pressure used here, the
moiré pattern still distorted due to segregated carbon when the sample was cooled to room
temperature. The combination of the high solubility of carbon in Rh and the macroscopic
thickness of our substrate (1 mm) made it practically impossible to completely avoid carbon
dissolution at high temperatures and segregation of dissolved carbon during the cool-down.

One of the recipes reported for a single monolayer of graphene on Rh(111) is to expose the
clean rhodium surface for 3 minutes to 2 x 10-7 mbar ethylene at an even higher temperature
of 1100 K [54]. We have monitored this recipe with our STM at this high temperature, but
graphene was not formed under these conditions and also not with longer exploring times up
to 10 minutes. Instead, our images show that in this case a graphene layer was formed only
after the exposure, during cooling of the sample, when the temperature had reduced to ~1000
K, showing that, in this recipe, the graphene film is assembled completely from segregated
carbon. The STM images at room temperature did not show distortions, in accordance with
the images in Wang et al. [54]. We attribute this absence of distortions to a nearly complete
consumption of the dissolved carbon in the near-surface region by the graphene monolayer.
The difficulty in this procedure is to precisely control the coverage, i.e., the total amount of
segregated carbon. It is relatively easy to obtain large areas covered by graphene suitable for
STM imaging or for a local spectroscopic measurement. But it is very difficult to reach full
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above shows that carbide will be formed first on the metal surface before graphene is formed.
Interestingly, there is a narrow temperature window, between 1016 K and 1053 K, in which a
carbide layer is no longer stable, but a graphene monolayer is. In order to explore this window,
we held the Rh at 1035 K, while dosing with ethylene. Indeed, a graphene layer was observed
to form at this temperature. It covered the entire surface without a trace of carbide (Figure
4B). However, the moiré pattern of the graphene overlayer became distorted during the slow
cooling down, after the deposition, as shown in Figure 4C. The low-energy electron diffraction
(LEED) pattern that was taken afterwards at room temperature showed a weak Rh(111) pattern
on a strong, diffuse background (inset Figure 4D). We attribute the deterioration of the
overlayer during the cooling down to segregation of carbon. It is known that carbon, which
dissolves into the near-surface region of the Rh at the growth temperature, can segregate back
to the surface when the temperature is decreased [51]. This segregation could lead to the
nucleation of islands of a second graphene or carbide layer, between the original graphene
layer and the Rh substrate, which will locally push up the graphene overlayer and distort it.

One may augur that the distortion of graphene moiré pattern might be caused by the different
thermal expansion coefficient between graphene and the Rh substrate (in this temperature
regime graphene has a negative expansion coefficient [57, 58]). This effect can be excluded,
since other experiments, in which the role of segregated carbon could be minimized (Figure
5), showed that the quality of the graphene was not affected solely by large changes in
temperature.

Now we turn to the role of dissolved carbon atoms. When we exposed a clean Rh(111) substrate
directly to ethylene at 1035 K, several dark spots appeared in the STM images, before the
graphene was formed (Figure 4A). Graphene formation only started when the ethylene
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Figure 3. Carbide formation on Rh surface by direct ethylene dosing on a clean Rh. (A) An STM image measured at
830K, during deposition of ethylene. We interpret the rough layer that started to grow from the Rh steps as a carbide
film (see text). Before nucleation of the film, the Rh steps were modified, as is indicated by the arrows. Nucleation
started when the ethylene pressure reached 4.4 x 10-8 mbar. (B) Comparison between two Auger electron spectra of
Rh(111); red: with a single-monolayer carbide covered Rh, formed by ethylene deposition at 750K, and black: with
single-layer graphene. The size of the STM image is 85 nm × 85 nm. It has been taken at sample voltages of Vb = 2.79
V, and at a tunnel current of It = 0.05 nA.
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pressure reached 3.5 x 10-7 mbar, which we associate with the dashed red line in Figure 1. In
the framework of Figure 1, it is natural to ascribe the dark spots in Figure 4A to dissolved
carbon atoms, because the supersaturation required for graphene nucleation is high enough
for noticeable carbon dissolution, just before nucleation. This dissolution leads to a relatively
high concentration of carbon atoms in the substrate, close to the surface. Since the solubility
of carbon in the Rh is heavily dependent on temperature, there is a strong driving force for the
dissolved carbon atoms to segregate during cooling and accumulate between the Rh substrate
and the graphene overlayer. The resulting accumulation layer distorted the regular graphene
moiré patterns, as shown in Figure 4C. Other STM measurements of ours also showed that it
was possible to re-dissolve these extra carbon atoms by heating the sample to the growth
temperature. We speculate that this is only possible as long as the density of carbon in the
accumulation layer is not sufficient for the formation of a second layer of graphene. In the latter
case, we should have observed the top graphene layer dissolve together with the accumulated
(graphene) layer. Note, that the high concentration of dissolved carbon atoms led to a higher
dissolution temperature (1118 K) of graphene for this sample, in agreement with our expect‐
ation from Figure 1.

Figure 1 also shows that in order to have less carbon dissolved during the direct deposition;
one should use a higher pressure. The argument for this counterintuitive approach is that by
increasing the pressure the nucleation rate increases super-linearly, whereas the rate of
dissolution will simply be proportional to the pressure. Following this idea, we have been able
to improve the quality of the graphene overlayer on Rh as is demonstrated in Figure 4D. The
temperature of the clean Rh sample was first raised to 1028 K, after which the ethylene pressure
was quickly increased to a high value of 3.9 x 10-6 mbar. The graphene layer that formed under
these conditions covered the whole surface with a much lower defect density than the graphene
structure shown in Figure 4B. However, in spite of the high ethylene pressure used here, the
moiré pattern still distorted due to segregated carbon when the sample was cooled to room
temperature. The combination of the high solubility of carbon in Rh and the macroscopic
thickness of our substrate (1 mm) made it practically impossible to completely avoid carbon
dissolution at high temperatures and segregation of dissolved carbon during the cool-down.

One of the recipes reported for a single monolayer of graphene on Rh(111) is to expose the
clean rhodium surface for 3 minutes to 2 x 10-7 mbar ethylene at an even higher temperature
of 1100 K [54]. We have monitored this recipe with our STM at this high temperature, but
graphene was not formed under these conditions and also not with longer exploring times up
to 10 minutes. Instead, our images show that in this case a graphene layer was formed only
after the exposure, during cooling of the sample, when the temperature had reduced to ~1000
K, showing that, in this recipe, the graphene film is assembled completely from segregated
carbon. The STM images at room temperature did not show distortions, in accordance with
the images in Wang et al. [54]. We attribute this absence of distortions to a nearly complete
consumption of the dissolved carbon in the near-surface region by the graphene monolayer.
The difficulty in this procedure is to precisely control the coverage, i.e., the total amount of
segregated carbon. It is relatively easy to obtain large areas covered by graphene suitable for
STM imaging or for a local spectroscopic measurement. But it is very difficult to reach full
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coverage of the surface with graphene of precisely one layer thickness, i.e., without any excess
carbon.

6.2. Graphene formation on a seeded surface

The above experiments demonstrated that the temperature window for producing graphene
by direct deposition is quite limited, and graphene formed in this temperature window distorts
when the substrate is subsequently cooled to room temperature. On the other hand, the first
experiment, which started with deposition at room temperature, showed a wider temperature
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Figure 4. Graphene formation by direct ethylene dosing at high temperature. (A) STM image before the whole sur‐
face was covered by graphene. Some dark points (indicated by the arrows), which can be caused by dissolved carbon,
are visible. The temperature of the sample was 1035 K and the pressure of ethylene was 3.5 x 10-7 mbar. (B) A STM
image of graphene-covered Rh, which was achieved after panel A. The image was taken at the growth temperature.
The ‘defect’ lines in the image were formed already before the graphene overlayer nucleated. We associate these lines
with dissolved carbon atoms. (C) STM image of the sample of (B), after it was cooled to 340 K. The moiré pattern of
the graphene was deformed. The inset in (C) shows one integer-order Rh LEED spot (same view as in inset of Figure
5B) and the near absence of superstructure spots around it, recorded at room temperature. (D) STM image of gra‐
phene-covered Rh, which was achieved by direct ethylene deposition and imaging at 1028 K. The pressure of ethylene
was quickly raised to 3.9 x 10-6 mbar. The STM images all have a size of 65 nm × 65 nm. They have been taken at
sample voltages of Vb = 2.5 V, 2.5 V, 3.7 V, and 4.8 V for panels A to D, respectively, and at a tunnel current of It = 0.05
nA.
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window for graphene formation (upper bar in Figure 2E), starting below and ending above
the carbide window (lower bar in Figure 2E). The differences between the two experiments in
Figure 2 and Figure 3 suggest that the choice which the growing overlayer had to make between
carbide and graphene, in the temperature interval from 800 K to 1016 K, is fully determined
by the structure of the initial overlayer nuclei; in other words, graphene patches will continue
to grow as graphene, whereas carbide patches will continue to grow as carbide. This interpre‐
tation of the experiments also coincides with the theory described in Figure 1. If the carbon
adatom density and the temperature is set between the solid lines and dashed lines and the
surface is already partially covered by graphene/carbide, carbon adatoms can only contribute
the growth of the existing graphene/carbide islands without forming new nuclei. In turn, this
suggests a refinement of our approach, namely to separate the stage of nucleation from that
of further growth. For example, one could start with the graphene-seeded Rh surface from the
first experiment, and expose that to further ethylene deposition under different conditions, in
order to obtain full coverage by graphene. One may expect nucleation and growth of the
graphene overlayer to follow the well-known rule, in which the nucleation density is deter‐
mined by F/D, where F is the flux of arriving atoms and D is their surface diffusion coefficient
[59]. If the deposition is carried out very slowly, so that the value determined by F/D is smaller
than the existing seed density on the surface, the newly arriving carbon atoms will all be
incorporated onto the edges of growing graphene islands, which prevents them from forming
new nuclei [60]. The presence of the graphene seeds on the surface should have the additional
effect that newly arriving carbon atoms have a strongly reduced probability to dissolve into
the Rh, again because they will be incorporated in the graphene overlayer on a much shorter
timescale, due to the difference in the rates of diffusion of the carbon atoms into the bulk and
over the surface, which should be expected to be significant. On a non-seeded surface,
dissolution has to compete only with the rather rare processes of nucleation of either graphene
or of carbide. How ‘difficult’ graphene nucleation is on a hot Rh surface is evidenced by our
findings in a separate experiment, on a clean Rh surface: at 1035 K, an ethylene pressure of to
3.5 x 10-7 mbar was required to observe the first graphene nuclei in our STM images.

The suggested approach, of ethylene deposition at high temperatures onto a Rh surface that
has been pre-seeded with graphene by low-temperature deposition, was successful. Figure 5
shows the result obtained at a growth temperature of 975 K; even more informative is the
corresponding STM movie, which can be found online. Starting with the end situation of the
first experiment (Figure 2D), ethylene was deposited, at a pressure of 3 x 10-9 mbar, which was
increased at the end of the procedure to 1 x 10-8 mbar, simply to accelerate the process. The
newly arrived carbon atoms continued with the structure and orientation of the graphene that
was already present, until the entire surface was covered with graphene. When a new kink
formed at a concave corner between two differently oriented domains, it showed a preference
for following the graphene domain which had the same, or a similar orientation, as the Rh
crystal. In this way, the metal substrate guided the orientation of the graphene layer, and the
density of domain boundaries became lower than that expected from the initial configuration
of the graphene seeds. After this sample had been cooled down to room temperature, neither
STM nor LEED (insert of Figure 5B) showed a deformation of the moiré pattern. The LEED
pattern showed that the graphene layer had a preferred orientation; otherwise, a ring of
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coverage of the surface with graphene of precisely one layer thickness, i.e., without any excess
carbon.

6.2. Graphene formation on a seeded surface

The above experiments demonstrated that the temperature window for producing graphene
by direct deposition is quite limited, and graphene formed in this temperature window distorts
when the substrate is subsequently cooled to room temperature. On the other hand, the first
experiment, which started with deposition at room temperature, showed a wider temperature
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Figure 4. Graphene formation by direct ethylene dosing at high temperature. (A) STM image before the whole sur‐
face was covered by graphene. Some dark points (indicated by the arrows), which can be caused by dissolved carbon,
are visible. The temperature of the sample was 1035 K and the pressure of ethylene was 3.5 x 10-7 mbar. (B) A STM
image of graphene-covered Rh, which was achieved after panel A. The image was taken at the growth temperature.
The ‘defect’ lines in the image were formed already before the graphene overlayer nucleated. We associate these lines
with dissolved carbon atoms. (C) STM image of the sample of (B), after it was cooled to 340 K. The moiré pattern of
the graphene was deformed. The inset in (C) shows one integer-order Rh LEED spot (same view as in inset of Figure
5B) and the near absence of superstructure spots around it, recorded at room temperature. (D) STM image of gra‐
phene-covered Rh, which was achieved by direct ethylene deposition and imaging at 1028 K. The pressure of ethylene
was quickly raised to 3.9 x 10-6 mbar. The STM images all have a size of 65 nm × 65 nm. They have been taken at
sample voltages of Vb = 2.5 V, 2.5 V, 3.7 V, and 4.8 V for panels A to D, respectively, and at a tunnel current of It = 0.05
nA.
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window for graphene formation (upper bar in Figure 2E), starting below and ending above
the carbide window (lower bar in Figure 2E). The differences between the two experiments in
Figure 2 and Figure 3 suggest that the choice which the growing overlayer had to make between
carbide and graphene, in the temperature interval from 800 K to 1016 K, is fully determined
by the structure of the initial overlayer nuclei; in other words, graphene patches will continue
to grow as graphene, whereas carbide patches will continue to grow as carbide. This interpre‐
tation of the experiments also coincides with the theory described in Figure 1. If the carbon
adatom density and the temperature is set between the solid lines and dashed lines and the
surface is already partially covered by graphene/carbide, carbon adatoms can only contribute
the growth of the existing graphene/carbide islands without forming new nuclei. In turn, this
suggests a refinement of our approach, namely to separate the stage of nucleation from that
of further growth. For example, one could start with the graphene-seeded Rh surface from the
first experiment, and expose that to further ethylene deposition under different conditions, in
order to obtain full coverage by graphene. One may expect nucleation and growth of the
graphene overlayer to follow the well-known rule, in which the nucleation density is deter‐
mined by F/D, where F is the flux of arriving atoms and D is their surface diffusion coefficient
[59]. If the deposition is carried out very slowly, so that the value determined by F/D is smaller
than the existing seed density on the surface, the newly arriving carbon atoms will all be
incorporated onto the edges of growing graphene islands, which prevents them from forming
new nuclei [60]. The presence of the graphene seeds on the surface should have the additional
effect that newly arriving carbon atoms have a strongly reduced probability to dissolve into
the Rh, again because they will be incorporated in the graphene overlayer on a much shorter
timescale, due to the difference in the rates of diffusion of the carbon atoms into the bulk and
over the surface, which should be expected to be significant. On a non-seeded surface,
dissolution has to compete only with the rather rare processes of nucleation of either graphene
or of carbide. How ‘difficult’ graphene nucleation is on a hot Rh surface is evidenced by our
findings in a separate experiment, on a clean Rh surface: at 1035 K, an ethylene pressure of to
3.5 x 10-7 mbar was required to observe the first graphene nuclei in our STM images.

The suggested approach, of ethylene deposition at high temperatures onto a Rh surface that
has been pre-seeded with graphene by low-temperature deposition, was successful. Figure 5
shows the result obtained at a growth temperature of 975 K; even more informative is the
corresponding STM movie, which can be found online. Starting with the end situation of the
first experiment (Figure 2D), ethylene was deposited, at a pressure of 3 x 10-9 mbar, which was
increased at the end of the procedure to 1 x 10-8 mbar, simply to accelerate the process. The
newly arrived carbon atoms continued with the structure and orientation of the graphene that
was already present, until the entire surface was covered with graphene. When a new kink
formed at a concave corner between two differently oriented domains, it showed a preference
for following the graphene domain which had the same, or a similar orientation, as the Rh
crystal. In this way, the metal substrate guided the orientation of the graphene layer, and the
density of domain boundaries became lower than that expected from the initial configuration
of the graphene seeds. After this sample had been cooled down to room temperature, neither
STM nor LEED (insert of Figure 5B) showed a deformation of the moiré pattern. The LEED
pattern showed that the graphene layer had a preferred orientation; otherwise, a ring of
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intensity should have been observed around the integer-order maxima from the Rh, rather
than the six superstructure spots that are clearly present in the LEED pattern. Although the
superstructure spots are not very sharp, the orientation difference between graphene domains
is seen to be minor, because the moiré pattern is an amplifier of all variations in position and
orientation. The bright regions, indicated by black arrows in Figure 5B, were formed in the
final stage of the deposition. They will be explained later.

6.3. Using segregated carbon to form graphene

In the previous section, it was shown that the deposition of ethylene can be controlled to form
exclusively graphene rather than carbide, and to bring the process to a lower temperature. In
this section we show that as an alternative to direct deposition, also the segregation of dissolved
carbon atoms could be used in a controlled way, in order to form graphene. By cooling down
the sample very slowly, the effective flux of segregated carbon is kept low. These carbon atoms
also tend to follow the structure and orientation of the pre-existing seeds; if these have the
graphene structure, this procedure results in the growth of graphene. After the segregation
has come to an end, the coverage of the graphene overlayer can be brought to completion by
a final ethylene exposure. This lower process temperature will be associated with a lower
density of carbon dissolved in the substrate and, if it is of any importance, also with a lower

Figure 5. STM images of graphene formation, starting with a seeded surface. (A) The graphene-seeded Rh surface
achieved by annealing a pre-deposited sample from room temperature to 975 K. Most of the graphene islands had
same orientation. But superstructure domain boundaries can be found within individual islands. (B) Graphene-covered
Rh, after ethylene deposition at 975K on the seeded surface, at pressures ranging from 3 x 10-9 to 1 x 10-8 mbar over a
period of 76 minutes. During this procedure, The domain boundary density became ~30% lower than that in the start‐
ing situation. (A). Two Rh double-layer defects are indicated by the arrows. The inset in (B) shows the superstructure
spots around one Rh LEED spot. All images are 160 nm × 160 nm and have been taken at a sample voltage of Vb =
-1.84 V and a tunneling current of It = 0.05 nA.
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strain due to the differential thermal expansion between the graphene overlayer and the Rh
substrate [57, 58].

This alternative procedure using segregated carbon to form graphene was also successful, as
is shown in Figure 6A, where a part of the surface was followed from 862 to 829 K. This is very
promising for achieving 2D single crystalline graphene, using dissolved carbon. One differ‐
ence, relative to deposited carbon, is that the graphene layer also chose the growth direction
(Figure 6E) where the Rh step has to retract, to allow further graphene growth. To emphasize
that this proceeds against the direction of regular step-flow growth, we refer to this as ‘anti-
step flow’; in some papers it is called ‘growth by etching step edges’ [61]. In this temperature
regime, Rh atoms should be expected to diffuse much faster over the surface than the carbon
atoms can in graphene. When sites become temporarily available, as a result of step fluctua‐
tions of the Rh, newly arriving carbon atoms may fill up the vacant sites, the strong cohesion
in the graphene preventing the Rh step from fluctuating completely back to its original shape
and location. This anti-step-flow mechanism resulted in a large number of Rh islands enclosed
by graphene. Figure 6C shows one of Rh islands enclosed by graphene, to which more ethylene
had been added. The carbon introduced by the ethylene deposition was found to also be
accommodated via the anti-step-flow mechanism, instead of forming graphene on top of the
enclosed Rh. In this stage, Rh atoms were pushed up and nucleated a higher atomic layer; the
graphene stopped growing when the complete enclosed Rh island had a double-layer height
(Figure 6A). The reason that, in Figure 6A, the Rh did not become a double-layer structure, is
that, in that case, there was a narrow passage in the graphene layer, through which the Rh
could diffuse away. In separate experiments, in which the Rh was exposed to ethylene at a low
temperature of 864 K, the growth of graphene, both at the free edges of graphene islands (‘step-
flow’ growth) and growth against the Rh steps (‘anti-step-flow’) was observed. At this
temperature, the growth rates for these two mechanisms were comparable. At the higher
temperatures of the experiments discussed before, e.g. at 975 K, the anti-step-flow growth rate
was much lower than the step-flow growth rate. That the mechanism was still active is
illustrated by the appearance of double-layer defects in the final stages of the graphene growth,
as is indicated by the two arrows in Figure 5B. The temperature dependence of the ratio
between the two growth rates can be explained as follows. Assume that decomposition of
ethylene or the growth of graphene has a lower energy barrier at the step edges of Rh than on
the terraces. At 864 K, the resulting higher decomposition or growth rate of ethylene at the Rh
step makes the amount of carbon atoms available for anti-step-flow higher than that for step-
flow growth. At 975 K, all ethylene on the Rh terraces rapidly decomposes, which means that
the carbon production rate is not limited, at that temperature, by the decomposition, but by
the deposition of ethylene. Since the steps represent a much smaller effective area than the
terraces, and the anti-step-flow requires an additional process of moving Rh atoms, the ratio
between anti-step-flow and step-flow should become low at high temperatures. Nevertheless,
anti-step-flow will still occur, and it will lead to Rh double-layer defects. The only way to
reduce their density is by further elevating the temperature or by making the average distance
between the graphene nuclei larger than the average distance between the steps on the Rh
substrate.
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intensity should have been observed around the integer-order maxima from the Rh, rather
than the six superstructure spots that are clearly present in the LEED pattern. Although the
superstructure spots are not very sharp, the orientation difference between graphene domains
is seen to be minor, because the moiré pattern is an amplifier of all variations in position and
orientation. The bright regions, indicated by black arrows in Figure 5B, were formed in the
final stage of the deposition. They will be explained later.

6.3. Using segregated carbon to form graphene

In the previous section, it was shown that the deposition of ethylene can be controlled to form
exclusively graphene rather than carbide, and to bring the process to a lower temperature. In
this section we show that as an alternative to direct deposition, also the segregation of dissolved
carbon atoms could be used in a controlled way, in order to form graphene. By cooling down
the sample very slowly, the effective flux of segregated carbon is kept low. These carbon atoms
also tend to follow the structure and orientation of the pre-existing seeds; if these have the
graphene structure, this procedure results in the growth of graphene. After the segregation
has come to an end, the coverage of the graphene overlayer can be brought to completion by
a final ethylene exposure. This lower process temperature will be associated with a lower
density of carbon dissolved in the substrate and, if it is of any importance, also with a lower

Figure 5. STM images of graphene formation, starting with a seeded surface. (A) The graphene-seeded Rh surface
achieved by annealing a pre-deposited sample from room temperature to 975 K. Most of the graphene islands had
same orientation. But superstructure domain boundaries can be found within individual islands. (B) Graphene-covered
Rh, after ethylene deposition at 975K on the seeded surface, at pressures ranging from 3 x 10-9 to 1 x 10-8 mbar over a
period of 76 minutes. During this procedure, The domain boundary density became ~30% lower than that in the start‐
ing situation. (A). Two Rh double-layer defects are indicated by the arrows. The inset in (B) shows the superstructure
spots around one Rh LEED spot. All images are 160 nm × 160 nm and have been taken at a sample voltage of Vb =
-1.84 V and a tunneling current of It = 0.05 nA.
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strain due to the differential thermal expansion between the graphene overlayer and the Rh
substrate [57, 58].

This alternative procedure using segregated carbon to form graphene was also successful, as
is shown in Figure 6A, where a part of the surface was followed from 862 to 829 K. This is very
promising for achieving 2D single crystalline graphene, using dissolved carbon. One differ‐
ence, relative to deposited carbon, is that the graphene layer also chose the growth direction
(Figure 6E) where the Rh step has to retract, to allow further graphene growth. To emphasize
that this proceeds against the direction of regular step-flow growth, we refer to this as ‘anti-
step flow’; in some papers it is called ‘growth by etching step edges’ [61]. In this temperature
regime, Rh atoms should be expected to diffuse much faster over the surface than the carbon
atoms can in graphene. When sites become temporarily available, as a result of step fluctua‐
tions of the Rh, newly arriving carbon atoms may fill up the vacant sites, the strong cohesion
in the graphene preventing the Rh step from fluctuating completely back to its original shape
and location. This anti-step-flow mechanism resulted in a large number of Rh islands enclosed
by graphene. Figure 6C shows one of Rh islands enclosed by graphene, to which more ethylene
had been added. The carbon introduced by the ethylene deposition was found to also be
accommodated via the anti-step-flow mechanism, instead of forming graphene on top of the
enclosed Rh. In this stage, Rh atoms were pushed up and nucleated a higher atomic layer; the
graphene stopped growing when the complete enclosed Rh island had a double-layer height
(Figure 6A). The reason that, in Figure 6A, the Rh did not become a double-layer structure, is
that, in that case, there was a narrow passage in the graphene layer, through which the Rh
could diffuse away. In separate experiments, in which the Rh was exposed to ethylene at a low
temperature of 864 K, the growth of graphene, both at the free edges of graphene islands (‘step-
flow’ growth) and growth against the Rh steps (‘anti-step-flow’) was observed. At this
temperature, the growth rates for these two mechanisms were comparable. At the higher
temperatures of the experiments discussed before, e.g. at 975 K, the anti-step-flow growth rate
was much lower than the step-flow growth rate. That the mechanism was still active is
illustrated by the appearance of double-layer defects in the final stages of the graphene growth,
as is indicated by the two arrows in Figure 5B. The temperature dependence of the ratio
between the two growth rates can be explained as follows. Assume that decomposition of
ethylene or the growth of graphene has a lower energy barrier at the step edges of Rh than on
the terraces. At 864 K, the resulting higher decomposition or growth rate of ethylene at the Rh
step makes the amount of carbon atoms available for anti-step-flow higher than that for step-
flow growth. At 975 K, all ethylene on the Rh terraces rapidly decomposes, which means that
the carbon production rate is not limited, at that temperature, by the decomposition, but by
the deposition of ethylene. Since the steps represent a much smaller effective area than the
terraces, and the anti-step-flow requires an additional process of moving Rh atoms, the ratio
between anti-step-flow and step-flow should become low at high temperatures. Nevertheless,
anti-step-flow will still occur, and it will lead to Rh double-layer defects. The only way to
reduce their density is by further elevating the temperature or by making the average distance
between the graphene nuclei larger than the average distance between the steps on the Rh
substrate.
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Figure 6 Graphene formation by dissolved carbon and Rh double layer defect formation. (A) STM 
images of the same area during the cooling down of a Rh sample, partly covered by graphene, after 
adsorption of ethylene at room temperature and annealing to 977K. The Rh island indicated by the red 
arrow is in the same atomic level as the graphene indicated by black arrow. They seem to be in 
different levels because of the sample voltage setting. The segregated carbon followed the orientation 
of the existing graphene. Image size: 100 × 100 nm2. (B) A simple atomic model of the graphene 
formation by segregated carbon. The Rh island became smaller, because Rh diffused away via the 
small opening in the graphene layer. (C) Graphene growth, by adding more ethylene while the sample
was held at 829K. These images show how a Rh island, enclosed by graphene, was pushed into a 
double layer island with half of the original area. Growth of the graphene stopped after the whole 
island had become a double layer. Image size: 50 × 50 nm2. (D) A sketch of the formation of the Rh 
double layer island. (E) The concept of step flow and anti step flow. In the latter case, Rh atoms have 
to move to the upper atomic level, in order for the surface to accommodate the additional carbon.

height (Figure 6A). The reason that, in Figure 6A, the Rh did not become a double-layer structure, is 
that, in that case, there was a narrow passage in the graphene layer, through which the Rh could 
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Figure 6. Graphene formation by dissolved carbon and Rh double layer defect formation. (A) STM images of the same
area during the cooling down of a Rh sample, partly covered by graphene, after adsorption of ethylene at room tem‐
perature and annealing to 977K. The Rh island indicated by the red arrow is in the same atomic level as the graphene
indicated by black arrow. They seem to be in different levels because of the sample voltage setting. The segregated
carbon followed the orientation of the existing graphene. Image size: 100 × 100 nm2. (B) A simple atomic model of
the graphene formation by segregated carbon. The Rh island became smaller, because Rh diffused away via the small
opening in the graphene layer. (C) Graphene growth, by adding more ethylene while the sample was held at 829K.
These images show how a Rh island, enclosed by graphene, was pushed into a double layer island with half of the
original area. Growth of the graphene stopped after the whole island had become a double layer. Image size: 50 × 50
nm2. (D) A sketch of the formation of the Rh double layer island. (E) The concept of step flow and anti step flow. In the
latter case, Rh atoms have to move to the upper atomic level, in order for the surface to accommodate the additional
carbon.

7. Conclusions

In this chapter we presented information with both scientific and technical aspects. Techni‐
cally, the performance of the VT-STM was demonstrated, showing what kinds of extra
information can be achieved with this kind of setup. Scientifically, we introduced the schematic
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diagram in Figure 1 which can explain the reported experimental results. We have used in-
situ measurements to determine the correctness of the picture, and use it to guide the further
improvement of graphene quality. This picture can easily be adapted to other CVD procedures
on metals. The key elements that may vary from system to system are the stable phases, their
formation energies and step energies, the dissolution energy, and the critical nucleation size.

Guided the picture presented, we show three different paths to improve the quality of
graphene, namely direct ethylene dosing on clean Rh, first nucleation and growth, and using
segregated carbon to form graphene. All of these methods can effectively avoid the formation
of carbide. For the method of direct ethylene dosing, the temperature window to avoid carbide
formation is quite narrow. The size of the produced graphene domain is quite large. Although
the dissolution of carbon cannot be avoided and the segregation of carbon between graphene-
metal interface which distorted the moiré pattern of graphene on Rh, the top graphene layer
stayed unchanged. This was confirmed by the observation that the moiré pattern became
visible again when the sample was heated to the growth temperature. If one wants to produce
graphene with larger domains and one does not care about the carbon between the graphene
and the metal, it is an easy recipe to follow. In the case of seeding followed by growth, the
system is kinetically trapped in a ‘graphene-forming’ mode. Graphene islands are already
present and only a low carbon adatom density is needed to continue the growth. Because of
the low ethylene pressure and the rapid incorporation of the deposited carbon into the
graphene matrix, the density of adatoms cannot become high enough for nucleation of a
carbide (or new graphene islands). Additionally, the dissolved carbon problem is also partially
avoided. So all this taken together, the final result is a surface fully covered by graphene. The
disadvantage using the seeding method is that the domain density of the graphene is much
higher than the one made direct ethylene dosing. The quality of the graphene overlayer is
limited by defects in the form of two different classes of domain boundaries. One class results
from the merger of neighboring graphene islands with different orientations. On the atomic
scale, this type of domain boundary must involve defects with respect to the hexagonal
structure of perfect graphene, for example arrays of pentagons and/or heptagons [13] instead
of the normal hexagons. The other class of domain boundaries originates from the merger of
islands with precisely the same orientation. Due to the mismatch in lattice spacing between
the overlayer and the substrate, there are still 288 translationally inequivalent possibilities to
position the graphene on the Rh(111). This makes the probability for a perfect fit lower than
0.4%, so that most of these mergers will be accompanied by a phase defect line in the moiré
pattern. Although such lines may look ‘dramatic’, we speculate that this phase defect is not
leading to dangling bonds, i.e., the defect is present only in the moiré period of the super‐
structure but not in the topology of the graphene network [13]. An alternative path to reduce
the domain boundary density to a value which is even lower than the one made by direct
ethylene dosing is to reduce the initial nucleation. Other groups also have noticed the impor‐
tance of initial nucleation [44, 60] and used the two step growth method. However, the
nucleation conditions (i.e. precursor pressure and temperature) were normally used for the
second step of growth after seeding. In this way, the nucleation density in the final product
cannot be reduced lower than the intrinsic nucleation density ruled by the growth condition.
We now propose that the growth condition should be controlled between the solid and dashed
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Figure 6 Graphene formation by dissolved carbon and Rh double layer defect formation. (A) STM 
images of the same area during the cooling down of a Rh sample, partly covered by graphene, after 
adsorption of ethylene at room temperature and annealing to 977K. The Rh island indicated by the red 
arrow is in the same atomic level as the graphene indicated by black arrow. They seem to be in 
different levels because of the sample voltage setting. The segregated carbon followed the orientation 
of the existing graphene. Image size: 100 × 100 nm2. (B) A simple atomic model of the graphene 
formation by segregated carbon. The Rh island became smaller, because Rh diffused away via the 
small opening in the graphene layer. (C) Graphene growth, by adding more ethylene while the sample
was held at 829K. These images show how a Rh island, enclosed by graphene, was pushed into a 
double layer island with half of the original area. Growth of the graphene stopped after the whole 
island had become a double layer. Image size: 50 × 50 nm2. (D) A sketch of the formation of the Rh 
double layer island. (E) The concept of step flow and anti step flow. In the latter case, Rh atoms have 
to move to the upper atomic level, in order for the surface to accommodate the additional carbon.

height (Figure 6A). The reason that, in Figure 6A, the Rh did not become a double-layer structure, is 
that, in that case, there was a narrow passage in the graphene layer, through which the Rh could 
diffuse away. In separate experiments, in which the Rh was exposed to ethylene at a low temperature 
of 864 K, the growth of graphene, both at the free edges of graphene islands (‘step-flow’ growth) and 
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7. Conclusions

In this chapter we presented information with both scientific and technical aspects. Techni‐
cally, the performance of the VT-STM was demonstrated, showing what kinds of extra
information can be achieved with this kind of setup. Scientifically, we introduced the schematic
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diagram in Figure 1 which can explain the reported experimental results. We have used in-
situ measurements to determine the correctness of the picture, and use it to guide the further
improvement of graphene quality. This picture can easily be adapted to other CVD procedures
on metals. The key elements that may vary from system to system are the stable phases, their
formation energies and step energies, the dissolution energy, and the critical nucleation size.

Guided the picture presented, we show three different paths to improve the quality of
graphene, namely direct ethylene dosing on clean Rh, first nucleation and growth, and using
segregated carbon to form graphene. All of these methods can effectively avoid the formation
of carbide. For the method of direct ethylene dosing, the temperature window to avoid carbide
formation is quite narrow. The size of the produced graphene domain is quite large. Although
the dissolution of carbon cannot be avoided and the segregation of carbon between graphene-
metal interface which distorted the moiré pattern of graphene on Rh, the top graphene layer
stayed unchanged. This was confirmed by the observation that the moiré pattern became
visible again when the sample was heated to the growth temperature. If one wants to produce
graphene with larger domains and one does not care about the carbon between the graphene
and the metal, it is an easy recipe to follow. In the case of seeding followed by growth, the
system is kinetically trapped in a ‘graphene-forming’ mode. Graphene islands are already
present and only a low carbon adatom density is needed to continue the growth. Because of
the low ethylene pressure and the rapid incorporation of the deposited carbon into the
graphene matrix, the density of adatoms cannot become high enough for nucleation of a
carbide (or new graphene islands). Additionally, the dissolved carbon problem is also partially
avoided. So all this taken together, the final result is a surface fully covered by graphene. The
disadvantage using the seeding method is that the domain density of the graphene is much
higher than the one made direct ethylene dosing. The quality of the graphene overlayer is
limited by defects in the form of two different classes of domain boundaries. One class results
from the merger of neighboring graphene islands with different orientations. On the atomic
scale, this type of domain boundary must involve defects with respect to the hexagonal
structure of perfect graphene, for example arrays of pentagons and/or heptagons [13] instead
of the normal hexagons. The other class of domain boundaries originates from the merger of
islands with precisely the same orientation. Due to the mismatch in lattice spacing between
the overlayer and the substrate, there are still 288 translationally inequivalent possibilities to
position the graphene on the Rh(111). This makes the probability for a perfect fit lower than
0.4%, so that most of these mergers will be accompanied by a phase defect line in the moiré
pattern. Although such lines may look ‘dramatic’, we speculate that this phase defect is not
leading to dangling bonds, i.e., the defect is present only in the moiré period of the super‐
structure but not in the topology of the graphene network [13]. An alternative path to reduce
the domain boundary density to a value which is even lower than the one made by direct
ethylene dosing is to reduce the initial nucleation. Other groups also have noticed the impor‐
tance of initial nucleation [44, 60] and used the two step growth method. However, the
nucleation conditions (i.e. precursor pressure and temperature) were normally used for the
second step of growth after seeding. In this way, the nucleation density in the final product
cannot be reduced lower than the intrinsic nucleation density ruled by the growth condition.
We now propose that the growth condition should be controlled between the solid and dashed
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lines. In this case, the carbon adatom density is only high enough to continue the growth of
graphene, the intrinsic nucleation density by this adatom density can be very low. If the initial
nucleation is also set to be very low, e.g. one on entire metal surface, the nucleation density in
the final product can be much lower than the graphene made by direct ethylene dosing. With
carful control, one single graphene domain over a macroscopic area is very well possible. Our
attempts to use segregated carbon plus further ethylene deposition at low temperature to form
a complete, undistorted graphene overlayer were successful: the added graphene follows the
graphene phase and orientation of the initially nuclei. This procedure forms a very promising
route for achieving 2D single-crystalline graphene. However, in the case of Rh substrate, the
low growth temperature results in a high growth rate of graphene in the anti-step-flow
direction. This results in many Rh double-layer defects, which form holes in the final graphene
overlayer.

How to control the thickness of the graphene, in particular how to avoid the nucleation of the
second layer below the first layer, now seems evident: after the (first) graphene layer has been
formed on the metal surface, the nucleation of a second layer can be avoided by cooling down
the sample very rapidly. Also by choosing a metal with a low solubility for carbon, for example,
Cu, nucleation of the second layer can be further suppressed.

The physical picture we have shown here explains also why the reported recipes are sometimes
not very reproducible. For example, the carbon adatom density is a function of the bulk carbon
concentration. In a non-equilibrium case, it also depends on the time during which the sample
was held at elevated temperature, and the rate of increase or decrease of the temperature. These
parameters vary from case to case and are often not specified.

The central message of present work is that by following an appropriate reaction path through
the diagram in Figure1 one can control the formation of the three carbon phases: graphene,
carbide, and dissolved carbon. Recipes for producing high-quality graphene should not only
consider temperature and pressure, but also the initial situation, the rate of temperature
increase/decrease, and the bulk carbon concentration.
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nucleation is also set to be very low, e.g. one on entire metal surface, the nucleation density in
the final product can be much lower than the graphene made by direct ethylene dosing. With
carful control, one single graphene domain over a macroscopic area is very well possible. Our
attempts to use segregated carbon plus further ethylene deposition at low temperature to form
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1. Introduction

In 1959 great physicist Richard P. Feynman through his statement: “There is a plenty of room
at the bottom”, predicted a new era of technology known as nanotechnology, where manip‐
ulation of the properties of a device is possible at atomic, molecular and macromolecular scales
[1, 2]. Nanotechnology is basically a technology based on structures of sizes varying between
1 nm to 100 nm. Figure 1 illustrates the scale of nanomaterials with comparison with some
biological systems. At nanoscale, materials properties are changed drastically due to quantum
mechanical phenomena, which come into play at these sizes [3-5]. Nanomaterials exhibit
higher surface to volume ratios which is inversely proportional to the size of the nanomaterials.
There are also numerous properties which obey the same scaling law, e.g. melting and other
phase transition temperatures. Atoms in these structures lie near to the surface, which are also
known as higher energy sites. The behaviour of atoms at these higher energy sites has a
significant influence on the properties of the material. Edge and corner atoms in the nanoma‐
terials have lower coordination and bind foreign atoms and molecules more tightly [6].

Among other nanomaterials, graphene has become a rising star in condensed matter physics
and material research. Graphene is defined as an atomic thick planar sheet of sp2-hybridized
carbon atoms that pack into a two-dimensional (2D) honeycomb lattice made out of hexagons,
as presented in Figure 2a. Because of its novel and unique properties, tremendous fundamental
and technological studies have been stimulated. Graphene has a unique band structure in
which the conduction band and valence band just touch each other, forming an exactly zero-
band gap semiconductor (also known as semi-metal).The charge carriers behave as Dirac
fermions, which has a zero effective mass at the K and K’ point (named as Dirac points) at the
corners of its Brillouin zone [8]. This gives rise to many extraordinary phenomenon, for
examples ultrahigh carrier mobility (theoretical prediction up to 200,000cm2V-1s-1) [9-11], half-
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integer quantum Hall effect [12, 13], absorption of 2.3% of visible light [14], a high thermal
conductivity [15], the correspondent Young’s modulus and intrinsic strength of 1.0 TPa and
130 GPa respectively (the breaking strength is about 200 times larger than that of steel) [16].
Furthermore, graphene can be seen on a “magic substrate” (~300nm SiO2/Si) with a standard
optical microscope [17]. These interesting properties have been shown to have huge potential
applications in many areas, such as graphene electronic transistors [18, 19], integrated circuits
[20], transparent and flexible electronics [21, 22] as well as supercapacitors [23]. In a recent
study, detection of the adsorption of a single gas molecule was done using graphene sensor,
as graphene is highly sensitive to any change in the electrical resistance attributed to the local
changes in carrier concentration. The importance of these structures is not only due to their
future technological applications, but also because they may define a stage in the formation of
other nanostructures, such as nanotubes [24]. Some of the very promising biomedical appli‐
cations of these materials can be such as joint replacement prostheses, vascular grafts, and
intraocular lenses/other ophthalmological devices.

2. Overview of graphene synthesis

Atomic layers of graphene were first obtained in 2004 [25]. Andre K. Geim and Konstantin S.
Novoselov used a regular Scotch tape to extract thin layers of graphite from highly oriented

Figure 1. Scale of nanomaterials [7].
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pyrolitic graphite (HOPG) and then transferred these layers to a silicon substrate. Since then,
this technique is referred as “mechanical exfoliation”, which so far provides the best quality
graphene in terms of structural integrity. Many fascinating physics have been observed based
on this type of sample preparation [12, 26, 27]. Both scientists have been awarded a Nobel Prize
in Physics 2010, for producing, isolating, identifying and characterizing graphene [28].
However, this technique is only limited for scientific interest, as the size, thickness and location
are mainly uncontrollable, in which large scale production and applications are hindered.

Another graphene synthesis method involves solution based exfoliation of graphene oxide
(GO) [29-31]. Particularly for large scale applications, such as supercapacitors, composite
materials, gas sensors [32, 33] and flexible electronic materials, this solution based method
becomes very promising. In general, simple graphite powders are used as a starting material.
They are oxidized by chemical modification, the so-called Hummers’ method to produce water
dispersible GO. GO can be easily exfoliated in water by the addition of mechanical energy
(such as sonication) because of the interaction of water with the oxygen-containing (epoxide
and hydroxyl) functional groups introduced during the oxidation process. GO can then be
substantially reduced or restored to graphene network by thermal annealing or chemical
reducing agents treatment. This “chemically derived graphene” is usually referred as reduced
graphene oxide (rGO). The synthesis process can easily be scaled-up to produce gram
quantities and disperse rGO in solution. However, the graphite materials undergo serious
alteration during the process of oxidation and reduction. It has been recognized that solution
based production of graphene contributes significant structural defects and uncompleted
reduction process, leaving oxygen functional groups on graphene flakes. Nevertheless, rGO
can be still useful for various applications as mentioned above.

Another relatively “straight forward” way to produce graphene is a conversion of SiC to
graphene via sublimation of silicon atoms at high temperature (usually at ~1300oC in ultrahigh
vacuum condition) [34, 35]. It has been shown that graphene via this method exhibits high
mobility and remarkable 2D electron gas (2DEG) behavior. This method has the potential for
large scale integration of nanoelectronic devices. However, the requirement of ultrahigh
vacuum and high temperature may limit the accessibility of this method, due to a higher cost.
Further review on epitaxial graphene growth using SiC substrates can be found in [36].

In the last few years, a lot of research interest has also been paid to the multilayer graphene
nanoflakes films (MGNFs), also known as carbon nanowalls, nanoflakes, nanosheets or petals.

Figure 2. a) Graphene is a single layer honeycomb lattice of carbon atoms. b) Graphite viewed as a stack of graphene
layers.
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These are few nm thick graphene nanosheets, terminated with vertically aligned ultrathin
graphene edges having lateral dimension in the micron range. They can be grown without the
need of a catalyst. These structures exhibit a large amount of open graphitic edge planes
responsible for their higher surface activity. Due to large surface area, sharp edges and vertical
orientation, MGNFs hold promise as templates for various nanostructure materials e.g.
magnetic, metal and oxides nanoparticles having applications as batteries, data storage media,
and field emission devices. The freestanding (non-surface bound) nature and absence of
catalyst made MGNFs very attractive as they also possess the combined advantages of large
surface area, highly electrochemical activity and stable mechanical strength. These nanostruc‐
tures have demonstrated excellent electron transfer properties, highly electrocatalytic activity
and good selectivity for a number of biomolecules [37-40].

At a glance, the current graphene synthesis methods are summarized in Table 1, including the
CVD method, which will be discussed in Section 3.

Synthesis Method Brief Description/Remarks

Mechanical Exfoliation • Using a regular Scotch tape to peel off graphene from HOPG.

• Atomic layer of graphene can be seen on ~300 nm SiO2 substrates under

an optical microscope.

• Pristine graphene with highest quality of electrical properties.

• The size, thickness and location are uncontrollable, with limited practical

applications.

Solution based exfoliation of

graphene oxide (GO)

• Graphite powders are initially oxidized by chemical modification

(Hummers’ method) to be dispersed in solution.

• GO are subsequently reduced to graphene by thermal annealing or

chemical reducing agents.

• Large scale production for bulk applications, such as supercapacitors,

composite materials, etc.

• Significant structural defects and leaving oxygen functional groups on the

product.

Epitaxial growth using SiC substrates • A conversion of SiC substrate to graphene via sublimation of silicon atoms

on the surface.

• Done at high temperature (~1300oC) and ultrahigh vacuum condition.

• Limited accessibility due to high-end equipment.

CVD growth Graphene • Most promising, inexpensive and feasible method for single layer or multi-

layers graphene production.

• Using transition metal (Ni, Cu, etc.) substrates or thin films as catalyst.

• Flowing carbon source (CH4) and reactant gases (H2) at high temperature

(~1000oC) for the nucleation of graphene.

• Single layer graphene can usually be obtained on Cu.

• Can be scaled up for large area graphene production for practical

applications, such as transparent electrode applications.

Table 1. A Brief Summary of Graphene Synthesis Methods
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3. Chemical Vapor Deposition (CVD) synthesis

Among these approaches, chemical vapor deposition (CVD) using transition metal substrates
has been considered the most promising, inexpensive and feasible method to produce single
layer or multi-layers graphene. Graphene grown on Ni [21], Pd [41], Ru [42], Ir [43] and Cu [44]
have been demonstrated in the past few years. CVD using Cu is one of the fastest developing
processes to produce single layer graphene due to the low solubility of carbon in Cu which
leads to a self-limited process [44]. It has been shown that large area growth and excellent
device properties can be achieved by this method [22]. Figure 3 demonstrates a schematic of
an experimental setup of CVD which is commonly employed to produce single layer graphene
by Cu or Ni catalysts. It basically consists of a tube furnace for high temperature heating, a
quartz vacuum chamber, a vacuum and pressure control system for the growth condition
adjustment, and several mass flow controllers (MFC) to provide carbon source and reactant
gases with a necessary flow rate.

Figure 3. Schematic of a common setup for chemical vapor deposition of graphene.

3.1. Nickel as a catalyst

Learning from huge amount of studies on carbon nanotubes, different research groups have
demonstrated using Ni layer as catalysts for large scale graphene synthesis [21, 45-47]. At a
glance, ultrathin graphene films (1 to ~10 layers) grown on evaporated polycrystalline Ni
surface have been performed in an atmospheric pressure or low pressure CVD. In brief, Ni
films with 100-500 nm is first deposited by electron beam (e-beam) evaporation or sputtering
on a SiO2/Si. It was then annealed to form polycrystalline Ni grains with atomically flat surfaces
and sizes of 1-20 μm. The CVD growth is carried out at 900 oC or 1000 oC under a highly diluted
flow of methane (CH4) in H2 under ambient pressure for 5 to 10 minutes. The graphene on Ni
can then be transferred to different substrates, as will be discussed in the transfer mechanism
section. The geometry of graphene film can be patterned by the standard lithographic process
after the transfer process. Alternatively, the Ni catalytic layer can be first pre-patterned to
produce the same graphene geometry at desired locations.

It is critical to control the synthetic graphene by its parameters, for examples temperature, gas
composition, gas flow rate, deposition time as well as heating and cooling rate. It has been
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found that using diluted CH4 is important to produce single and few-layer graphene. Using
concentrated methane will lead to multilayers of graphene (> 5 layers) [47]. Cooling rate also
significantly affects the thickness and the amount of defects of graphene on Ni. It has been
reported that a fast-cooling process can suppress the amount of precipitated C, leading to single
of few layers graphene. However, as more freedom participates in the deposition process, the
control of deposition is of more difficulties. It is suggested that a moderate cooling rate of 10
oC/s is the optimum condition for thin layer graphene growth. Generally, CVD by Ni catalysts
still yields films with a wide range of graphene layer thicknesses, from one to a few tens of
layers and with defects associated with fast cooling.

3.2. Copper as a catalyst

CVD graphene using Cu as a transition metal substrate for single layer graphene synthesis
was first demonstrated by Rouff’s group in 2009 [44]. In fact, it was a relatively new technique
compared to mechanical exfoliation and the desorption of Si from single crystal SiC. Since then,
there are a lot of research activities using Cu to grow single layer graphene and transfer
graphene onto an insulating substrate for device fabrication and testing. In principle, graphene
on Cu is grown by the decomposition of methane gas in dilute hydrogen environment over
the surface at 1000oC. The thickness of the Cu substrate is usually 25-50 μm. For a typical
growth process, the Cu foil is first annealed at 1000 oC in dilute H2 environment for 30 minutes.
Then, a small flow rate of methane (CH4) as the carbon source gas is introduced for about 30
minutes.

Figure 4. Schematic illustrating the proposed growth mechanism of graphene on Cu substrates by CVD: (a) copper
foil with native oxide; (b) Native Cu oxide is reduced while Cu develops grains on the surface after annealing at high
temperature in H2 environment; c) The exposure of the Cu foil to CH4/H2 atmosphere at 1000 oC leading to the nuclea‐
tion of graphene islands; (d) enlargement of the graphene flakes and coalescence of graphene domains with different
lattice orientation [48].
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After exposure to CH4, the furnace is cooled to room temperature. Because of it self-limited
surface process [44], the graphene growth by Cu is robust for different growth conditions,
compared to the growth by Ni. The cooling rate does not result in discernible differences in
the number of layers growth.

Figure 4 illustrates the proposed growth mechanism of graphene on Cu. The annealing at high
temperature in H2 environment is to remove the native oxide layer on the Cu surface, while
Cu grains will also develop. With the exposure of Cu foil in CH4/H2 environment, nucleation
of graphene islands start taking place randomly but preferentially at the grain boundary of Cu
surface. As the exposure to CH4 continues, the graphene domains grow in size to cover the
whole area of Cu substrates and eventually aggregate into a continuous graphene film.

It is noted that these initial graphene domains could have different lattice orientations
depending on the crystallographic orientation of the underlying Cu grains. Therefore, it is not
surprising that the large area graphene is indeed formed by multiple domains of tens of μm2

[49]. Graphene may grow across metal steps and grain boundaries [43, 45]. This may also
explain why graphene can grow laterally even on a rough Cu foil. The domains usually do not
align in perfect lattice structure, therefore give rise to the inter-domain defects [50]. Despite
these defects, large area graphene in industrial scale has been demonstrate for transparent and
flexible electrodes to fabricate a touch screen display [22]. Many efforts have been carried out
to produce CVD-graphene which has comparable quality with those produced by mechanical
exfoliation. It is possible to increase the domain size by understanding the growth parameters
and modifying the process control [50]. The effect of different facets of Cu has been studied
extensively [51]. Generally, there is a consensus that Cu(111) facet facilitates monolayer and
uniform graphene growth, due to the close lattice matching between hexagonal graphene
(lattice constant of graphene, a = 2.46Å) while hexagonal Cu(111)’s, a = 2.56Å) [51, 52].
Furthermore, it is also important to understand the growth mechanism of graphene using
metal catalysts under different growth conditions. It has been shown that Cu-graphene can be
grown under atmospheric pressure [53] or low pressure [44, 54]. However, the kinetics of
graphene growth is very much different under different conditions, giving rise to the uni‐
formity issue of large area graphene.

3.3. Transfer mechanism

Graphene grown on transition metals must be transferred onto insulating substrates for device
fabrication and electronic characterization [55-57]. Different methods have been demonstrat‐
ed to transfer the as-grown graphene on metal substrates onto desired insulating substrates,
such as polymeric foils (polyethylene terephthalate (PET)), glass and SiO2/Si. Up to this date, the
relatively straightforward way is to chemically etch the metal away to obtain a free standing
graphene membrane. This membrane can then be scooped on a desired substrate. A general
transfer technique of CVD-graphene onto a target substrate is illustrated in Figure 5. Typical‐
ly, the transfer is first conducted by spin-coating a thin polymeric layer, such as poly(methylme‐
thacrylate) (PMMA) or Polydimethylsiloxane (PDMS) on top of the as-grown graphene. This
polymer provides a supportive framework for graphene before the transfer. The underneath Cu
substrate is then etch away by iron chloride (FeCl3) solution. Other etching agents that can be
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found that using diluted CH4 is important to produce single and few-layer graphene. Using
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layers and with defects associated with fast cooling.
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Figure 4. Schematic illustrating the proposed growth mechanism of graphene on Cu substrates by CVD: (a) copper
foil with native oxide; (b) Native Cu oxide is reduced while Cu develops grains on the surface after annealing at high
temperature in H2 environment; c) The exposure of the Cu foil to CH4/H2 atmosphere at 1000 oC leading to the nuclea‐
tion of graphene islands; (d) enlargement of the graphene flakes and coalescence of graphene domains with different
lattice orientation [48].
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Graphene grown on transition metals must be transferred onto insulating substrates for device
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ed to transfer the as-grown graphene on metal substrates onto desired insulating substrates,
such as polymeric foils (polyethylene terephthalate (PET)), glass and SiO2/Si. Up to this date, the
relatively straightforward way is to chemically etch the metal away to obtain a free standing
graphene membrane. This membrane can then be scooped on a desired substrate. A general
transfer technique of CVD-graphene onto a target substrate is illustrated in Figure 5. Typical‐
ly, the transfer is first conducted by spin-coating a thin polymeric layer, such as poly(methylme‐
thacrylate) (PMMA) or Polydimethylsiloxane (PDMS) on top of the as-grown graphene. This
polymer provides a supportive framework for graphene before the transfer. The underneath Cu
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employed include HCl, HNO3, Fe(NO3)3, (NH4)2SO8, and CuCl2. After the Cu is completely
dissolved, the floating membrane can be scooped and placed on a desired substrate. After drying,
the polymeric film is dissolved with acetone or chloroform. Another successful transfer of
graphene has also been performed by the roll-to-roll process using a thermal release tape as the
supportive layer [22]. In brief, a thermal release tape is first attached to the graphene film grown
on copper, followed by the Cu etching and rising with deionized water. This assembly togeth‐
er with a target substrate is inserted into a roller and exposed to mild heat to release the graphene
from the tape to the target substrate. A large area touch screen is further demonstrated with the
transferred graphene on a flexible PET substrate using this transfer technique [22].

Figure 5. A cartoon showing the transfer process of graphene grown on Cu foil onto a target substrate.

Apparently, all these transfer methods of graphene from metal substrates to insulating
substrates introduce certain degrees of structural defects, such as crack, wrinkles and ripples
[21]. In addition, it is hard to completely remove the polymer layer, leaving certain amount of
impurities on graphene. In this aspect, it is of great importance to perverse the quality of
graphene during the transfer process for device performance, yield and uniformity. Additional
processes such as PMMA heating, substrate treatment, high vacuum annealing, chloroform
cleaning and so on, have also been introduced in order to achieved crackles and clean graphene
with its intrinsic properties [58-61].

4. Biomedical applications of graphene

As mentioned in the Introduction section, graphene rises up as a promising material for many
potential applications, such as graphene electronic transistors [18, 19], integrated circuits [20],
transparent and flexible electronics [21, 22], composite materials [29], supercapacitors [23], as
well as gas sensors [32, 33].
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In addition, Dai et al was the first to study the biomedical applications of graphene by using
graphene oxide as drug carrier to kill the cancer cells selectively [62]. After this study, a lot of
research interest has been created to use graphene in many different applications such as the
exploration of graphene-based nanomaterials for tissue engineering, molecular imaging, and
drug/gene delivery applications. There are many biological interactions such as cellular uptake
and cytotoxicity largely dependent on the size of nanomaterials. In addition to this, shape and
surface of these nanomaterials also contribute towards their specific biomedical applications.
In this section, we will discuss first the biosensing applications of graphene and in the next
part graphene scaffolds will be discussed.

4.1. Biosensing

A biosensor is an analytical device that helps to gain understanding of the bio-composition,
structure and function of target analytes by biological reactions. As shown in Figure 6, a
biosensor mainly consists of a rocognition layer, a transducer as well as electronic components.
The recognition layer determines the biological response which is further converted into an
electrical signal with the help of the transducer. This electrical signal is then amplified and
processed by the external electronic system. Biosensors are very useful tools in many appli‐
cations such as medical care, environmental field monitoring etc.

Figure 6. Schematic diagram of a biosensor

Electrochemical activity of nucleic acids was first reported by Palećek [63]. Since the discovery
of electroactive behaviour of nucleic acids, a lot of research has been devoted to their quanti‐
fication via electrochemistry. The aim is to use the nucleic acid recognition layers immobilized
over a signal transducer (electrochemical, optical or piezoelectric), to fabricate a DNA biosen‐
sor for detecting target analytes.

Due to their interesting properties such as small size and excellent electrical conductivity, carbon
based nanomaterials are very useful to manufacture the transducer electrode for electrochemi‐
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cal sensing applications. Britto et al. first reported the use of nanotubes for dopamine oxida‐
tion [64]. DNA electrochemical biosensing has become an attractive method due to its ease of
miniaturization, low cost and direct readout of the electronic signals. Deoxyribonucleic acid
(DNA) has contributed to the design of therapeutics and to many other applications via genetic
engineering. Major studies on DNA have focused on the sequence-specific recognition and
mutation of the single stranded DNA (ss-DNA) by various techniques [65-68]. However, DNA
is rarely present in the single-stranded form in nature. The detection of double stranded DNA
(ds-DNA) is important since it will allow the direct visualization of the genomic information in
living cells and the development of cell based technology [69]. The electrochemical DNA
biosensors can be distinguished into label free (based on intrinsic electroactivity of nucleobas‐
es) and labelled (where redox active species is used with ds-DNA) ones [70].

In case of the electrochemical label-free DNA sensors, sensing depends on the intrinsic
electrochemical properties of the nucleic acid target. As guanine is the best redox active base,
its oxidation signal at about +1 V (vs Ag/AgCl) is usually used to detect the hybridization
process. Using this approach a detection limit below 100nM was achieved for a 19 base
sequence containing 4 guanine residues [70]. Electrochemical impedance spectroscopy is
another aspect where label free approaches has been used by recording any change in the
faradaic impedance of a ss-DNA modified electrode to its hybridised version. Ferricyanide
was used as a redox species.

Figure 7. Schematic representation of (a) highly ordered pyrolytic graphite crystal, (b) multiwalled carbon nanotubes
and (c) A comparison of electrochemical behaviour of nanotubes-modified electrode, edge- and basal plane pyrolytic
graphite electrode. Reprinted with permission from Ref. [73]. Copyright 2006, John Wiley & Sons, Inc.

The higher charge transfer resistance was attributed to a repulsive force on ferricynide by the
DNA duplex due to its negative charge. Thus label-free DNA sensing approach is a promising
way to avoid any complications for the device fabrication. It is also a cost effective and more
accurate method based on intrinsic electroactivity of nucleobases [71, 72].
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Labelled approached DNA sensors are based on the use of redox indicators to make a
distinction between the signal and ds-DNA on the electrode [71]. Millan et al. used
Co(phen)33+ as a redox indicator to probe the ssDNA hybridization with the glassy carbon
electrode and observed a much better response in comparison to the ss-DNA on glassy carbon
electrode. In another study, using the same indicator with carbon paste, Mycobacterium
tuberculosis bacteria with detection limit as low as 3.4 nM was reported [72, 74]. Ferrocenyl‐
napthalene diimide, nanoparticles and methylene blue are other indicators being used for the
labelled approaches to achieve lower detection limits [75, 76]. An enzyme indicator with
magnetic separator was also used to avoid the selectivity problems [77]. This approach is more
complicated and costly in comparison to the labelled approach.

Current challenges to the rapid development of low-cost, label free highly sensitive ds-DNA
based electrochemical sensor technology are primarily high electrochemical oxidation
potentials and low electron transfer rates associated with the deep entrapment of DNA bases
in the stable rigid double helix structure, preventing immediate electrical contact between the
nucleic base and the electrode surface. Adenine and guanine residues of DNA can electro‐
chemically be detected with a poor signal and a low sensitivity at various electrodes such as
gold, glassy carbon (GC), carbon nanotubes (CNTs), and polymer modified graphite/GC
[78-83]. From a fundamental point of view, the main problem on evaluating the use of CNTs
for electrochemical applications such as sensors and energy storage devices, is the presence of
metallic impurities, as the synthesis of nanotubes is usually achieved with the use of metal
catalyst. First issue with these impurities is that these are electrochemically active and can
dominate the electrochemistry of CNTs. The second is the toxicological hazards as they can
participate in the redox activities of biomolecules. The complete removal of these metallic
impurities from the nanotubes is not achievable even after purification method such as acid
treatment. Acid treatment is a time consuming process which needs to be optimized first
otherwise nanotubes can be completely destroyed and also CNTs after acid treatment are full
of defects which deteriorate their electrical performance. This drawback can be very critical to
the observed electrochemical reaction. Thus, there is a need of a material possessing similar/
better electrochemical response without any metallic impurities.

Currently, due to the different electrochemical activity and assays employed, the mechanism
of the electrooxidation of ds-DNA based on different electrodes is not clear and the interaction
of DNA with electrodes has a non consistent behaviour. For examples, Bollo et al [80], Pedano
et al. [84] and Nowicka et al. [85] found that ds-DNA exhibited weak responses at polished
GC electrodes, while two other research groups reported no electrochemical response of ds-
DNA at bare GC electrodes [80, 86]. Obviously, this points to the fact that the oxidation
dynamics of ds-DNA on such electrodes could relate with unknown factors such as the surface
roughness, surface functional species, surface area, preferential facets, grain size, electroactive
media, time of exposure to air etc, many of which are difficult to be controlled by simple
mechanical polishing or electrochemical activation procedures. As for electrodes modified
with substances capable of catalyzing the reaction of nucleic bases, their reproducibility is
highly variable, due to the difficulty in controlling the quantity, thickness and active surface
area of catalytic medias by a simple method such as the drop casting or dip coating etc.
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4.2. Scaffolds for bioengineered organs

Tissue engineering is a very challenging area of research and highly desirable to improve the
well-being of mankind. Many three-dimensional scaffolds for bioengineered organs have been
studied for their suitability for tissue growth for example carbon nanomaterials (nanotubes,
nano-diamond and fullerene) [87]. Biocompatibility is a very important issue for a material to
be used in biomedical applications as it initiates the cell cultivation. In the commercially used
metal implants, their elastic moduli are many times higher than tissues; this causes the bone
to be insufficiently loaded and eventually can hamper the growth [88, 89].

Collagen sponge honeycomb have also been reported for cell culture applications but effective
cell adhesion on their surface was not good due to bigger pore sizes [90]. To overcome this
issue, Multiwall CNTs were coated on these, which lead to better cell proliferation [91]. CNTs
are also found to be useful for improvement of the cell adhesion and differentiation [92].
Selective bone tumor therapy was also proposed by using fullerene as a drug carrier agent by
inducing the photodynamic damage on biological systems [93].

Figure 8. Schematic representation of Cell culture and proliferation on graphene platform.

Nanodiamonds are currently being used in many biomedical applications (such as drug
delivery and surgical implants) due to its lack of cytotoxicity [94]. Surface area of a monolayer
graphene is higher approximately by an order of magnitude in comparison to other biomate‐
rials making it a very interesting biomaterial.
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Graphene flat surface nature in addition to the many other mechanical properties can also be
exploited for applications such as structural reinforcement of biocompatible films and
scaffolds for bioengineered organs. Regarding their cell culture studies, an improvement of
the osteogenic potential has been achieved using graphene-coated surfaces for the differen‐
tiation of human mesenchymal stem cells (hMSCs) and preosteoblasts into osteoblasts [95,
96]. Cell culture studies of graphene oxide sheets also show promise as the suitable implant
material [97]. Although there have been studies on graphene for tissue engineering, there is a
lack of studies for health impact issues as well as actual interaction mechanism of these
materials with different cells. To address these, the studies should be more focused and
different biomedical applications must be optimized.

5. Future trend and outlook

Chemical vapor deposition (CVD) using Cu as the catalyst substrate is undoubtedly a
promising way to produce single layer graphene over a large area. By further understanding
the growth mechaniscm and optimization of the growth condition, it can be foreseen that high
quality of graphene can be routinely reproduced by this CVD technique. Note that this type
of CVD process can be scalable easily and only limited by the size of the apparatus. Mass
production is not an issue while over 30 inches diagonal size of graphene had been demon‐
strated. However, there are other obstacles that need to be overcome to produce as high quality
as the pristine graphene from mechanical exfoliation. For examples, further improvement of
the transfer process is still highly desired to minimize structural defects and impurities on
graphene. On the other hand, direct deposition of graphene onto insulating substrates is still
a challenge to the scientific community. There is defenitely an advantage of avoiding the
transfer process that can be problematic as mentioned. Besides, the transfer process can be time
consuming and not an environmental friendly process.

Up to this point, direct growth of graphene with definite number of layers is of difficulties. It
will be a breakthrough if one can achieve specific layers of graphene growth for particular
applications. Single layer graphene has no bandgap while double layers graphene can have a
small bandgap. In addition, functionalization of graphene by physical and chemical method
also provide the possibilities and challenges of tailoring the electronic and sensing properties
of graphene for many applications. This manipulation includes sizes, geometries, band gaps,
doping levels, functionalized chemical groups and so on [98]. There are also studies imple‐
menting plasma technology for producing and manipulating graphene [99-105]. Despite of
current and future challenges, graphene research provides huge potential for material and
functional applications and it is still progressively active around the world.

As discussed earlier, biomedical applications of nanomaterials can be further extended to as
fluorescent markers in biodetection assays, chemotherapy and transplant materials. Immobi‐
lization, electro-oxidation and quantitative analysis of a monolayer of native DNA self-
assembled on the vertically aligned graphene nanoflake films have been demonstrated by
Pagona’s group recently [39]. Graphene nanoflakes edge plans exhibits unique electronic
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graphene is higher approximately by an order of magnitude in comparison to other biomate‐
rials making it a very interesting biomaterial.
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Graphene flat surface nature in addition to the many other mechanical properties can also be
exploited for applications such as structural reinforcement of biocompatible films and
scaffolds for bioengineered organs. Regarding their cell culture studies, an improvement of
the osteogenic potential has been achieved using graphene-coated surfaces for the differen‐
tiation of human mesenchymal stem cells (hMSCs) and preosteoblasts into osteoblasts [95,
96]. Cell culture studies of graphene oxide sheets also show promise as the suitable implant
material [97]. Although there have been studies on graphene for tissue engineering, there is a
lack of studies for health impact issues as well as actual interaction mechanism of these
materials with different cells. To address these, the studies should be more focused and
different biomedical applications must be optimized.

5. Future trend and outlook

Chemical vapor deposition (CVD) using Cu as the catalyst substrate is undoubtedly a
promising way to produce single layer graphene over a large area. By further understanding
the growth mechaniscm and optimization of the growth condition, it can be foreseen that high
quality of graphene can be routinely reproduced by this CVD technique. Note that this type
of CVD process can be scalable easily and only limited by the size of the apparatus. Mass
production is not an issue while over 30 inches diagonal size of graphene had been demon‐
strated. However, there are other obstacles that need to be overcome to produce as high quality
as the pristine graphene from mechanical exfoliation. For examples, further improvement of
the transfer process is still highly desired to minimize structural defects and impurities on
graphene. On the other hand, direct deposition of graphene onto insulating substrates is still
a challenge to the scientific community. There is defenitely an advantage of avoiding the
transfer process that can be problematic as mentioned. Besides, the transfer process can be time
consuming and not an environmental friendly process.

Up to this point, direct growth of graphene with definite number of layers is of difficulties. It
will be a breakthrough if one can achieve specific layers of graphene growth for particular
applications. Single layer graphene has no bandgap while double layers graphene can have a
small bandgap. In addition, functionalization of graphene by physical and chemical method
also provide the possibilities and challenges of tailoring the electronic and sensing properties
of graphene for many applications. This manipulation includes sizes, geometries, band gaps,
doping levels, functionalized chemical groups and so on [98]. There are also studies imple‐
menting plasma technology for producing and manipulating graphene [99-105]. Despite of
current and future challenges, graphene research provides huge potential for material and
functional applications and it is still progressively active around the world.

As discussed earlier, biomedical applications of nanomaterials can be further extended to as
fluorescent markers in biodetection assays, chemotherapy and transplant materials. Immobi‐
lization, electro-oxidation and quantitative analysis of a monolayer of native DNA self-
assembled on the vertically aligned graphene nanoflake films have been demonstrated by
Pagona’s group recently [39]. Graphene nanoflakes edge plans exhibits unique electronic
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structure and edge state properties. These features attribute to the exceptional electrocatalytic
activity of these nanomaterials for ds-DNA detection. It can be envisioned that the use of
MGNFs as nanoconnectors, which establish direct electrical communication between the
graphene edge plane and the active site of DNA or other biomolecules, will create a new
generation of graphene-based enabling biotechnology leading to the production of label-free
DNA biodetection, biofuel cells and electrocatalytic devices. For the tissue enginering appli‐
cations of graphene, a systematic optimization approach keeping in mind the envirnmental
safety for different cells response is needed.
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1. Introduction

Graphene, two dimensional (2D) carbon-carbon atoms arranged in a hexagonally honey‐
comb lattice  structure,  is  the  latest  carbon (C)  allotrope to  be  discovered.  It  has  gained
tremendous scientific research interests due to some unique properties, such as quantum
hall  effect  and nearly ballistic  electronic transportation in ambient.[1-4]  These properties
have stimulated intense activity among physicists, chemists and material scientists. Much
research  has  focused  on  developing  routs  for  the  controllable  growth  of  high  quality
graphene. Historically, graphene can be produced via micromechanical cleavage and SiC
decomposition methods.[2, 5, 6] In order to meet even higher requirements, such as good
crystallinity, less impurities and large area coverage, the present most successful fabrica‐
tion technique focuses on chemical vapor deposition (CVD) on copper [5 - 8] Some other
graphene  growth  methods  include  growth  of  graphene  from  solid  carbon  source,  gra‐
phene synthesis by ion beam implantation, and graphene formation by decomposition of
C60,  have  also  been  reported  in  the  recent  years.[9,  10]  Apart  from  these,  pulsed  laser
deposition (PLD), which is one of the unique physical vapor deposition (PVD) methods,
represents a completely new fabrication way in this field.

For many reasons, PLD is a versatile material fabrication technique. There are many laser
parameters regarding sample preparation can be tuned in the PLD system, which have great
influence on the sample qualities. First, for laser itself, the laser fluence, wavelength, repetition
rate, and pulse duration can be altered. The second aspect includes target to substrate distance,
background gas and pressure, and substrate temperature can be varied depending on certain
requirements. Since with this technique the energy source, laser, is located outside the vacuum
system, it is possible to adopt ultrahigh vacuum (UHV) as well as ambient conditions. It allows
growing many kinds of materials; for example, oxides, nitrides, carbides, semiconductors,
metals, superconductors, superlattice structures, and even fullerenes and polymers. The
pulsed nature of PLD process even allows preparing complex polymer-metal compounds and
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multylayers. For example, one of the promising realizations of the PLD system is to introduce
oxygen to the chamber for oxides based fabrication. It is inevitable for achieving a sufficient
amount of oxygen during film growth.

Until now, there have fewer studies on PLD based graphene growth. Indeed, such method
used in graphene fabrication originates from the growth of carbon thin film by the PLD system.
If a single carbon layer with aromatic ring structure in plane can be obtained, it gives a result
of a single layer graphene. For the PLD method, the amorphous C layer can be easily deposited
at room temperature. However, in order to fabricate C layer or graphene with a desirable
crystalline quality by PLD, some additional conditions are required. For example, the substrate
temperatures, vacuum level inside the PLD chamber, appropriate laser operation conditions
(i.e. laser fluence and repetition rate) and the choice of catalytic metals. Wang, et. al. have
demonstrated that few layer graphene that is bi-layer to multi-layer graphene can be fabricated
on catalytic nickel (Ni) thin film by PLD system.[11] The number of graphene layers is found
depending on the laser ablation time, and the crystallinity of the graphene depends on the
substrate temperature during laser ablation. During the graphene formation, it involves
several steps, such as C atoms adsorption, precipitation, segregation and recrystallization. All
these processes happen due to the interaction between C atoms and metals. The formation of
the graphene on the metal surfaces was first observed during the preparations of platinum (Pt)
and ruthenium (Ru) single crystal surfaces. [12, 13]

In fact, the studies of the interaction of the C and the metals has a long history, howev‐
er, the graphene fabricated by PLD method is realized in the recent years. By comparing
with the conventional CVD method which usually involves high processing temperature
(>1000 oC) and chemical reactive hydrocarbon gas flow, PLD can reach the same goal at
relatively low temperatures and the C target is always in a solid form. Koh, et.  al.  have
demonstrated that few layer graphene can be fabricated at 750 oC on a Ni plate (Figure
1).[14]  Apart  from  the  temperature  issue,  they  also  showed  the  cooling  rate  and  laser
energy are crucial in fabricating such graphene layers. Afterwards, Wang, et. al. did more
systematic studies on the formation of the graphene on the Ni thin film. The significant
contribution from their work is the number of graphene layer can be controlled by altering
the number of the laser pulses (Figure 2). [11]

Apart  from  the  demonstration  of  this  PLD  fabrication  technique  in  this  chapter,  the
characterizations  and  quantitative  studies  of  graphene  mainly  rely  on  fast  and  non-
destructive  micro-Raman  spectroscopy.[6,  15-17]  In  the  past  four  decades,  it  has  wit‐
nessed  that  Raman  spectroscopy  plays  an  important  role  in  characterizing  pyrolytic
graphite,  glassy  carbon,  graphitic  foams,  carbon  fibers,  nanographite  ribbons,  carbon
nanotubes and fullerences. Owing to the presence of sp2 bond graphene, Raman spectrosco‐
py gives plenty of inspired information about crystallite size,  the introduction of chemi‐
cal  impurities,  the  magnitude  of  the  mass  density,  the  optical  energy  gap,  the  elastic
constants,  the  doping,  defects,  the  crystal  disorder,  the  strain,  and  the  number  of  the
graphene layers. With this respect, the discussion about PLD fabricated graphene here will
provide a taste of the power of Raman spectroscopy.
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Figure 2. TEM characterization of PLD-grown graphene films. (a) Low magnification TEM image showing PLD-grown
graphene on Ni thin film. High resolution TEM images for (b) bi-layer graphene, (c) tri-layer graphene and (d) multi-
layer graphene.

2. Metal induced crystallization method

Metal induced crystallization method, also known as metal mediated or metal catalyzed
crystallization method, is a crystalline growth technique to fabricate mono- or poly-crystalline
materials via the interdiffusion, precipitation, segregation and recrystallization of two
materials upon thermal annealing. One of them performs as the catalyst; it is usually a metal,
such as aluminum (Al), gold (Au), platinum (Pt), nickel (Ni) and cobalt (Co); [11, 12, 18, 19]
while the other is always chosen as a semiconductor material, such as germanium (Ge), and
silicon (Si). This technique has been widely explored in the past, in particular for the poly‐
crystalline Si thin film based solar cell investigation.[20] It has been proposed and experimen‐
tally demonstrated in fabricating high crystalline quality and large area polycrystalline Si thin
film on various kinds of substrates at low temperature. For both CVD and PVD method based
graphene fabrications, metal induced crystallization method acts as a dominating role during
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the graphitization process at elevated temperature. One way to realize this method in graphene
growth is amorphous C layer can be easily changed to crystalline graphene layer based on
thermal annealing process. Such process can be understood from figure 3.[21] This process
utilizes solid phase sources of C. In this approach, the C is introduced in the amorphous phase
with the Ni thin film forming bi-layer stack. Upon high temperature annealing, the C atoms
from the a-C layer would dissolve into the Ni layer and be expelled from solution after cooling
below the solid solubility limit. By comparing with previous studies about metal-induced Si
crystallization, similar mechanism is involved. The driving force for crystallization is thermo‐
dynamic stability of the crystalline C and Si phases relative to the amorphous phase.

Figure 3. The process schematics for the metal-catalyzed crystallization of amorphous C to graphene by thermal an‐
nealing [ref. 19 figure 1].

3. An Introduction to pulsed laser deposition

3.1. Background of PLD

PLD is a thin film fabrication technique using high energy pulsed laser beam to bombard one
or more targets at a certain vacuum pressure.[22, 23] The laser shooting areas of the targets
experience the transition from the solid to the vapor phase, and subsequently been coated onto
a substrate. This growth technique was first used by Smith and Turner in 1965 for the prepa‐
ration of semiconductors and dielectric thin films.[24] It was further established by Dijkkamp
and coworkers on high temperature superconductors in 1987.[25] Afterwards, this technique
has been extensively optimized, investigated, and used in oxides, nitrides, carbides, metallic
thin films and even organic polymers.[26]

3.2. PLD system setup

PLD is a form of physical vapor deposition (PVD). The system design is somewhat different from
other PVD systems such as, thermal evaporation, electron beam evaporation, molecular beam
epitaxial growth and magnetron sputter systems, because an external laser source is required.
The useful range of laser wavelengths for thin films growth by PLD lies between 200 nm and 400
nm because most materials exhibit strong absorption in this spectral region. Therefore, most
photon energies come from laser source can be absorbed by materials. Within this range, there
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are few commercially available laser sources capable of easily delivering the high energy densities
(1 J/cm2), in relatively large areas (10 mm2 or larger), which are required for PLD works. A
homogenous uniform laser output is also important for high quality thin films fabrications. Most
PLD systems work these days use excimer lasers, in which the lasing medium is a mixture of
some reactive gases such as krypton (Kr), fluorine (F) and neon (Ne). It is also known that
neodymium (Nd): YAG laser can also be used for graphite fabrication on Si substrate, but no one
has demonstrated the fabrication of graphene using this laser source so far.

An experimental setup for a typical PLD system is shown in figure 4. It consists of two major
components, one is the external laser source and another is the stainless steal vacuum chamber.
The vacuum chamber can be placed direct facing the output laser pulse or be set at certain
angles. For the latter case, a reflecting mirror is necessary. Inside the PLD chamber, a target
and a substrate holder are aligned on the same line but are separated by a distance of 3 cm to
5 cm. Such distance range has been well experimentally confirmed for efficient laser ablation.
When the incident focusing laser beam bombards the rotating target, the rise of the localized
temperature causes vaporization of the material. It is a feature of plasma plume with high
energetic species, for example, ions, electrons, atoms, molecules, clusters, particulates and
molten globules. For an ideal PLD based thin films fabrication, people hope that the clusters,
particulates and molten globules can be avoided. The film growths depend on several
parameters, such as laser fluence, laser repetition rate, substrate temperature and vacuum
level. By adjusting the number of laser pulses on the targets, different layers with controllable
thicknesses can reach.

Figure 4. PLD system setup.
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3.3. PLD technique in graphene fabrication

In a typical experiment for fabricating graphene layer via PLD, people can select different
substrates based on certain requirements. For convenient purpose, we use 300nm SiO2 coated
Si as a typical example to illustrate this fabrication method (figure 5(a)). Furthermore, it is also
a good candidate for making bottom gate graphene based field effect transistor (FET) due to
the present of sufficient thick SiO2 layer. Prior to the deposition, the substrate can be cleaned
by the conventional chemical means. The fabrications for those metal thin films and C were
carried out inside a stainless steal PLD chamber. The SiO2/Si substrate was firmly attached
onto a substrate holder, which is 4 cm in a distance to a PLD target holder. The laser beam can
be guided to the target via a focusing lens. More details about the experimental condition can
be found from reference 10. A schematic diagram which shows the graphene formation on a
thin metal thin film is given in figure 5. The metal thin film is fabricated at room temperature
(figure 5(b)). Without breaking the high vacuum, the substrate temperatures were rapidly
increased to 650 oC and 600 oC. After the deposition of C (figure 5(c)), the samples were
naturally cooled down to room temperature in an ultra-high vacuum. For some PLD systems,
the cooling rate can also be controlled, for example by the flow of the liquid nitrogen or pass
through the inert gas into the chamber. During this cooling process, the C atom will segregate
from the C containing C-metal solid solution and form a continued layer on the topmost surface
(figure 5(d)). This is due to the reduction of the solubility of C-metal solution. The metal which
locates below graphene layer after fabrication is not a pure thin metal film anymore, because
there are still sufficient amount of C atoms which participate the interdiffusion process remain
and form C-metal eutectic alloy.

Figure 5. Schematic diagram shows metal-induced graphene formation process by PLD technique. (a) Preparation of
SiO2/Si substrate. (b) Ni thin film deposition at room temperature. (c) C deposition at elevated temperature. (d) Gra‐
phene formation at the topmost surface.

4. TEM and Raman spectroscopic studies

Figure 6 shows the Raman spectra for the carbon layers fabricated at 5 difference temperatures,
300 oC, 400 oC, 500 oC, 600 oC and 650 oC respectively on Ni thin film. In figure 6(a), there is no
distinct peak can be observed for crystalline C phase. This indicates 300 oC is insufficiently to
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obtain crystalline carbon layer on Ni thin film. As the deposition temperature for carbon
increases, such as shown in figure 6(b) and (c), two remarkable bands tend to emerge at 1350
cm-1 and 1550 cm-1 respectively. Both of them represent disorder-induced (D) and graphitic
(G) bands. For the one locates at 1350 cm-1, its occurrence is due to the breathing mode of sp2

atoms or A1g symmetry in hexagonal graphitic rings. From both figure 6(b) and (c), a broad
bandwidth of such D mode indicates the nonorganized C.[16] Thus, the large full width at half
maximum (FWHM) of the D band yields the highly disordered characteristic of the C layer.
This mode is forbidden in perfect graphite and become active in the presence of disorder.
Furthermore, the D mode is dispersive and varies with photon excitation energy. Therefore,
its intensity is strictly related with the presence of sixfold aromatic ring. As the atomic
mechanism concerns, the rise of G band is ascribed to the in-plane stretching of the C-C bond
in graphitic materials.[17] By comparing with the one of D mode, this one does not require the
presence of sixfold ring so that it occurs at all pairs of sp2 C sites. In the Raman spectra, the G
band is due to the doubly degenerate zone center E2g mode. The Raman spectroscopy is very
sensitive to this strain effect in sp2 C based materials. When the interaction between one
graphene layer and substrate or another graphene layer is encountered, the induced strain is
due to the modification of the C-C bond lengths and angles. As we can see from figure 6(d)
and (e), further increase in the deposition temperature of C leads a clear distinguish of D and
G bands. The relative intensity ratio of ID to IG has been significantly reduced at the deposition
temperature of 650 oC for C. It results in the reduction of the crystalline defects. In addition,
there is another band gradually become noticeable at 2700 cm-1. It is the second order of zone-
boundary phonons, but it has nothing to do with the G band. Because the Raman shift at this
point is approximately doubled when comparing with the one of the D band, it is convention‐
ally denoted as 2D or G´ band. Owing to the G´ band is the second order process associated
with a phonon close to the K point in graphene, there has a strong dependence on any
perturbation to the electronic and phonon structure of graphene. Therefore, G´ band plays an
important role for differentiating single, bi- and few- layer graphene upon Raman spectrosco‐
py.[6, 15] The results of the temperature dependence for C deposition suggests that 650 oC is
an optimum temperature to fabricate the crystalline C layer on the Ni thin films by the PLD
method in this experiment. Apart from Ni, it is also possible to fabricate graphene layer on a
Co thin film. Figure 7 shows the temperature dependent graphene fabrication on the Co thin
film. By comparing with figure 6, similar results were obtained for these two 3d transition
metals.

Figure 8(a) shows the photographic image during graphene layer transferring process. The
PLD made graphene transfer method is very similar to the one used in CVD method. A very
thin protective poly[methyl methacrylate] (PMMA) layer was initially coated on the top of the
graphene/Ni or Co/SiO2/Si sample by spin coater. The catalytic Ni or Co can be etched away
by chemical wet-etching, for instance using an aqueous HCL solution. In figure 8(a), After the
Ni thin film was completely dissolved in FeCl3 solution; a 1 × 1 cm2 few layer graphene coated
with the PMMA was detached from the Ni thin film and forms a free-standing layer in the HCl
solution. The diluted HCl solution can be further utilized for removing the residual Ni flakes.
Afterward, the few-layer graphene can be transferred onto another clean SiO2/Si substrate and
the top as-coated PMMA layer can be dissolve quickly by putting the sample directly into
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acetone. The corresponding photographic picture of such graphene layer on the SiO2/Si
substrate after successful transfer is shown in figure 8(b). Moreover, the graphene sample
preparation method for the transmission electron microscopy (TEM) characterization is
slightly different. In this case, after the sample is closely attached to the TEM copper grid, the
PMMA can be dissolved by exposing to the acetone vapor for approximately 4 to 5 hours. This
transfer process allows maintaining the continuity of the graphene. Figure 8(c) displays the
feature of the few-layer graphene and the blue dotted circle denotes the presence of the
graphene wrinkles. The formation is primarily due to lattice mismatch between Ni and C and
the wrinkles have high possibility to be found at the grain boundaries of as-prepared Ni thin

Figure 6. Temperature dependent Ni-induced few layer graphene formation. (a) at 300 °C. (b) at 400 °C. (c) at 500 °C.
(d) at 600 °C and (e) at 650 °C.
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films. Similar with CVD technique, the morphology of fabricated graphene tend to replicate
the one of substrate materials. At the edge of the sample which is shown in figure 8(d), the
graphene layer by layer feature can be clearly observed. In figure 8(e), the hexagonally
symmetric selected area electron diffraction (SADP) for this few-layer graphene was captured
indicating the monocrystalline structure of our fabricated few-layer graphene. Two red dotted
circles highlight the presence of (0002) lattice plane in the d space. This diffracted spots only
appear when few layer or bulk graphite is encountered.

Figure 7. Temperature dependent Co-induced few layer graphene formations. (a) at 300 °C. (b) at 350 °C. (c) at 400
°C. (d) at 450 °C and (e) at 500 °C. (f) at 550 oC. (g) at 600 oC. (h) at 650 oC.
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The high resolution TEM crossing sectional view of bi- and tri- layer graphene are displayed
in figure 9(a) and (b) respectively. During the deposition of C at 650 oC, the interdiffusion
between C and Ni leads to the formation of the solid solution. Such interdiffusion proceeds
until C reaches its saturation status at this temperature. Once the C saturation status reaches,
further deposition of C causes a formation of amorphous C layer. Therefore, a well control of
the thickness ratio between C and Ni is crucially important in achieving a high quality, bi-, tri-
and few layer graphene. When C saturation status reaches at 650 oC, the natural reduction of
the substrate temperature to room temperature in high vacuum causes the decrease in the Ni
solubility. For this reason, C atoms segregate from the solid solution and form a crystalline
and continue graphene layer on the most top of the sample. Figure 9(c) shows the AFM image
of the bi-layer graphene. After scratching the sample for depth profile measurement, some
graphene parts fold and the relative contrast can be seen from this AFM image. A location
across the surface of this piece of graphene was randomly chosen and the corresponding depth
profile is shown in figure 9(d). The lateral height which is around 2.5 nm indicates the presence
of bi-layer graphene.

Further studies in fabricating graphene by the PLD include the thickness ratio dependence
between Ni and C. In this scheme, we found both the number of graphene layers and the D
band can be greatly affected. From the Raman spectra in figure 10, C with 3 different thick‐
nesses or laser ablation time were deposited onto 250 nm Ni thin films at 650 oC. The D band
is the greatest among those three when the laser ablation time is 120 s (figure 10(a). Moreover,

Figure 8. Graphene transfer process after PLD fabrication. (a) Detach of graphene layer from the substrate. (b) Gra‐
phene is transferred onto a new piece of SiO2/Si substrate. (c) Low magnification TEM image shows graphene wrin‐
kles. (d) High resolution TEM image shows few layer graphene edges. (e) The corresponding selected area electron
diffraction pattern of few layer graphene.
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films. Similar with CVD technique, the morphology of fabricated graphene tend to replicate
the one of substrate materials. At the edge of the sample which is shown in figure 8(d), the
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Figure 7. Temperature dependent Co-induced few layer graphene formations. (a) at 300 °C. (b) at 350 °C. (c) at 400
°C. (d) at 450 °C and (e) at 500 °C. (f) at 550 oC. (g) at 600 oC. (h) at 650 oC.
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the intensity ratio of I2D/IG is 1.24 (Data is summarized in table 1). Thus, both of them imply
the poor crystallinity of C layers and the layers. By decreasing the amount of C, such as the
resultant Raman spectrum shown in figure 10(b) which corresponds to the laser ablation time
of 90 s, the intensity ratio of I2D/IG is 0.47 which indicates the existence of bi- or tri-layer
graphene. Nevertheless, the intensity of the D band is over half of the intensity of the G band.
However, when the laser ablation time for C is further decreased to 60 s (figure 10(c)), we
observe a significant reduction of the D band Raman intensity and the intensity ratio of I2D/IG

becomes even larger. Similar experiment was done for the graphene fabricated on 250 nm Co
thin film. The Raman spectra are shown in figure11 for the different laser ablation times of C,
240 s, 180 s, 120 s, 60 s, and 30 s respectively. The Raman intensities which correspond to each
band are summarized in table 2. In contrast to table 1, the graphene which is fabricated on the
Co thin film shows similar trend as the laser ablation time for C tends to decrease.

Figure 9. High resolution TEM images show (a) crossing sectional view of tri-layer graphene, (b) crossing sectional
view of bi-layer graphene. (c) The AFM image for few layer graphene. (d) The lateral height measurement for few lay‐
er graphene.
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C deposition

time (s) /

thickness (nm)

D-band

position

D-band

intensity

G-band

position

G-band

intensity

2D-band

position

2D-

band

intensit

y

ID/I

G

I2D/IG

120s 1359.30 1011.76 1596.04 814.71 2704.16 130.39 1.24 0.16

90s 1359.30 178.43 1588.48 261.52 2719.27 122.79 0.68 0.47

60s 1346.70 154.17 1580.93 327.43 2688.21 183.99 0.47 0.56

Table 1. Raman intensities for ID, IG, I2D, ID/IG and I2D / IG of Figure 10.

C deposition

time

D-band

position

D-band

intensity

G-band

position

G-band

intensity

2D-band

position

2D-band

intensity
I2D/IG

240s 1355.19 358.81 1591.07 403.40 2724.95 97.86 0.24

180s 1355.19 202.91 1581.97 277.00 2724.95 76.17 0.27

120s 1364.30 85.57 1581.97 141.12 2724.95 58.97 0.41

60s 1364.30 65.95 1581.97 113.52 2716.76 55.83 0.49

30s 1364.30 43.17 1581.97 84.08 2707.65 52.29 0.62

Table 2. Raman intensities for ID, IG, I2D, ID/IG and I2D / IG of Figure 11.

For the graphene fabricated by the PLD method, the D and 2D bands of bi-layer graphene
show some unique characteristics by comparing with few-layer graphene and bulk graphite.
As we can see from figure 12(a), the D band of bi-layer graphene possesses a non-symmetric
band at 1346.70 cm-1 while the few-layer graphene and bulk graphite give symmetric D bands
at 1359.30 cm-1. In addition, the Raman spectrum of the asymmetric 2D band of the bi-layer
graphene shows red shift relative the ones of few-layer graphene and bulk graphite. Such 2D
mode of the bi-layer graphene composes of 4 components, 2D1B, 2D1A, 2D2A, and 2D2B; in which,
2D1A and 2D2A have higher intensities than the other two, as shown in figure 12(b). These four
components of bi-layer graphene are attributed to the evolution of the electronic band
structure. Raman scattering is a fourth order process involving four virtual transitions: [1] a
laser induced excitation of an electron-hole pair; [2] electron-phonon scattering with an
exchanged momentum; [3] electron phonon scattering with an exchanged momentum; and [4]
electron-hole recombination. Based on both TEM and Raman spectroscopic studies, the
graphene which is fabricated by the PLD method can be achieved. Nevertheless, there are still
some aspects have to be encountered. As we have discussed previously, the number and the
quality of graphene layers are decisive by the ratio between C layer and catalytic metals,
substrate temperature and laser operation conditions. In order to obtained desirable property
of graphene, careful understandings of the graphene and metal interaction, interdiffusion and
interface property are crucial.
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Figure 10. Raman spectroscopic study of different laser ablation time for C deposited onto 250 nm Ni thin film at 650
oC. The corresponding quantities of Raman intensities for each spectrum are summarized in table 1. (a) 120 s laser
ablation time. (b) 90 s laser ablation time. (c) 60 s laser ablation time.
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ablation time. (b) 180 s laser ablation time. (c) 120 s laser ablation time. (d) 60 s laser ablation time. (e) 30 s laser abla‐
tion time.
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Figure 12. The D and 2D bands for graphene fabricated on Ni thin film by the PLD method.

By the PLD method, other nanostrcutural materials, for instance crystalline Si nanodots, can
also be fabricated together with single or multi-layer graphene. Because it is possible to place
multi-target within a PLD system, crystalline Si nanodots can then be fabricated via Ni-induced
crystallization method as well.[27] Figure 13 (a) and (b) show the SEM images of the crystalline
Si nanodots fabricated on top of the graphene layer via the PLD method. Owing to the fact that
Si usually required much higher processing temperature (>1000 oC) to be completely crystal‐
lized, it has experimentally demonstrated that metal induced crystallization method can reach
the same goal with relatively low temperature (< 500 oC). Such kind of Si nanodots structure
combined with graphene is very attractive and interesting for studying semiconductor-
graphene interface property and eventually reaching the purpose of modern nanoelectronic
device design. With regard of such nanostruture, an additional template is necessary in order
to define the wide distribution of the Si nanodots. Therefore, a so-called ultra-thin anodic
porous alumina (UAPA) template was used in this case. However, the photolithographic and
electron beam lithographic techniques can also be applied to graphene. Apparently, it

Advances in Graphene Science92

inevitably proves the functionality of PLD based graphene fabrication method in today’s
graphene research field.

Figure 13. a) Top-view FESEM image of the Ni-induced crystalline silicon nanodots on graphene with remaining UAPA
template. (b) The well-ordered nanodots arrays on graphene after lift-off.

5. Conclusion

In this chapter, PLD method has been reviewed for graphene fabrication in this chapter. The
foundation of this technique is metal-induced crystallization mechanism. Some catalytic
metals need to participate during the crystallization process of C. The advantage of using PLD
is to prompt C atoms diffuse into metal thin film at a certain high temperature because PLD
can generate high energetic species. After the sample is cooled down, the C atoms segregate
from the carbon-metal solid solution and subsequently forming a continuous C thin layer on
the top of a carbon containing metal film. The number graphene layer can be controlled by the
PLD method, for example by tuning the number of laser pulses, the thickness ratio of C to
metal thin film. Besides, we also see the Raman spectroscopy and TEM are both important in
characterizing the as-prepared graphene made by the PLD technique. It is expected that PLD
based graphene fabrication technique is very promising in current graphene related nano‐
technology research.
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1. Introduction

Research into the properties and uses of graphene has rapidly expanded over the past decade.
Indeed, prior to the seminal paper by Geim and Novoselov in 2004 [1] which eventually led
to the 2009 Nobel Prize for physics, the potential of this material was relatively underappre‐
ciated. Graphene is a monolayer thick, two dimensional form of carbon atoms linked together
in a hexagonal lattice. The sp2 hybridisation of all bonds across the sheet gives rise to its
interesting and unique, physical, mechanical, thermal and electrical properties. Thus graphene
can be considered to be a 2 dimensional form of its analogue graphite [2]. Importantly, the
properties of graphene vary significantly to the bulk material graphite, particularly in terms
of electron mobility, and these significant feature differences have driven research in fields as
diverse as electronics, materials, energy, defence, security, water and health [3, 4].

Much of the focus of graphene research has been in high value added electronics where
miniaturization is a key driver. However to date, the bulk of the material that is produced is
geared toward research applications or in composites production. The use of graphene as the
load bearing component in composites is highly beneficial [5]. Whilst compatibilization with
matrix remains an issue, the high tensile strength of graphene coupled with the ultra-high
aspect ratios that are possible using most particulate production methods has led to the rapid
uptake of this technology. Furthermore, the potential for using graphene in thin film and
coatings applications is increasing, with the goal to produce modified surfaces with improved
structural integrity, better heat resistance, conductance, transparence or protection from
corrosion [6, 7]. Recent studies have also shown that graphene could also be used in water
purification applications due to its high cation exchange capacity and vast available surface
area [8]. Other potential applications of graphene include in sensor technology, opto-electronic
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devices, high electron mobility transistors, supercapacitors, catalysis, photovoltaic (nanocrys‐
tal solar cell) and desalination.

Many of these uses for graphene will have significant economic and environmental benefits
however it is of great importance that the possible downside effects of incorporating graphene
into products which may come into contact with the biosphere are accurately known. A
thorough understanding of the interaction with biological material is essential prior to the
uptake and utilisation of graphene on a wide scale, particularly if there is significant potential
for it to find its way into the environment and human body. Potential biomedical applications
for graphene have been suggested. The low surface energy of graphene makes it an attractive
substrate for the delivery of hydrophobic drugs. Furthermore, the unique structure could allow
its use as a contrast agent in biomedical imaging. The influence of particle size is important in
biomedical applications. Single layer graphene may potentially sit in between the leaflets of a
lipid bi-layer, it is unlikely though that few layer graphene however could be incorporated.
Furthermore, the ability for cells to phagocytise graphene is largely dependent upon particle
dimensions. Whilst cytotoxicity is hence of a clear and present concern, graphene as a building
block presents a novel opportunity for designing and functionalising systems and products
that can potentially transform the manner in which we live. Hence there is a strong push for
understanding the interaction of graphene with cells and bacteria. Bacterial interaction with
surfaces is ubiquitous in nature. There are also countless examples where biofilm formation
leads to significant environmental and health problems. For instance in a marine environment,
biofilm formation on ship hulls can lead to corrosion and increased drag as bacteria colonisa‐
tion can lead to subsequent attachment of other organisms such as barnacles. Whilst this can
result in a substantial economic cost, the health problems arising from bacteria attachment to
medical implants can be fatal if not properly dealt with in a timely fashion.

This chapter discusses the current knowledge in the area of bacteria – graphene surfaces
interactions. A number of graphene production approaches will be also considered along with
the brief outline of the graphene surfaces characterisation techniques. A number of recent
interesting studies will be reviewed, however at this early stage, no clear conclusions can be
drawn on the toxicity of the graphene to bacteria, with some studies suggesting bactericidal
activity whilst others suggesting inhibition of attachment and others still no anti-bacterial
action. The reasons behind this lack of consistency are therefore of great importance to
determine.

2. Production methods and characterisation of graphene

It is useful at this point to define more precisely the term “graphene”. The pristine form, as
shown in the schematic diagram in Figure 1, contains complete sp2 hybridisation with no
defects and only a single layer of atoms. However, in the literature graphene may also refer to
few layered material held together through van der Waals forces as well as graphene oxide
which is subsequently reduced. It should be noted here, reduced graphene oxide has a
significant number of defects which heavily impacts electron mobility and gives rise to a non-
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flat (puckered) structure. Few layered graphene also has some of the advantages of graphene
such as high aspect ratio yet does not have the same optical and electrical properties of the
single layer material.

Figure 1. Schematic diagram depicting single layer “pristine” graphene with edge defects (carbon atoms in blue, oxy‐
gen in red and hydrogen in white).

It should be apparent that it is not possible for the C atoms at the edges of the particles to be
sp2 hybridised. The edges are stabilised through a number of chemical functionalities includ‐
ing epoxy, hydroxyl and carboxylic groups, the latter giving rise to charge in liquids of high
dielectric constant such as water. Thus, the smaller the particles, the higher the ratio of edge
groups and therefore charges per unit area. Clearly, there are significant differences in the
physico-chemical properties of graphene which is influenced ultimately by the production
method, these are described below. It is hence not surprising then that the interaction with
bacteria would be influenced also by the source of the graphene.

The physical and chemical properties of graphene particles are typically characterised using
a variety of techniques including microscopy and spectroscopy. Transmission electron
microscopy (TEM) and atomic force microscopy (AFM) imaging are employed to determine
the dimensions of the particles. TEM is useful as it can show multiple layers through contrast
variation; single layer sheets are relatively transparent to the electron beam however its main
advantage is showing the lateral dimensions. AFM is also a technique which has been
employed which can give the thickness of the particles. The graphene sheets are typically
attached to a substrate prior to imaging, an offset is usually found corresponding to a trapped
vapour layer under the particles however for stepped few layer graphene samples, the
thickness between layers agrees with literature values. One of the greater advantages of AFM
is the ability to combine with Raman spectroscopy to show unequivocally the number of layers
of graphene.

Bacterial Interaction with Graphene Particles and Surfaces
http://dx.doi.org/10.5772/56172

101



devices, high electron mobility transistors, supercapacitors, catalysis, photovoltaic (nanocrys‐
tal solar cell) and desalination.

Many of these uses for graphene will have significant economic and environmental benefits
however it is of great importance that the possible downside effects of incorporating graphene
into products which may come into contact with the biosphere are accurately known. A
thorough understanding of the interaction with biological material is essential prior to the
uptake and utilisation of graphene on a wide scale, particularly if there is significant potential
for it to find its way into the environment and human body. Potential biomedical applications
for graphene have been suggested. The low surface energy of graphene makes it an attractive
substrate for the delivery of hydrophobic drugs. Furthermore, the unique structure could allow
its use as a contrast agent in biomedical imaging. The influence of particle size is important in
biomedical applications. Single layer graphene may potentially sit in between the leaflets of a
lipid bi-layer, it is unlikely though that few layer graphene however could be incorporated.
Furthermore, the ability for cells to phagocytise graphene is largely dependent upon particle
dimensions. Whilst cytotoxicity is hence of a clear and present concern, graphene as a building
block presents a novel opportunity for designing and functionalising systems and products
that can potentially transform the manner in which we live. Hence there is a strong push for
understanding the interaction of graphene with cells and bacteria. Bacterial interaction with
surfaces is ubiquitous in nature. There are also countless examples where biofilm formation
leads to significant environmental and health problems. For instance in a marine environment,
biofilm formation on ship hulls can lead to corrosion and increased drag as bacteria colonisa‐
tion can lead to subsequent attachment of other organisms such as barnacles. Whilst this can
result in a substantial economic cost, the health problems arising from bacteria attachment to
medical implants can be fatal if not properly dealt with in a timely fashion.

This chapter discusses the current knowledge in the area of bacteria – graphene surfaces
interactions. A number of graphene production approaches will be also considered along with
the brief outline of the graphene surfaces characterisation techniques. A number of recent
interesting studies will be reviewed, however at this early stage, no clear conclusions can be
drawn on the toxicity of the graphene to bacteria, with some studies suggesting bactericidal
activity whilst others suggesting inhibition of attachment and others still no anti-bacterial
action. The reasons behind this lack of consistency are therefore of great importance to
determine.

2. Production methods and characterisation of graphene

It is useful at this point to define more precisely the term “graphene”. The pristine form, as
shown in the schematic diagram in Figure 1, contains complete sp2 hybridisation with no
defects and only a single layer of atoms. However, in the literature graphene may also refer to
few layered material held together through van der Waals forces as well as graphene oxide
which is subsequently reduced. It should be noted here, reduced graphene oxide has a
significant number of defects which heavily impacts electron mobility and gives rise to a non-

Advances in Graphene Science100

flat (puckered) structure. Few layered graphene also has some of the advantages of graphene
such as high aspect ratio yet does not have the same optical and electrical properties of the
single layer material.

Figure 1. Schematic diagram depicting single layer “pristine” graphene with edge defects (carbon atoms in blue, oxy‐
gen in red and hydrogen in white).

It should be apparent that it is not possible for the C atoms at the edges of the particles to be
sp2 hybridised. The edges are stabilised through a number of chemical functionalities includ‐
ing epoxy, hydroxyl and carboxylic groups, the latter giving rise to charge in liquids of high
dielectric constant such as water. Thus, the smaller the particles, the higher the ratio of edge
groups and therefore charges per unit area. Clearly, there are significant differences in the
physico-chemical properties of graphene which is influenced ultimately by the production
method, these are described below. It is hence not surprising then that the interaction with
bacteria would be influenced also by the source of the graphene.

The physical and chemical properties of graphene particles are typically characterised using
a variety of techniques including microscopy and spectroscopy. Transmission electron
microscopy (TEM) and atomic force microscopy (AFM) imaging are employed to determine
the dimensions of the particles. TEM is useful as it can show multiple layers through contrast
variation; single layer sheets are relatively transparent to the electron beam however its main
advantage is showing the lateral dimensions. AFM is also a technique which has been
employed which can give the thickness of the particles. The graphene sheets are typically
attached to a substrate prior to imaging, an offset is usually found corresponding to a trapped
vapour layer under the particles however for stepped few layer graphene samples, the
thickness between layers agrees with literature values. One of the greater advantages of AFM
is the ability to combine with Raman spectroscopy to show unequivocally the number of layers
of graphene.

Bacterial Interaction with Graphene Particles and Surfaces
http://dx.doi.org/10.5772/56172

101



Spectroscopic means for characterising graphene are routinely used to give molecular scale
chemical properties. Techniques such as Raman and UV-Vis spectroscopy are most common.
Raman spectroscopy is considered the gold standard technique for determining the number
of graphene layers as well as the presence of any defects [9]. Figure 2 shows a typical Raman
spectrum for exfoliated graphene particles as well as graphite, the most prominent peaks are
those at 1335 cm-1, 1565 cm-1 and 2675cm-1 which are termed the D, G and 2D (2D has sometimes
been erroneously termed G'). The G peak at 1565cm-1 shown in both spectra corresponds to
sp2 hybridised carbon and is relatively invariant upon exfoliation. The peak at 1335cm1 is sp3
carbon and is introduced through bond cleavage and hence indicates the presence of either
edge or basal plane defects. The most important peak though is in the region of 2675cm-1 where
the position and shape indicate the number of graphene layers. UV-Vis spectrophotometry is
also quite useful in determining the presence of defects and has often been used to probe the
extent of reduction of graphene oxide to graphene. Strong absorbance across the spectrum
indicates a highly conjugated structure and furthermore, the wavelength of intensity maxi‐
mum provides evidence for the presence of defects.

Figure 2. Left: TEM of graphene sheets, middle: Raman spectra of single layer graphene and bulk graphite, right:
aqueous suspension of graphene (Reproduced with permission from Reference 30).

The characterisation of graphene is important as it aids in the discussion of differences in the
properties depending on preparation method. The most common methods, pertinent to studies
involving the interaction of graphene with bacteria are presented below, along with the
physical and chemical properties. These include exfoliation of graphite as well the reduction
of dispersed graphite oxide and vapour deposition techniques.

2.1. Mechanical exfoliation

This is often referred to as the “Scotch Tape Method” where single and few layer sheets of
graphene are removed from a bulk graphite sample through attachment to adhesive tape. This
mechanical exfoliation of sheets is considered to be an excellent route to micrometre to sub-
millimetre sized graphene particles without the introduction of any defects (apart from those
at the edges). Thus, the sheets produced using this method are considered “pristine” and hence
have excellent electrical conductivity. Graphene prepared through mechanical exfoliation is
used mainly in research applications where low quantity, high purity samples are required.
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Most often, the samples are fixed to a supporting substrate exposing the conjugated basal
planes. Thus, the surface for bacterial study is “atomically” smooth with lateral dimensions in
excess of the typical size of a bacteria cell.

2.2. Epitaxial growth and Chemical Vapour Deposition (CVD)

Both techniques of epitaxial growth and chemical vapour deposition rely on a suitable
substrate for supporting the deposited graphene [10]. Typically these substrates are metal or
metal-like (eg silicon) as process parameters usually involve high temperatures precluding
deposition onto polymer surfaces. Epitaxial growth of graphene was first demonstrated on a
silicon carbide substrate [11-13]. Temperatures in excess of 1300 °C and ultra-high vacuum are
normally required to produce a graphene multilayered materials through sublimation of
silicon, usually with thicknesses in the range of 5-100 sheets but over large (wafer scale) areas.
However some studies have had success with moderate vacuum conditions in controlled
environments. Epitaxial growth of graphene shows great promise as lithographic techniques
may be used in conjunction to produce patterned surfaces. It should be noted though, that
epitaxially grown graphene has significantly different properties to the exfoliated material
which is largely due to interfacial effects of the underlying SiC substrate. For example, the
quantum Hall effect is absent with epitaxial graphene and furthermore, slight differences in
periodicity and electron diffraction patterns are observed. Thus electron mobility is not of the
same order as exfoliated graphene.

Aside from SiC substrates, other materials such as transition metals have been employed to
produce graphene layers. CVD has been employed with iridium [14], ruthenium [15], platinum
and nickel [16]. Nucleation and growth occurs after exposure of the substrate to a hydrocarbon
gas such as methane or ethylene at low pressures (often ultra high vacuum conditions) and
high temperatures. The condensed gas is converted to a carbon layer upon cooling of the
substrate. This typically produces a multilayered graphene surface, the properties of which
are similar to those detailed for epitaxially grown graphene.

Both techniques of epitaxially growth and CVD are capable of producing large area graphene
with high transparency and conductance which are suitable for studies of bacteria. They also
have the added advantage of ease of patterning which can be beneficial for potential investi‐
gations of directed growth of cells [16]. There is control though over the thickness (ie number
of layers) which is also advantageous and the roughness of such graphene surfaces is some‐
what conformal to the underlying substrate [17].

2.3. Reduced Graphene Oxide (RGO)

One of the most common processes for producing industrial scale quantities of graphene is
based upon a method first developed by Hummers for oxidising graphite [18]. Briefly, the
modified Hummers method involves the oxidation of graphite powder with for example,
sulphuric acid and potassium permanganate to produce graphite oxide. This product is then
dispersed in water and subjected to sonication to split apart the bulk material into single and
few layer graphene oxide [5, 19, 20]. The suspension is relatively stable due to the high charge
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(zeta potential greater than – 60 mV) on the exfoliated graphene oxide sheets. Subsequently,
the graphene oxide is reduced, often with hydrazine to re-form the C-C bonds with most, but
importantly not all of the conjugation maintained. Whilst possible to produce on an industrial
scale, the Hummers method does have some significant drawbacks including the highly toxic
nature of some reactants as well as high cost of oxidisers. Furthermore there is a somewhat
complicated post-production purification treatment. However one of the greatest disadvan‐
tages is the introduction of a significant level of defects which reduces the conductivity of the
particles substantially as well as creating a degree of roughness [10]. Hence RGO is most often
used in composites applications where conductivity is not as important and roughness
increases the surface area. In terms of potential interaction with bacteria, the reduced conduc‐
tivity and increased roughness are not necessarily detrimental and studies involving graphene
oxide and RGO have been reported.

A similar procedure using carbon nanotubes as the starting material has also been reported
which can result in the production of graphene. Often termed “unzipping”, carbon nanotubes
have been treated with strong oxidizers to cleave bonds allowing the tube to unroll. The
product is subsequently reduced to repair defects and regenerate the sheet conjugation. The
graphene particles produced from unzipping of nanotubes are hence of limited dimensions
which also means they have an inherently larger edge defect ratio and charge per unit area
than other preparation techniques.

2.4. Liquid phase exfoliation

One promising technique for the production of relatively chemically unmodified graphene in
large quantities is liquid phase exfoliation, sometimes in the presence of surfactants and
polymers [21-32]. This method for the preparation of graphene has been performed in water,
organic solvents as well as ionic liquids [33, 34] however most often the concentration
produced is low (< 1mg/mL). Typically, the interfacial energy of the liquid phase is matched
to the surface energy of graphite promoting exfoliation under ultrasonication. In other words,
the cohesive energy of the liquid phase and solid phase are comparable. This is achieved with
appropriate choice of organic solvent, for example, N-methylpyrrolidone (NMP), N,N-
Dimethylacetamide (DMA), γ-butyrolactone (GBL) and 1,3-dimethyl-2-imidazolidinone
(DMEU) or ionic liquid with a surface tension of the order of about 41 mJ/m2. In aqueous
suspension, surface tension is reduced to the optimum energy range through the addition of
a surfactant in order to separate the graphene sheets beyond the range of the strong attractive
van der Waals forces. The surfactant also has a secondary role in preventing re-aggregation
through adsorption to the graphene surface resulting in a repulsive energy between sheets.

A variety of surfactants have been employed in aqueous solution processing through sonica‐
tion exfoliation. Monomeric surfactants, typically with cationic charge have been extensively
used. Through adsorption, the graphene produced in this manner has a significant positive
charge preventing re-aggregation. The surfactant is not adsorbed irreversibly so changes in
solution conditions (eg through dialysis or dilution) can result in de-stabilisation of the
suspensions. Polymeric type surfactants such as Pluronics have also been used which tend to
improve stability due to the strongly bound nature of the hydrophobic components [30].
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Clearly, the presence of any bound surfactant to the surface of graphene produced in this
manner will have a significant influence on the interaction with bacteria. Furthermore,
depending on processing parameters such as sonication power, sonication time, presence of
salt and surfactants and centrifugation, the particles produced can be chemically varied. High
sonication power leads to cavitation which can cleave bonds and oxidise the sheets as well as
introduce defects. However, gentle sonication gives relatively pristine sheets suitable for both
composites and electronics applications. Centrifugation is also important to separate single
and few layer graphene from the unexfoliated bulk material. Importantly, liquid phase
exfoliation always produces a distribution of graphene thickness and hence careful control of
sedimentation is required to maximise the proportion of single layer graphene. Sample
thickness may also influence the interaction with bacteria as will be discussed in later sections.

2.5. Surfaces prepared from graphene particles

Graphene surfaces have been prepared in a number of ways using particles as a starting
material. These include “paper” like surfaces, supported and free standing, thin films depos‐
ited from solution onto a substrate as well as the development of thicker interfaces using the
layer-by-layer technique. These methods are described in greater detail below.

One convenient method for producing macroscopically large areas of graphene oxide and
graphene is to form a “paper” [20, 35]. Typically, a suspension of the particles is vacuum or
pressured filtered, the directional flow gives rise to the alignment of particles to form a lamella
structure as demonstrated by x-ray diffraction. Upon drying of this graphene particulate filter
cake, the attractive forces between the sheets leads to a very strong material which can be
peeled away from the underlying membrane substrate. The resultant material is often referred
to as paper as the process is very similar to that involving wood fibres. In contrast though to
conventional paper surfaces, graphene paper has a higher tensile strength and stiffness. The
alignment of the particles means that the surface topography is flat and furthermore, the
thickness of the carbon film can be tuned simply by increasing the concentration of graphene
in the suspension prior to filtering. Many studies have presented cross-sectional images of the
paper using SEM where the lamella structure is confirmed. Depending on thickness of the
graphene paper, such cross-sections could also be used for bacterial studies. It is also possible
to create hybrid paper structures through reactions within water layers in the graphene film
or through simple addition of other materials [36, 37].

The direct deposition of graphene particles onto a planar surface has also been extensively
used to create areas of graphene suitable for further studies. Attempts have been made to
“stitch” together such particles however many of the important properties such as high
conductivity were lost. Thus, in most cases, a mosaic like structure of single and few layer
graphene particles is present. Imaging of these surfaces using AFM profiling, combined with
Raman spectroscopy is arguably the best way of characterising the graphene particles but it
should also be apparent that these type of surfaces present a convenient way of producing
graphene modified surfaces. Depending on the source of such particles, the areas covered by
graphene is variable but is usually of the order a square micron.
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tivity and increased roughness are not necessarily detrimental and studies involving graphene
oxide and RGO have been reported.

A similar procedure using carbon nanotubes as the starting material has also been reported
which can result in the production of graphene. Often termed “unzipping”, carbon nanotubes
have been treated with strong oxidizers to cleave bonds allowing the tube to unroll. The
product is subsequently reduced to repair defects and regenerate the sheet conjugation. The
graphene particles produced from unzipping of nanotubes are hence of limited dimensions
which also means they have an inherently larger edge defect ratio and charge per unit area
than other preparation techniques.

2.4. Liquid phase exfoliation

One promising technique for the production of relatively chemically unmodified graphene in
large quantities is liquid phase exfoliation, sometimes in the presence of surfactants and
polymers [21-32]. This method for the preparation of graphene has been performed in water,
organic solvents as well as ionic liquids [33, 34] however most often the concentration
produced is low (< 1mg/mL). Typically, the interfacial energy of the liquid phase is matched
to the surface energy of graphite promoting exfoliation under ultrasonication. In other words,
the cohesive energy of the liquid phase and solid phase are comparable. This is achieved with
appropriate choice of organic solvent, for example, N-methylpyrrolidone (NMP), N,N-
Dimethylacetamide (DMA), γ-butyrolactone (GBL) and 1,3-dimethyl-2-imidazolidinone
(DMEU) or ionic liquid with a surface tension of the order of about 41 mJ/m2. In aqueous
suspension, surface tension is reduced to the optimum energy range through the addition of
a surfactant in order to separate the graphene sheets beyond the range of the strong attractive
van der Waals forces. The surfactant also has a secondary role in preventing re-aggregation
through adsorption to the graphene surface resulting in a repulsive energy between sheets.

A variety of surfactants have been employed in aqueous solution processing through sonica‐
tion exfoliation. Monomeric surfactants, typically with cationic charge have been extensively
used. Through adsorption, the graphene produced in this manner has a significant positive
charge preventing re-aggregation. The surfactant is not adsorbed irreversibly so changes in
solution conditions (eg through dialysis or dilution) can result in de-stabilisation of the
suspensions. Polymeric type surfactants such as Pluronics have also been used which tend to
improve stability due to the strongly bound nature of the hydrophobic components [30].
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Clearly, the presence of any bound surfactant to the surface of graphene produced in this
manner will have a significant influence on the interaction with bacteria. Furthermore,
depending on processing parameters such as sonication power, sonication time, presence of
salt and surfactants and centrifugation, the particles produced can be chemically varied. High
sonication power leads to cavitation which can cleave bonds and oxidise the sheets as well as
introduce defects. However, gentle sonication gives relatively pristine sheets suitable for both
composites and electronics applications. Centrifugation is also important to separate single
and few layer graphene from the unexfoliated bulk material. Importantly, liquid phase
exfoliation always produces a distribution of graphene thickness and hence careful control of
sedimentation is required to maximise the proportion of single layer graphene. Sample
thickness may also influence the interaction with bacteria as will be discussed in later sections.

2.5. Surfaces prepared from graphene particles

Graphene surfaces have been prepared in a number of ways using particles as a starting
material. These include “paper” like surfaces, supported and free standing, thin films depos‐
ited from solution onto a substrate as well as the development of thicker interfaces using the
layer-by-layer technique. These methods are described in greater detail below.

One convenient method for producing macroscopically large areas of graphene oxide and
graphene is to form a “paper” [20, 35]. Typically, a suspension of the particles is vacuum or
pressured filtered, the directional flow gives rise to the alignment of particles to form a lamella
structure as demonstrated by x-ray diffraction. Upon drying of this graphene particulate filter
cake, the attractive forces between the sheets leads to a very strong material which can be
peeled away from the underlying membrane substrate. The resultant material is often referred
to as paper as the process is very similar to that involving wood fibres. In contrast though to
conventional paper surfaces, graphene paper has a higher tensile strength and stiffness. The
alignment of the particles means that the surface topography is flat and furthermore, the
thickness of the carbon film can be tuned simply by increasing the concentration of graphene
in the suspension prior to filtering. Many studies have presented cross-sectional images of the
paper using SEM where the lamella structure is confirmed. Depending on thickness of the
graphene paper, such cross-sections could also be used for bacterial studies. It is also possible
to create hybrid paper structures through reactions within water layers in the graphene film
or through simple addition of other materials [36, 37].

The direct deposition of graphene particles onto a planar surface has also been extensively
used to create areas of graphene suitable for further studies. Attempts have been made to
“stitch” together such particles however many of the important properties such as high
conductivity were lost. Thus, in most cases, a mosaic like structure of single and few layer
graphene particles is present. Imaging of these surfaces using AFM profiling, combined with
Raman spectroscopy is arguably the best way of characterising the graphene particles but it
should also be apparent that these type of surfaces present a convenient way of producing
graphene modified surfaces. Depending on the source of such particles, the areas covered by
graphene is variable but is usually of the order a square micron.
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In order to achieve a complete coverage, the layer-by-layer technique [38, 39] has been used.
This involves the alternate deposition of positively and negatively charged components, using
polyelectrolytes, however with a native negative charge, graphene oxide and graphene with
edge defects have been introduced into such assemblies [20, 29, 40]. The thickness of the film
containing graphene can be easily selected by determining the desired number of bilayers.
Figure 3 shows the structure of the multilayer assembly incorporating cationically stabilised
graphene and poly(acrylic acid) as a function of the number of layers [29].

Figure 3. Surface structure of a graphene thin film prepared through the alternate deposition of cationically modified
graphene and polyacrylic acid probed using atomic force microscopy imaging, the scale is 500 nm × 500 nm. (Repro‐
duced with permission from Reference 29).

3. Some insights on the nature of bacterial attachment to surfaces

In a thermodynamic sense, adhesion can be defined as the energy required to create new
surface area upon separation in a defined medium (such as air or water). As this suggests, the
effective surface energies of the two interfaces are hence of critical importance. Thus the surface
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chemistry of the bacteria as well as the substrata to which the bacteria may attach must be well
understood and considered as one of the possible parameters that may either promote or
inhibit bacterial attachment and subsequent biofilm formation. The physical surface structure
is also a critical factor influencing the interaction with bacteria. These details are discussed
further below.

The chemistry of the substrate has been shown to influence the adhesion of bacteria and the
build-up of the biofilm. Typically, bacteria have shown greater affinity for hydrophobic
surfaces [41]. This has been hypothesised to be due to hydrophobic interactions although this
is certainly dependent on the type of bacteria studied. Furthermore, an effective strategy for
the creation of anti-bacterial surfaces has been to modify the surface to give a hydrophilic
chemistry with polymeric materials such as polyethylene glycol (PEG) which are highly
hydrated. In order for attachment to occur, the water molecules must be displaced, which is a
thermodynamically unfavourable result. At high ionic strengths, the PEG chains can dehy‐
drate and the efficacy for preventing bacterial adhesion of such surfaces is weaker [42]. It is
commonly believed that adsorption on hydrophobic surfaces is rapid with strong binding
forces, while adhesion to hydrophilic surfaces followed the model of reversible and irreversible
adhesion proposed by Marshall [43] and can be described by DLVO theory (Derjaguin,
Landau, Verwey, and Overbeek) [44, 45]. Initially, a weak and reversible stage of the adhesion
was observed at separation distances of several nanometers, at which point the bacterium can
be removed by shear forces or desorb spontaneously. At a later stage, this attachment can be
converted into irreversible adhesion by synthesis of extracellular biopolymers or by stabiliza‐
tion of conformational changes in existing polymers. These polymers bridge separation
distances of less than 1 nm, displacing the adsorbed water and /or neutralising the electrostatic
repulsion. Another factor that may influence the adhesion of bacteria is the presence of surface
charge. Many surfaces carry a significant net charge due to ion dissolution, ion adsorption or
surface ionisation, the latter effect gives rise to the potential for either net positive or net
negative charge depending on pH. This tends to be less important for polymeric surfaces which
are inherently hydrophobic. It is interesting to note that graphene, in a similar sense to graphite
has an intermediate wettability and depending on the method of production, may have a
varying level of charge.

At this point, it is useful to introduce some definitions to make a distinction between surfaces
which inhibit attachment and surfaces which effectively destroy bacteria on contact [46]. Both
types of surfaces are often classed as “anti-bacterial” however the latter should more correctly
be classed as bactericidal. Some chemistries such as those involving quaternary ammonium
groups have shown strong bactericidal action through inducing permeability of the mem‐
brane. It has been demonstrated that surface morphology can also be used to kill bacteria.
Typically, such structured surfaces have significant roughness or peaks with high aspect ratios
which can cause the bacterial cell wall to rupture under its own weight upon contact [46].
Clearly in the case of graphene, the edges also fulfil this latter criterion however the basal
planes can be considered atomically smooth. Therefore there is an expectation then that the
interaction of bacteria with graphene will be highly dependent on the orientation of the surface
relative to the bacteria.
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chemistry of the bacteria as well as the substrata to which the bacteria may attach must be well
understood and considered as one of the possible parameters that may either promote or
inhibit bacterial attachment and subsequent biofilm formation. The physical surface structure
is also a critical factor influencing the interaction with bacteria. These details are discussed
further below.

The chemistry of the substrate has been shown to influence the adhesion of bacteria and the
build-up of the biofilm. Typically, bacteria have shown greater affinity for hydrophobic
surfaces [41]. This has been hypothesised to be due to hydrophobic interactions although this
is certainly dependent on the type of bacteria studied. Furthermore, an effective strategy for
the creation of anti-bacterial surfaces has been to modify the surface to give a hydrophilic
chemistry with polymeric materials such as polyethylene glycol (PEG) which are highly
hydrated. In order for attachment to occur, the water molecules must be displaced, which is a
thermodynamically unfavourable result. At high ionic strengths, the PEG chains can dehy‐
drate and the efficacy for preventing bacterial adhesion of such surfaces is weaker [42]. It is
commonly believed that adsorption on hydrophobic surfaces is rapid with strong binding
forces, while adhesion to hydrophilic surfaces followed the model of reversible and irreversible
adhesion proposed by Marshall [43] and can be described by DLVO theory (Derjaguin,
Landau, Verwey, and Overbeek) [44, 45]. Initially, a weak and reversible stage of the adhesion
was observed at separation distances of several nanometers, at which point the bacterium can
be removed by shear forces or desorb spontaneously. At a later stage, this attachment can be
converted into irreversible adhesion by synthesis of extracellular biopolymers or by stabiliza‐
tion of conformational changes in existing polymers. These polymers bridge separation
distances of less than 1 nm, displacing the adsorbed water and /or neutralising the electrostatic
repulsion. Another factor that may influence the adhesion of bacteria is the presence of surface
charge. Many surfaces carry a significant net charge due to ion dissolution, ion adsorption or
surface ionisation, the latter effect gives rise to the potential for either net positive or net
negative charge depending on pH. This tends to be less important for polymeric surfaces which
are inherently hydrophobic. It is interesting to note that graphene, in a similar sense to graphite
has an intermediate wettability and depending on the method of production, may have a
varying level of charge.

At this point, it is useful to introduce some definitions to make a distinction between surfaces
which inhibit attachment and surfaces which effectively destroy bacteria on contact [46]. Both
types of surfaces are often classed as “anti-bacterial” however the latter should more correctly
be classed as bactericidal. Some chemistries such as those involving quaternary ammonium
groups have shown strong bactericidal action through inducing permeability of the mem‐
brane. It has been demonstrated that surface morphology can also be used to kill bacteria.
Typically, such structured surfaces have significant roughness or peaks with high aspect ratios
which can cause the bacterial cell wall to rupture under its own weight upon contact [46].
Clearly in the case of graphene, the edges also fulfil this latter criterion however the basal
planes can be considered atomically smooth. Therefore there is an expectation then that the
interaction of bacteria with graphene will be highly dependent on the orientation of the surface
relative to the bacteria.
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3.1. Surface chemistry of bacterial cells

The bacterial cell outer layer is composed of complex biological molecules; therefore at the
time of the cell-surface interaction the cell surface chemistry is heterogeneous and depends on
various physicochemical and biological parameters. For example it was shown that on the
surface of the cyanobacterium Calothrix sp. KC97 that the three main functional groups
(carboxyl, phosphoryl, and amine) present are present in several discrete binding sites [47].
Carboxyl groups are found in abundance in cell wall constituents such as diaminopimelic and
glutamic acids in the peptide cross-linkages of peptidoglycan molecules; or carboxylated
teichoic acids, covalently bound to peptidoglycan, or other phosphoryl-containing polymers
in the cell envelope which include LPS. Lipids present in the cell wall may also exhibit
phosphoryl groups of the phosphatidylglycerol and phosphatidylcholine. It was also reported
that the negatively charged carboxyl and positively charged amine groups, present at natural
pH, usually occur in approximately equal proportions. The slight increase in the negative
charge with increasing pH was suggested to be predominantly a result of deprotonation of
carboxylic and phosphoric groups to form negatively charged species but may also be
contributed to by deprotonation of amine groups to form electroneutral species.

In addition to the inherent heterogeneity of cellular outer layers, bacteria secrete a variety of
extracellular polymeric substances (EPS), including polysaccharides, proteins, and nucleic
acids, that vary in molecular mass and structural properties [48]. Extracellular polysaccharides
(EPSs) are present in many forms, including capsular polysaccharides, which are also referred
to as ‘cell-bound extracellular polymeric substances’ which remain connected to cell surfaces
by means of a covalent attachment to phospholipid or lipid A molecules present at the bacterial
surface [49]. While some capsular polysaccharides may be released into the growth medium
(i.e. become ‘free’) as a consequence of the low stability of the phosphodiester linkage between
the polysaccharide and the phospholipid membrane anchor, other tightly attached capsular
polysaccharides form a distinct structural layer (the capsule) which encloses the cell and serves
as a protective layer. This layer acts as a shield on the cell surface, affording the cell protection
from major bacterial pathogens [50]. Most significantly, EPS play a major role in mediating the
bacterial colonization of surfaces, biotic and abiotic, by enabling cell adhesion and co-aggre‐
gation via dipole interactions, covalent or ionic bonding, steric interactions, and hydrophobic
association, making the target surface more attractive for bacterial attachment. The tempera‐
ture, solution pH, electrolyte and macromolecule concentration, and adsorbent surface
chemistry will directly influence the chemical composition and structure of the EPS substances
that are responsible for the surface conditioning.

3.2. Interaction of bacteria with “graphene” modified surfaces

Only a relative few studies have investigated the interaction of bacteria with graphene or
graphene-like surfaces in comparison to other materials such as minerals, metals and plastics.
The unique structure of graphene, in particular the physical dimensions which are character‐
ised by the high aspect ratio, provide opportunities for creating surfaces with tailored
properties which may inhibit or promote bacterial attachment as well as potentially inducing
cell death. The varied preparation procedures for producing single and few layer graphene
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materials also provide the ability to tune the interaction with bacteria. These are perhaps the
reasons why there is no consistent picture regarding the interaction of bacteria with such
surfaces modified in this way [51]. However, there are clear circumstances where the build-
up of the biofilm is inhibited. The available studies are summarised below.

There is great interest in producing graphene modified surfaces for anti-bacterial applications.
Studies have suggested that such surfaces are indeed anti-bacterial yet others show the
promotion of cell attachment. The first study undertaken for the investigation of bacterial
interaction with a graphene-like surface was by Akhavan and Ghaderi in 2010 that used Gram-
negative (E. coli) and Gram-positive (S. aureus) bacteria [52]. In this study, single and few layer
graphene oxide and reduced graphene oxide deposited onto a stainless steel substrate was
used. The orientation of particles was such that a significant number of edges were exposed.
A substantial loss in cell viability for both E. coli and S. aureus was observed. However within
this investigation, some trends were reported. For example, the cell viability was less for the
Gram positive bacteria S. aureus and furthermore, the reduced graphene oxide surface had a
greater ability to inhibit attachment as well as kill the bacteria. This study showed that
membrane damage induced through contact with the graphene oxide and reduced graphene
oxide particles occurred through measurement of the efflux of the cytoplasmic materials which
supports the observation of a greater toxicity toward Gram-positive bacteria. The authors
suggested in addition that the reduced graphene oxide particles have sharper edges than the
oxidated counterparts leading to increased potency however this theory is not well supported
by the direct imaging of particles, nor the extensive literature in this area [1, 2].

Hu et al also investigated the interaction of E. coli with graphene oxide and reduced graphene
oxide surfaces prepared through vacuum filtration into a paper like surface [53]. In this
instance, the particles lay relatively flat on the surface with only a few edges oriented away
from the interface. An airborne bacteria test was used in this study with the viability of cells
subsequently determined. Similar to the work of Akhavan and Ghaderi, a significant loss of
viability was observed for both graphene oxide and reduced graphene oxide; however in
contrast they determined the greatest loss for the graphene oxide. Again, the toxicity mecha‐
nism was suggested to be due to membrane damage induced through contact with the
particulate edges which was confirmed through scanning electron microscopy imaging.

In contrast to the above mentioned studies where graphene oxide has shown anti-bacterial
activity, the study of Ruiz et al suggested that there is no detrimental effect to bacteria and
indeed that bacterial growth rates were higher [54]. Graphene oxide paper surfaces were used
in this study, the material prepared using a modified Hummers method together with E. coli
as the model bacteria. Growth rates of bacteria were up to 3 times as fast on membranes
modified with a high surface coverage of graphene oxide with a preferential attachment to
areas with high particle density. No high resolution images of the paper surface were presented
however it is likely that using this vacuum filtration preparation procedure that the graphene
oxide particles are lying flat on the membrane substrate with few exposed edges. Previously
it has been suggested that the cytotoxicity is due to membrane damage caused by rupture due
to particle edges [51]. The oxidised basal planes which are however exposed in this case may
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ture, solution pH, electrolyte and macromolecule concentration, and adsorbent surface
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that are responsible for the surface conditioning.

3.2. Interaction of bacteria with “graphene” modified surfaces

Only a relative few studies have investigated the interaction of bacteria with graphene or
graphene-like surfaces in comparison to other materials such as minerals, metals and plastics.
The unique structure of graphene, in particular the physical dimensions which are character‐
ised by the high aspect ratio, provide opportunities for creating surfaces with tailored
properties which may inhibit or promote bacterial attachment as well as potentially inducing
cell death. The varied preparation procedures for producing single and few layer graphene
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materials also provide the ability to tune the interaction with bacteria. These are perhaps the
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up of the biofilm is inhibited. The available studies are summarised below.

There is great interest in producing graphene modified surfaces for anti-bacterial applications.
Studies have suggested that such surfaces are indeed anti-bacterial yet others show the
promotion of cell attachment. The first study undertaken for the investigation of bacterial
interaction with a graphene-like surface was by Akhavan and Ghaderi in 2010 that used Gram-
negative (E. coli) and Gram-positive (S. aureus) bacteria [52]. In this study, single and few layer
graphene oxide and reduced graphene oxide deposited onto a stainless steel substrate was
used. The orientation of particles was such that a significant number of edges were exposed.
A substantial loss in cell viability for both E. coli and S. aureus was observed. However within
this investigation, some trends were reported. For example, the cell viability was less for the
Gram positive bacteria S. aureus and furthermore, the reduced graphene oxide surface had a
greater ability to inhibit attachment as well as kill the bacteria. This study showed that
membrane damage induced through contact with the graphene oxide and reduced graphene
oxide particles occurred through measurement of the efflux of the cytoplasmic materials which
supports the observation of a greater toxicity toward Gram-positive bacteria. The authors
suggested in addition that the reduced graphene oxide particles have sharper edges than the
oxidated counterparts leading to increased potency however this theory is not well supported
by the direct imaging of particles, nor the extensive literature in this area [1, 2].

Hu et al also investigated the interaction of E. coli with graphene oxide and reduced graphene
oxide surfaces prepared through vacuum filtration into a paper like surface [53]. In this
instance, the particles lay relatively flat on the surface with only a few edges oriented away
from the interface. An airborne bacteria test was used in this study with the viability of cells
subsequently determined. Similar to the work of Akhavan and Ghaderi, a significant loss of
viability was observed for both graphene oxide and reduced graphene oxide; however in
contrast they determined the greatest loss for the graphene oxide. Again, the toxicity mecha‐
nism was suggested to be due to membrane damage induced through contact with the
particulate edges which was confirmed through scanning electron microscopy imaging.

In contrast to the above mentioned studies where graphene oxide has shown anti-bacterial
activity, the study of Ruiz et al suggested that there is no detrimental effect to bacteria and
indeed that bacterial growth rates were higher [54]. Graphene oxide paper surfaces were used
in this study, the material prepared using a modified Hummers method together with E. coli
as the model bacteria. Growth rates of bacteria were up to 3 times as fast on membranes
modified with a high surface coverage of graphene oxide with a preferential attachment to
areas with high particle density. No high resolution images of the paper surface were presented
however it is likely that using this vacuum filtration preparation procedure that the graphene
oxide particles are lying flat on the membrane substrate with few exposed edges. Previously
it has been suggested that the cytotoxicity is due to membrane damage caused by rupture due
to particle edges [51]. The oxidised basal planes which are however exposed in this case may
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confer an increased wettability on the particles which in turn allows a stronger interaction with
the bacterial LPS through hydrogen bonding.

The interaction of bacteria with composite surfaces of graphene materials and other polymers
has also been investigated. Many exfoliation techniques including the Hummers method and
liquid phase exfoliation lend themselves to easy modification of the surface properties of the
graphene particles through binding with polymers in either a physisorbed or chemisorbed
sense [28]. This is due to the introduction of reactive sites or more simply charged groups
which may lead to electrostatic adsorption of oppositely charged (cationic) polyelectrolytes.
The combination with inherently anti-bacterial polymers such as those containing quaternary
ammonium groups has proven highly useful. Sreeprasad et al produced composite films of
graphene oxide (and reduced graphene oxide) and lactoferrin or chitosan [55]. E. coli was used
as the bacteria in this study. Without surface modification through protein or polymer
adsorption, the anti-bacterial activity of graphene oxide and reduced graphene oxide was
weak. A significant increase in cytotoxicity was observed through incorporation of lactoferrin
however the greatest loss in cell viability was due to the combination of lactoferrin and
chitosan. There was no statistical difference in the graphene material observed.

Another study involving graphene oxide composite films with included polyvinyl-N-
carbazole, a polymer with inherent antibacterial characteristics [56, 57]. The efficacy of these
composite surfaces against two Gram-negative bacteria (E. coli and C. metallidurans) and two
Gram-positive bacteria (B. subtilus and R. opacus) was investigated. The anti-bacterial activity
of the composite material was higher than the unmodified graphene oxide particles and
surfaces. Not only did the surfaces inhibit build-up of the biofilm but it also inactivated a
significant proportion of bacteria. Again, there was a greater loss in viability of Gram-positive
bacteria exposed to the composite film. This study also showed that whilst anti-bacterial
activity was observed, no significant cytotoxicity toward eukaryotic cells (human fibroblast)
was observed suggesting that graphene oxide-polyvinyl-N-carbazole composites could
potentially be used in clinical applications.

More recently another graphene oxide-polymer composite material also showed anti-bacterial
activity as well as the promotion of the growth of human cells (adipose-derived stem cells) [58].
Poly-l-lysine (PLL) is a cationic polyelectrolyte which can adsorb irreversibly to graphene
oxide through an electrostatic interaction. PLL has been shown to have anti-microbial activity
but has also been used for the immobilization of cells to negatively charged surfaces such as
silica hence Some et al used functionalised graphene oxide with PLL to investigate cytotoxicity
of E. coli. In addition to the graphene oxide composite, the particles were subsequently reduced
and the anti-bacterial activity studied. This study showed that there was no anti-bacterial
activity of unmodified graphene oxide, as with previous studies, the surfaces were essentially
arranged in a flat conformation and hence edges were not exposed. However, the graphene
oxide-PLL composite showed potent anti-bacterial activity toward the Gram-negative bacteria
E. coli. The relatively highly cationically charged surface was speculated to be the mechanism
inhibiting attachment. Some et al also modified the composite to boost the amount of cationic
charges through covalent attachment of a diazonium salt which resulted in a decrease in cell
adherence. Staining experiments demonstrated that cell death was also induced.
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In the current literature, all studies involving bacteria have been conducted with either
graphene oxide or reduced graphene oxide particles which have subsequently been formed
into a surface for attachment and viability studies. There is still no consensus view in regard
to the inherent anti-bacterial nature of such surfaces. The information available suggests there
is some difference toward cytotoxicity depending upon the orientation of the particles attached
to the surface. Graphene oxide and reduced graphene oxide sheets with the sharp edges
exposed to contact with the bacterial membrane seem to induce rupture. In contrast, the studies
which have shown no anti-bacterial activity tend to involve surfaces with the basal planes at
the interface. As outlined in the previous sections, the materials used to date in studying the
interaction with bacteria are quite distinct from what could be called “pristine” graphene or
graphene produced through epitaxial growth. That is, no studies involving the highly
conjugated, defect free and single layer of sp2 hybridised carbon have been reported.

4. Interaction of graphene particles with bacteria in suspension

Many of the studies outlined above also investigated the interaction of bacteria with graphene
oxide and reduced graphene oxide particles in suspension with comparable results to those
involving substrates produced from these particles [54, 55, 58, 59]. These studies usually
investigated cell viability as a function of time and in general terms, greater loss in viability
was observed for Gram-positive bacteria. In all of these studies, membrane rupture was
proposed to be the toxicity mechanism. In suspension, the orientation of the graphene oxide
or reduced graphene oxide particles may interact with bacteria in a manner of edgewise
contact. Undoubtedly the evidence supports the suggestion of membrane rupture inducing
cytotoxicity; however no molecular scale mechanism has yet been proposed.

In addition to the studies reported in the previous section, there have been others which have
investigated the cytotoxicity of graphene and similar materials toward a range of bacteria in
suspension. Such studies are highly important as there are many potential uses where
graphene and graphene oxide have been proposed to be employed from clinical applications
to water purification and coatings. In these uses it could reasonably be expected that the
particles may interact with a range of cellular materials including bacteria. A recent study
chronicled the antibacterial activity of a family of related materials dispersions including
graphite, graphite oxide, graphene oxide and reduced graphene oxide toward the model
Gram-negative bacteria E. coli [59]. All of these materials showed some anti-bacterial activity
using a colony counting method. The materials with smallest thickness, that is graphene oxide
and reduced graphene oxide showed a greater cytotoxicity with a preference for the reduced
form. These authors noted that membrane rupture occurred however also demonstrated that
oxidative stress was also a potential mechanism for the observed cell death.

The antibacterial efficiency of reduced graphene oxide nanosheets was also studied by
Krishnamoorthy et al [60]. The authors studied the minimum inhibitory concentration (MIC)
of the particles against both Gram-positive (E. faecalis and B. subtilis) and Gram-negative (E.
coli and S. typhimurium) bacteria. The MIC of reduced graphene oxide particles was observed
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confer an increased wettability on the particles which in turn allows a stronger interaction with
the bacterial LPS through hydrogen bonding.

The interaction of bacteria with composite surfaces of graphene materials and other polymers
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charges through covalent attachment of a diazonium salt which resulted in a decrease in cell
adherence. Staining experiments demonstrated that cell death was also induced.

Advances in Graphene Science110

In the current literature, all studies involving bacteria have been conducted with either
graphene oxide or reduced graphene oxide particles which have subsequently been formed
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is some difference toward cytotoxicity depending upon the orientation of the particles attached
to the surface. Graphene oxide and reduced graphene oxide sheets with the sharp edges
exposed to contact with the bacterial membrane seem to induce rupture. In contrast, the studies
which have shown no anti-bacterial activity tend to involve surfaces with the basal planes at
the interface. As outlined in the previous sections, the materials used to date in studying the
interaction with bacteria are quite distinct from what could be called “pristine” graphene or
graphene produced through epitaxial growth. That is, no studies involving the highly
conjugated, defect free and single layer of sp2 hybridised carbon have been reported.
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was observed for Gram-positive bacteria. In all of these studies, membrane rupture was
proposed to be the toxicity mechanism. In suspension, the orientation of the graphene oxide
or reduced graphene oxide particles may interact with bacteria in a manner of edgewise
contact. Undoubtedly the evidence supports the suggestion of membrane rupture inducing
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to water purification and coatings. In these uses it could reasonably be expected that the
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chronicled the antibacterial activity of a family of related materials dispersions including
graphite, graphite oxide, graphene oxide and reduced graphene oxide toward the model
Gram-negative bacteria E. coli [59]. All of these materials showed some anti-bacterial activity
using a colony counting method. The materials with smallest thickness, that is graphene oxide
and reduced graphene oxide showed a greater cytotoxicity with a preference for the reduced
form. These authors noted that membrane rupture occurred however also demonstrated that
oxidative stress was also a potential mechanism for the observed cell death.

The antibacterial efficiency of reduced graphene oxide nanosheets was also studied by
Krishnamoorthy et al [60]. The authors studied the minimum inhibitory concentration (MIC)
of the particles against both Gram-positive (E. faecalis and B. subtilis) and Gram-negative (E.
coli and S. typhimurium) bacteria. The MIC of reduced graphene oxide particles was observed
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to be significantly lower for the Gram-negative bacteria. This was hypothesised to be due to
the much thinner peptidoglycan layer of these types of bacteria. This is in direct contrast to
other studies which suggest that the presence of the secondary cell membrane of Gram-
negative bacteria provides a better resistance to membrane induced damage in the presence
of these particles. The authors also provided evidence that enhanced lipid peroxidation
occurred in suspensions containing reduced graphene oxide.

Many studies have investigated the difference in activity between graphene oxide and reduced
graphene oxide yet to date only one has looked into the particle size dependence [61]. Liu et
al demonstrated that larger sheets had a stronger antibacterial action than smaller graphene
oxide particles. Different sized sheets were prepared through varying the sonication time in
the modified Hummers method used to prepare the graphene oxide suspension. The lateral
size difference was up to 2 orders of magnitude. The loss of viability of E. coli cells increased
with increasing size and was due to the ability of larger sheets to effectively isolate and wrap
bacterium cells preventing proliferation.

Akhavan et al have investigated the potential of “wrapping” of bacteria with graphene particles
in order to reduce bioactivity [62]. The model Gram-negative bacterium E. coli was used in this
study. The authors observed no significant inactivation of the bacteria in the presence of
graphene oxide suspension or reduced form of graphene. However, the study was also
conducted in the presence of melatonin, a reductant, which resulted in the aggregation of
bacteria and functionalised graphene particles. AFM showed that the bacteria were ensconced
by particles which resulted in a decrease in active cells.

Additional work by Akhavan and Ghaderi has demonstrated that E. coli was able to reduce
graphene oxide under acidic conditions [63]. The oxygen containing functional groups were
reduced by as much as 60% over a period of two days as the graphene oxide particles were
supposed to be biocompatible. Interestingly, upon conversion to reduced graphene oxide,
antibacterial action was shown, due in large part to the existing attached bacteria to the
graphene surfaces as well as growth inhibition of these particles as previously discussed.

Another successful strategy that has been employed for producing increased anti-bacterial
action of graphene oxide has been to functionalise the surfaces with nanometric silver particles.
Zhang et al used gelatin as a “green” reducing agent for Ag2+ ions to form silver nanoparticles
of size about 100 nm [64]. These were also stabilized with gelatin and subsequently mixed with
a graphene oxide suspension. The positively charged amino groups of the gelatin stabilised
silver particles were then electrostatically attracted to the negatively charge groups on the
graphene oxide surface. These composite particles showed concentration dependence for the
growth inhibition of E. coli with as little as 10 ppm required to reduce growth by 99.9% (the
corresponding non-functionalised graphene oxide particles reduced growth by 38%). Com‐
bining graphene oxide with silver nanoparticles was also undertaken by Das et al to investigate
the interaction with the Gram-negative bacteria E. coli and P. aeruginosa [65]. Sodium borohy‐
dride as a reducing agent was added to a suspension of graphene oxide particles in the presence
of AgNO3 under vigorous stirring to produce decorated sheets. The size of the Ag nanoparticles
was of the order of 5 - 25 nm. The authors showed an increasing growth delay of both bacterial
strains with increasing nanoparticle concentration.

Advances in Graphene Science112

A variation on the surface modification of graphene oxide sheets with nanoparticles is to create
a hybrid material which is photocatalytic. This approach was taken by Liu et al where the
surface was functionalised with Ag3PO4 nanoparticles to create a material with strong
absorbance in the visible region [66]. These particles show enhanced photocatalytic activity as
demonstrated by the degradation of a model dye AO7 through the production of reactive
oxygen species. The authors also observed strong antibacterial action against E. coli of the
composite graphene oxide-Ag3PO4 to a similar extent of synthesised Ag3PO4 nanoparticles.
The mechanism of action was suggested to be due to oxidative stress induced disinfection
upon exposure to visible light.

5. Outlook

Whilst much work has been undertaken toward understanding the interaction of bacteria and
graphene (and related materials) few clear unambiguous trends can currently be drawn on
bacteria properties or physico-chemical properties of the particles. The overwhelming majority
of studies have been conducted with graphene oxide prepared using the Hummers method
or with the subsequently reduced graphene oxide particles. As discussed, many of the unique
properties of graphene such as high electron mobility are significantly diminished upon
oxidation and reduction. Hence in order to adequately state the bacterial interaction with
graphene and related materials, further studies using differently sourced materials must be
undertaken. Such studies should involve exfoliated graphene which retains the extended
conjugation or alternatively, epitaxially grown graphene materials.

The orientation of the graphene sheets immobilised at the interface has a clear influence on the
observed bactericidal action. Single layer graphene and graphene oxide have a thickness of
about 0.3 nm, or atomic thickness, and hence have been speculated to be able to rupture the
cell membrane. This was shown with both Gram-positive and Gram-negative bacteria which
suggest the ultrastructure of prokaryotic cell walls is not a factor in the observed bactericidal
activity. Furthermore, the studies which had an orientation of particles parallel to the interface
may have inhibited bacterial attachment in some cases however cell death was not evident. In
addition, the lateral size of particles had an influence on cell viability which supports the idea
that the edge density is important. Surfaces patterned to a greater extent, particular on the
length scale of the size of the bacteria will improve understanding of the role of particle
orientation. Many techniques are described in the literature which may allow a greater degree
of control over the orientation of particle surfaces through lithography. Epitaxially grown
graphene surfaces combined with photolithography may prove useful to achieve this control.

The bacteria species studied to date are predominantly common types such as E. coli or P.
aeruginosa. The variety of bacteria available is vast with diverse properties. It would be of great
interest to expand the knowledge of the interaction with graphene and graphene oxide
materials beyond these systems to others of high importance in clinical applications such as
S. aureus or those with substantially different surface chemistries including highly hydropho‐
bic bacteria. The studies detailed above have also used bacteria with simple geometries such
as spheres and rods but other more complex geometries are common.
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The majority of studies have focussed on anti-bacterial applications of graphene oxide and
reduced graphene oxide derivatives. Whilst this is undoubtedly an important avenue of
research, there are many applications where promoting bacterial growth on surfaces is
advantageous. Controlling particle orientation as well combining with biocompatible polymer
materials may lead to the potential for utilising graphene particles in biomedical applications.

The increased potential use of graphene, graphene oxide and reduced graphene oxide surfaces
and particles in technology demands a thorough understanding of cytotoxicity. Nanoparticles
are becoming more prevalent in biomedical applications. Examples include the use of particles
in medical imaging. Another prominent example is the use of gold nanorods which may induce
local heating once incorporated into tissue for novel anti-tumour applications. Porous
nanoparticles have also been suggested for drug delviery. Bacteria form an important com‐
ponent of the biomass and important function in the environment. Hence it is timely and
essential that all potential benefits and disadvantages of the use of this new class of materials
are appreciated prior to the widespread uptake and use of graphene in novel applications.
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1. Introduction

Graphene is an atomically thick monolayer formed by hexagonally arranged carbon atoms
with sp2 planar covalent bonds [1]. It has unique mechanical [2], electronic [3], optical
[4], and transport properties [5], leading to many potential applications [6]. Its low-energy
electron excitations are 2D massless chiral Dirac fermions [3], moving 300 times slower
than light [7]. These fermions have nearly ballistic transport and high mobility at room
temperature [3, 5, 7–9]. In magnetic fields, their motion is associated with several quantum
Hall effects, observable at room temperature [10, 11]. Many methods have been proposed
to fabricate large-area semiconducting graphene materials, such as chemical [12–14],
sonochemical [15], and lithographic [16, 17] methods. Graphene is a great candidate for
electronic applications [6], especially upon further functionalization [18–20]. Graphene was
modified by wrapping [21–24], oxidation [25–27], etching [12, 28, 29], covalent [20, 30–34],
noncovalent [20, 35], and biological [36] functionalization.

Despite the fact that graphene has excellent transport characteristics, its applicability in
semiconductor industry is limited, since it lacks a significant band gap ≫ kT [3]. Therefore,
graphene conductance can not be easily modified by doping and electric fields, as in silicon
[37]. However, a band gap can be opened in geometrically restricted graphene [5, 38–42].
The simplest restrictions originate in edges [43], giving graphene unique structural [44–46],
electronic [39, 41] and chemical properties [47]. Graphene edges have been modified [48, 49]
by selective chemical bonding [50] and etching [29, 51]. They have been controlled by
electrochemical [52] and optical [53] means, and characterized spectroscopically [54–56].
When graphene is restricted by two parallel edges, a graphene nanoribbon (GNR) is formed
with armchair (AGNR) or zig-zag edges (ZGNR). Metallic or semiconducting GNRs can be
obtained by cutting graphene [57], carbon nanotubes or by purely organic means [58]. While
tight-binding calculations showed that AGNRs appear to be metallic at certain widths [59],
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with sp2 planar covalent bonds [1]. It has unique mechanical [2], electronic [3], optical
[4], and transport properties [5], leading to many potential applications [6]. Its low-energy
electron excitations are 2D massless chiral Dirac fermions [3], moving 300 times slower
than light [7]. These fermions have nearly ballistic transport and high mobility at room
temperature [3, 5, 7–9]. In magnetic fields, their motion is associated with several quantum
Hall effects, observable at room temperature [10, 11]. Many methods have been proposed
to fabricate large-area semiconducting graphene materials, such as chemical [12–14],
sonochemical [15], and lithographic [16, 17] methods. Graphene is a great candidate for
electronic applications [6], especially upon further functionalization [18–20]. Graphene was
modified by wrapping [21–24], oxidation [25–27], etching [12, 28, 29], covalent [20, 30–34],
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Despite the fact that graphene has excellent transport characteristics, its applicability in
semiconductor industry is limited, since it lacks a significant band gap ≫ kT [3]. Therefore,
graphene conductance can not be easily modified by doping and electric fields, as in silicon
[37]. However, a band gap can be opened in geometrically restricted graphene [5, 38–42].
The simplest restrictions originate in edges [43], giving graphene unique structural [44–46],
electronic [39, 41] and chemical properties [47]. Graphene edges have been modified [48, 49]
by selective chemical bonding [50] and etching [29, 51]. They have been controlled by
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When graphene is restricted by two parallel edges, a graphene nanoribbon (GNR) is formed
with armchair (AGNR) or zig-zag edges (ZGNR). Metallic or semiconducting GNRs can be
obtained by cutting graphene [57], carbon nanotubes or by purely organic means [58]. While
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DFT calculations predicted that all AGNRs are semiconducting, with a band gap roughly
inversely proportional to the GNR width [59–62], but all ZGNRs are semimetallic.

Alternatively, graphene can be restricted by perforation with nanopores, in analogy to a
two-dimensional Swiss cheese [63, 64]. Graphene nanopores can be functionalized to create
materials with rich applications in physics [65], chemistry [66, 67], biology [68] and various
technologies [69, 70], such as molecular separation [63, 71–75] and electronics [6, 62, 76].
Chemical functionalization of graphene nanopores can improve their separation ability
[63, 77–83], and detection [74, 84]. For example, oxidation of packed multilayered graphene
sheets could allow selective ultrafast water flows through these layers, and prevent the
passage of helium, nitrogen, argon, and hydrogen [80]. Nitrogen substitutions of carbon
atoms in the pore rims are important for a quick separation of 3He and 4He nuclei [77].
Diamond-like carbon nanosheets with nanopores can selectively filtrate organic solvents [81],
such as ethanol and azobenzene.

2. Preparation of porous nanocarbons

The porous graphene can be prepared by top down and bottom up approaches. In the
top down approach, nanopores can be drilled in graphene by electron beams [73, 85–87] or
by oxidative [64, 75, 88] and steam [89] etching. In Fig. 1 (left), an electron-beam drilled
nanopore in graphene is shown [73]. This pore has been used to detect the passage of ionic
solutions and DNA molecules [73, 86, 87]. Graphene nanopores prepared by oxygen plasma
etching [64] have homogeneous distribution of sizes, which leads to opening of an effective
energy gap of 100 meV in the graphene material. Steam etching of graphene by water vapor
in a seal vessel at 200 K temperature is a rather slow process [89], but with a better control
of the porosity by the etching time.

Figure 1. (left) Experimentally prepared graphene nanopore by electron beam drilling. From Ref. [73]. (right) Synthetic growth

of porous graphene from organic molecules covalently bound on the surfaces of metals. From Ref. [90].

Precise graphene nanopores could also be prepared by bottom up approaches, where porous
graphene can be grown from conjugated aromatic molecules covalently interconnected on
the surfaces of other materials (metals). In Fig. 1 (right), we show graphene nanopores with
precisely functionalized rims experimentally prepared in this manner [90]. This procedure
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uses surface-assisted coupling of molecular precursors into linear polyphenylenes and their
subsequent cyclodehydrogenation. The porous graphene was synthesized by depositing
hexaiodo-substituted macrocycle cyclohexa-m-phenylene (CHP) on Ag (111) surface, and
annealing to temperatures above 570 K initiates the polymerization reaction. Six-fold
aryl-aryl coupling of the CHP monomers resulted in a 2D polyphenylene network. This
contained periodic nanopores in a hexagonal pattern in the polymerized graphene layer, also
with atomic precision. Another bottom up approach used the self-assembly of close-packed
polystyrene nanospheres to synthesize semiconducting porous graphene networks [62].
Highly ordered networks of carbon atoms based on non-covalent interactions, such as
hydrogen bonding, metal coordination, or aromatic interactions have also been grown on
various single crystalline substrates [58, 90, 91].

Although both the bottom up and top down approaches create porous graphene with
a band gap, the amount of imperfections is significantly smaller in the first approach.
This is of importance for electronic and optical applications [6]. Field effect transistors
made of porous graphene fabricated in a top down way demonstrate a high hole mobility
at room temperature [64]. In a functionalized and modified graphene, spectroscopic
methods are used to characterize the electronic states [51, 92] and chemical structures before
[92–98] and after [99–101] modifications. These methods include Raman [99, 102–105],
resonance-Raman [51], surface-enhanced Raman [106], infrared [95, 107–109], plasmon [110],
nuclear magneto-resonance [111], scanning tunneling [95, 112], photoemission [113] and
Auger electron spectroscopies [114].

3. Ionic and molecular separation by graphene nanopores

Biological ionic channels play a key role in many cellular transport phenomena [115]. The
large selectivity of these proteins is realized by precisely arranged arrays of charged amino
acids that can efficiently recognize and guide the fast passing ions [116]. Much simpler
non-biological ionic and molecular channels are made from zeolites [117], carbon [118], silica
[119] and other materials [120, 121]. For many industrial applications, these channels are
often not selective and transparent enough. Therefore, ion and molecular channels with
novel structures and recognition principles need to be designed.

Molecular dynamics studies have predicted [122] and experiments have demonstrated
fast transport of gases [123, 124] and liquids [125–128] through carbon nanotube (CNT)
membranes. Hydrated ions could also pass through CNTs of large enough diameters
[129]. Recently, graphene [1] and boron-nitride [130] monolayers have been prepared
and intensively studied [131–133] for their many potential applications. The first is a
semimetal that can screen free charges (screening length of 4 Å [134]), while the second
is a semiconductor with a large band gap that screens charges very little.

3.1. Ionic and atomic separation by graphene nanopores

Note that graphene layer is impermeable to even small atoms, such as helium [135]. However,
recently, functionalized nanopores in graphene monolayers have been theoretically designed
and have shown that they could serve as ionic sieves of high selectivity and transparency
[63], in analogy to natural functional proteins [136–138].
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membranes. Hydrated ions could also pass through CNTs of large enough diameters
[129]. Recently, graphene [1] and boron-nitride [130] monolayers have been prepared
and intensively studied [131–133] for their many potential applications. The first is a
semimetal that can screen free charges (screening length of 4 Å [134]), while the second
is a semiconductor with a large band gap that screens charges very little.

3.1. Ionic and atomic separation by graphene nanopores

Note that graphene layer is impermeable to even small atoms, such as helium [135]. However,
recently, functionalized nanopores in graphene monolayers have been theoretically designed
and have shown that they could serve as ionic sieves of high selectivity and transparency
[63], in analogy to natural functional proteins [136–138].
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Figure 2. Functionalized graphene nanopores. (Left) The F-N-terminated nanopore. (Right) The H-terminated nanopore. From

Ref. [63].

In Fig. 2, we display the studied chemically modified graphene nanopores. The F-N-pore
(left) is terminated by negatively charged nitrogens and fluorines, favoring the passage of
cations. The H-pore (right) is terminated by positively charged hydrogens, favoring the
passage of anions. These nanopores could be formed in the graphene monolayers by ion
etching [139], and their chemical modifications could be realized by local oxidation, similarly
as on graphene edges [140, 141].

We modeled the passage of hydrated ions from the first and seventh periods through these
tiny nanopores. Our molecular dynamics (MD) simulations [142–144] were performed with
the NAMD package [145], based on the CHARMM27 force field [146]. The model graphene
sheets (sizes of 23x23 Å) have chemically modified nanopores in their center. The atomic
charges of these sheets are obtained ab initio with B3LYP density functional [147], using the
Gaussian03 package [148]. These calculations show that when the ion passes through the
graphene nanopore, the semimetallic sheet becomes highly polarized.

Therefore, a screening charge of the same size but opposite sign to that of the ion goes to
the pore rim and an opposite charge remains spread on the rest of the sheet. In the presence
of water the screening charge should be more delocalized at the pore entrance, due to water
polarization. In the MD simulations, we model these effects by homogeneously spreading
the screening charge for the studied ion on the first atomic layer of the pore and the atomic
ligands attached to it. The screening charge is kept there during the whole simulations,
since its presence is little affecting the dynamics when the ion is far away from the pore. The
opposite polarization charge on the sheet is neglected, for simplicity, so the combined system
of the ion and the sheet is kept neutral.

In the simulations, the sheet is placed in a periodic unit cell with 10 Å of water (320 waters
in total) on each side. One ion is placed in the cell and driven by an electric field E applied
in the direction perpendicular to the graphene sheet. Each simulation run typically lasts
100-500 ns. It turns out that the F-N-pore is only passed by the Li+, Na+ and K+ ions, while
the H-pore is only passed by the Cl− and Br− ions. This selectivity of the nanopores, even
in the presence of large driving field of E = 0.1 V/nm, is caused by the Coulombic coupling
between the ion and the functionalized nanopore rim. At this field, the passage rates of Li+,
Na+ and K+ have the ratio of 9:14:33, while those of F−, Cl− and Br− have the ratio of
0:17:33. Therefore, the nanopores are also highly selective to the sizes of the ions. The Li+

and F− ions have the lowest passage rates, because of their small radii and large coupling to
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Figure 3. (left) The time-dependent distance d between the Na+ and Cl− ions and the centers of the F-N-pore and H-pore,

respectively, at the field of E = 6.25 mV/nm. The ion passages through the two nanopores have very different dynamics. (right)

The passing ions are surrounded by two water half-shells, but only Cl− has relatively stable binding to the pore. From Ref. [63].

the water molecules in their hydration shells. On the contrary, K+ and Br− have large radii,
so it is relatively easy to break their hydration shells in the pores.

In Fig. 3 (right insets), we also show the configurations of the selected Na+ and Cl− ions
passing through the two nanopores. The polar and charged rims replace some of the water
molecules from the first hydration shell of the ions passing through the nanopores. Due to
the atomic thickness of the graphene layer, the passing ion is surrounded by two separated
first hydration half-shells at its both sides. The close contact between the pore rim and the
ion leads to the high selectivity of the ion passage.

Fig. 3 (left insets) displays the time-dependent distance d between the ions and their pore
centers, obtained at the low field of E = 6.25 mV/nm. The character of the obtained
fluctuations reveals that the ion passages through the two nanopores have very different
dynamics [149]. The Na+ ion passes the F-N-pore rather fast, without binding with it. It
rarely gets closer than 5 Å to the pore center and stays most of the time in the water region
(d > 10 Å). The ion does not pass through the pore center, but rather through one of the
three smaller holes in the nanopore with the C3 symmetry. This asymmetric hole can not
easily break the hydration shell of the Na+ ion. The K+ ion binds weaker to its hydration
shell and it starts to bind to the pore.

The Cl− ion has more stable binding to the symmetric H-pore, where it already stays for
about 70% of the time. The electric field decreases the ion-pore binding, which is reflected
in shorter time periods spent by the ion in the pore. At the field of E = 0.1 V/nm, the Cl−

ion already stays in total only 30% of the time inside the pore. The unidirectional ion flow in
the presence of electric field is reflected in the slight left-right asymmetry in the number of
entrances of the ion in the nanopore and exits out of it.

Figure 4 shows the results of the ion flow through the system at different fields E. We
display the field dependence of the average number of Na+ and Cl− ion passages, rNa and
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Figure 2. Functionalized graphene nanopores. (Left) The F-N-terminated nanopore. (Right) The H-terminated nanopore. From

Ref. [63].

In Fig. 2, we display the studied chemically modified graphene nanopores. The F-N-pore
(left) is terminated by negatively charged nitrogens and fluorines, favoring the passage of
cations. The H-pore (right) is terminated by positively charged hydrogens, favoring the
passage of anions. These nanopores could be formed in the graphene monolayers by ion
etching [139], and their chemical modifications could be realized by local oxidation, similarly
as on graphene edges [140, 141].

We modeled the passage of hydrated ions from the first and seventh periods through these
tiny nanopores. Our molecular dynamics (MD) simulations [142–144] were performed with
the NAMD package [145], based on the CHARMM27 force field [146]. The model graphene
sheets (sizes of 23x23 Å) have chemically modified nanopores in their center. The atomic
charges of these sheets are obtained ab initio with B3LYP density functional [147], using the
Gaussian03 package [148]. These calculations show that when the ion passes through the
graphene nanopore, the semimetallic sheet becomes highly polarized.

Therefore, a screening charge of the same size but opposite sign to that of the ion goes to
the pore rim and an opposite charge remains spread on the rest of the sheet. In the presence
of water the screening charge should be more delocalized at the pore entrance, due to water
polarization. In the MD simulations, we model these effects by homogeneously spreading
the screening charge for the studied ion on the first atomic layer of the pore and the atomic
ligands attached to it. The screening charge is kept there during the whole simulations,
since its presence is little affecting the dynamics when the ion is far away from the pore. The
opposite polarization charge on the sheet is neglected, for simplicity, so the combined system
of the ion and the sheet is kept neutral.

In the simulations, the sheet is placed in a periodic unit cell with 10 Å of water (320 waters
in total) on each side. One ion is placed in the cell and driven by an electric field E applied
in the direction perpendicular to the graphene sheet. Each simulation run typically lasts
100-500 ns. It turns out that the F-N-pore is only passed by the Li+, Na+ and K+ ions, while
the H-pore is only passed by the Cl− and Br− ions. This selectivity of the nanopores, even
in the presence of large driving field of E = 0.1 V/nm, is caused by the Coulombic coupling
between the ion and the functionalized nanopore rim. At this field, the passage rates of Li+,
Na+ and K+ have the ratio of 9:14:33, while those of F−, Cl− and Br− have the ratio of
0:17:33. Therefore, the nanopores are also highly selective to the sizes of the ions. The Li+
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respectively, at the field of E = 6.25 mV/nm. The ion passages through the two nanopores have very different dynamics. (right)

The passing ions are surrounded by two water half-shells, but only Cl− has relatively stable binding to the pore. From Ref. [63].

the water molecules in their hydration shells. On the contrary, K+ and Br− have large radii,
so it is relatively easy to break their hydration shells in the pores.

In Fig. 3 (right insets), we also show the configurations of the selected Na+ and Cl− ions
passing through the two nanopores. The polar and charged rims replace some of the water
molecules from the first hydration shell of the ions passing through the nanopores. Due to
the atomic thickness of the graphene layer, the passing ion is surrounded by two separated
first hydration half-shells at its both sides. The close contact between the pore rim and the
ion leads to the high selectivity of the ion passage.

Fig. 3 (left insets) displays the time-dependent distance d between the ions and their pore
centers, obtained at the low field of E = 6.25 mV/nm. The character of the obtained
fluctuations reveals that the ion passages through the two nanopores have very different
dynamics [149]. The Na+ ion passes the F-N-pore rather fast, without binding with it. It
rarely gets closer than 5 Å to the pore center and stays most of the time in the water region
(d > 10 Å). The ion does not pass through the pore center, but rather through one of the
three smaller holes in the nanopore with the C3 symmetry. This asymmetric hole can not
easily break the hydration shell of the Na+ ion. The K+ ion binds weaker to its hydration
shell and it starts to bind to the pore.

The Cl− ion has more stable binding to the symmetric H-pore, where it already stays for
about 70% of the time. The electric field decreases the ion-pore binding, which is reflected
in shorter time periods spent by the ion in the pore. At the field of E = 0.1 V/nm, the Cl−

ion already stays in total only 30% of the time inside the pore. The unidirectional ion flow in
the presence of electric field is reflected in the slight left-right asymmetry in the number of
entrances of the ion in the nanopore and exits out of it.

Figure 4 shows the results of the ion flow through the system at different fields E. We
display the field dependence of the average number of Na+ and Cl− ion passages, rNa and
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Figure 4. (right axis) Dependence of the rNa and rCl flow rates of the hydrated Na
+ and Cl− ions through the F-N-pore and

H-pore, respectively, on the applied electric field E. (left axis) The average time tCl spent by the Cl− ion inside the H-pore. From

Ref. [63].

Figure 5. A graphene nanopore functionalized by nitrogen atoms, used in the separation of 3He and 4He isotopes. From

Ref. [77].

rCl , through the F-N-pore and the H-pore, respectively. Both rates monotonously grow with
the field, showing the accelerated passage of the ions through the pore and the surrounding
water layers. We also show the field-dependence of the average residence time tCl of the Cl−

ion in the H-pore, defined as the time during which the ion stays within the 5 Å distance
from the pore center. We can see that tCl decreases monotonously with the field that helps
the ion to overcome the Coulombic binding to the nanopore.
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Figure 6. The EDLC simulation cell. Upper panel: the simulation cell consists of a BMI-PF6 ionic liquid electrolyte surrounded by

two porous electrodes (CDC-1200) held at constant electrical potentials (blue: C atoms, red: the three sites of BMIC and green:

PF6 ions; a coarse-grained model is used to describe these ions). Lower panel: structure of the electrode for various voltages.

For each value, the same snapshot is shown twice: The ionic distribution is shown on the left. The degree of charging of the

electrode atoms is shown on the right, where the carbon atoms are coloured according to the charge q they carry (green:

q < 0, red: q > 0 and yellow: q = 0). From Ref. [151].

The above results have shown that chemically functionalized nanopores in graphene
monolayers can have a high selectivity for the passage of hydrated ions. These ionic and
molecular nanopores could be optimally designed [150] by choosing the type of monolayer
material, the pore sizes and the structure/number of ligands attached to their rims. These
ultrasmall nanopores could be applied in molecular separation, desalination and battery
technologies.

Selective atom passage through graphene nanopores was also studied by first principle
techniques [77]. In Fig. 5, we show the configuration of one of the studied systems with
a chemical structure possibly matching the separated 3He and 4He isotopes. The tunneling
rates of the isotopes through the different nanopores were calculated. The barriers for 3He
to pass through the three nanopores were found to be very different one from another. The
hydrogen, half-nitrogen (one side), and full-nitogen (both sides) terminated nanopores had
the barriers, ≈ 0.078 eV, ≈ 0.025 eV, and ≈ 0.0076 eV, respectivelly. To achieve a high flux
through the nanopore, while keeping a large difference in the transimission probabilities of
3He and 4He isotopes through the nanopore, the one-sided nitrogen doped pore (the second
pore) was chosen, as shown in Fig. 5. The transmission ratio between 3He and 4He was 2 at
20 K, and raised with decreasing temperature to 19 at 10 K.
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ion in the H-pore, defined as the time during which the ion stays within the 5 Å distance
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the ion to overcome the Coulombic binding to the nanopore.
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The above results have shown that chemically functionalized nanopores in graphene
monolayers can have a high selectivity for the passage of hydrated ions. These ionic and
molecular nanopores could be optimally designed [150] by choosing the type of monolayer
material, the pore sizes and the structure/number of ligands attached to their rims. These
ultrasmall nanopores could be applied in molecular separation, desalination and battery
technologies.

Selective atom passage through graphene nanopores was also studied by first principle
techniques [77]. In Fig. 5, we show the configuration of one of the studied systems with
a chemical structure possibly matching the separated 3He and 4He isotopes. The tunneling
rates of the isotopes through the different nanopores were calculated. The barriers for 3He
to pass through the three nanopores were found to be very different one from another. The
hydrogen, half-nitrogen (one side), and full-nitogen (both sides) terminated nanopores had
the barriers, ≈ 0.078 eV, ≈ 0.025 eV, and ≈ 0.0076 eV, respectivelly. To achieve a high flux
through the nanopore, while keeping a large difference in the transimission probabilities of
3He and 4He isotopes through the nanopore, the one-sided nitrogen doped pore (the second
pore) was chosen, as shown in Fig. 5. The transmission ratio between 3He and 4He was 2 at
20 K, and raised with decreasing temperature to 19 at 10 K.
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Figure 7. The graphene nanopore used in separations of hydrogen and nitrogen gases. The graphene sheet is represented

by a yellow plane with white points referring to carbon atoms, and the pore shape is colored by red; hydrogen and nitrogen

molecules are colored by green and blue, respectively. From Ref. [152].

Porous graphene could also be used as a unique material for electrodes in supercapacitors
and batteries, as shown in recent simulations with polarizable force fields [151]. In Fig. 6
the studied system is shown. Upon charging the porous nanocarbon electrodes, ionic liquid
electrolytes could enter into them through the nanopores. The anode retains more anions
than cations, and the cathode retains more cations than anions. The supercapacitor formed
could store charges with a very high efficiency.

3.2. Molecular separation by graphene nanopores

In the separation of neutral molecules by graphene nanopores, van der Waals interactions
are crucial, since size exclusion is the main separation mechanism. Recently, for example, the
separation of nitrogen and hydrogen gases in graphene nanopores have been examined by
MD simulations [152], as shown in Fig. 7. In the minimal graphene nanopore size studied
here, hydrogen molecules could pass through the pore and nitrogen molecules were totally
excluded. When the graphene pore size became larger, N2 passed through the nanopore
much faster than H2 due to a different mechanism. It was found that N2 was largely adsorbed
on the graphene surface, due to strong van der Waals attraction, and it diffused on it, before
reaching the pore. On the other hand, H2 was much less adsorbed on the graphene, and it
had to diffuse in the 3D space before reaching the nanopore.

It was also shown by MD simulations that graphene nanopore could enhance the separation
of carbon dioxide from nitrogen molecules [153]. Separation of hydrogen molecules from
methane molecules based on the size exclusion mechanism was also investigated by ab initio
methods [71]. The potential energy surfaces of a hydrogen and methane molecules passing
through a chemically modified graphene nanopore were obtained by density functional
methods. A dramatic difference between these two potential energy surfaces was found,
which caused a highly efficient separation of hydrogen molecules from methane molecules.
It was also shown that methane could be separated from air by graphene nanopores [154],
which could serve as atmospheric nanofilters [155].

The flow of water through graphene nanopores was also simulated [72] in a configuration
shown in Fig. 8. The passage of a single water molecule through such a small graphene
nanopore necessitates it to break most of its hydrogen bonds, which significantly slows down
the water flux through the nanopore (two water molecules that are separated by the graphene
nanopore have one hydrogen bond in common). As the pore size increase so does the flux.
Graphene nanopore of a diameter d > 0.8 nm were proven to have higher water flux than
a carbon nanotube of the same diameter. Therefore, porous graphene could have significant
applications in desalination [156].
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Figure 8. (a) Graphene membrane with a nanopore of diameter davg = 0.75 nm (left) and davg = 2.75 nm (right). (b) Simulation
setup. Cyan color represents carbon atom, red color and white color represent the oxygen and hydrogen atoms of a water

molecule, respectively. Two water reservoirs are attached to each side of the porous graphene membrane. Ly = Lx = 4 nm
when the pore diameter is 0.75 nm, and Ly = Lx = 6 nm when the pore diameter is 2.75 nm. In the shaded region (z = 1
nm), external forces are applied on water molecules to create a pressure drop across the membrane. From Ref. [72].

It was shown that graphene with nanopores could be a good candidate for water desalination
[156, 157]. Traditional water desalination industry applied polymeric reverse osmosis
membranes, which had high salt rejection, but with a very low water flux rate. Graphene
nanopores could selectively reject salt [157], and with a water flux several orders of
magnitude higher than polymeric reverse osmosis membranes. The salt rejection mechanism
is based on size exclusion [157], since salt ions have hydration shells that are much bigger
than single water molecules. The maximal diameter of the hydrogen-terminated nanopore
that could reject salt is 5.5 Å. The salt rejection rate decreases at higher pressures, since the
ion hydration shells break. Since, large areas of graphene can be grown on copper foils [158],
it is likely that graphene membrane can have industrial applications for water desalination
in the future.

Recently, other graphene-based filtration membranes were studied as well. For example,
small pieces of graphene oxide (GO) were packed to form multilayered membranes [80],
shown in Fig. 9 (a-b). In each layer of the membrane, the GO pieces were disconnected, with
empty space between the pieces, as shown in Fig. 9 (c). When water was adsorbed on the
membrane, it found empty spaces in each GO layer and protruded toward the next layer. In
this way, water was able to penetrate through the whole membrane. However, such water
permeable GO membranes prevents the leakage of He gas, as shown in Fig. 9 (d).

Graphene nanopores could also be used for DNA sequencing [73, 86, 87, 159]. Previous
sequencing nanopores were relatively thick and retained multiple DNA base pairs inside the
nanopore during the sequencing process, so the detection of these bases were not efficient.
On the contrary, graphene nanopores can provide detection within an atomically thick
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Porous graphene could also be used as a unique material for electrodes in supercapacitors
and batteries, as shown in recent simulations with polarizable force fields [151]. In Fig. 6
the studied system is shown. Upon charging the porous nanocarbon electrodes, ionic liquid
electrolytes could enter into them through the nanopores. The anode retains more anions
than cations, and the cathode retains more cations than anions. The supercapacitor formed
could store charges with a very high efficiency.

3.2. Molecular separation by graphene nanopores

In the separation of neutral molecules by graphene nanopores, van der Waals interactions
are crucial, since size exclusion is the main separation mechanism. Recently, for example, the
separation of nitrogen and hydrogen gases in graphene nanopores have been examined by
MD simulations [152], as shown in Fig. 7. In the minimal graphene nanopore size studied
here, hydrogen molecules could pass through the pore and nitrogen molecules were totally
excluded. When the graphene pore size became larger, N2 passed through the nanopore
much faster than H2 due to a different mechanism. It was found that N2 was largely adsorbed
on the graphene surface, due to strong van der Waals attraction, and it diffused on it, before
reaching the pore. On the other hand, H2 was much less adsorbed on the graphene, and it
had to diffuse in the 3D space before reaching the nanopore.

It was also shown by MD simulations that graphene nanopore could enhance the separation
of carbon dioxide from nitrogen molecules [153]. Separation of hydrogen molecules from
methane molecules based on the size exclusion mechanism was also investigated by ab initio
methods [71]. The potential energy surfaces of a hydrogen and methane molecules passing
through a chemically modified graphene nanopore were obtained by density functional
methods. A dramatic difference between these two potential energy surfaces was found,
which caused a highly efficient separation of hydrogen molecules from methane molecules.
It was also shown that methane could be separated from air by graphene nanopores [154],
which could serve as atmospheric nanofilters [155].

The flow of water through graphene nanopores was also simulated [72] in a configuration
shown in Fig. 8. The passage of a single water molecule through such a small graphene
nanopore necessitates it to break most of its hydrogen bonds, which significantly slows down
the water flux through the nanopore (two water molecules that are separated by the graphene
nanopore have one hydrogen bond in common). As the pore size increase so does the flux.
Graphene nanopore of a diameter d > 0.8 nm were proven to have higher water flux than
a carbon nanotube of the same diameter. Therefore, porous graphene could have significant
applications in desalination [156].
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nm), external forces are applied on water molecules to create a pressure drop across the membrane. From Ref. [72].

It was shown that graphene with nanopores could be a good candidate for water desalination
[156, 157]. Traditional water desalination industry applied polymeric reverse osmosis
membranes, which had high salt rejection, but with a very low water flux rate. Graphene
nanopores could selectively reject salt [157], and with a water flux several orders of
magnitude higher than polymeric reverse osmosis membranes. The salt rejection mechanism
is based on size exclusion [157], since salt ions have hydration shells that are much bigger
than single water molecules. The maximal diameter of the hydrogen-terminated nanopore
that could reject salt is 5.5 Å. The salt rejection rate decreases at higher pressures, since the
ion hydration shells break. Since, large areas of graphene can be grown on copper foils [158],
it is likely that graphene membrane can have industrial applications for water desalination
in the future.

Recently, other graphene-based filtration membranes were studied as well. For example,
small pieces of graphene oxide (GO) were packed to form multilayered membranes [80],
shown in Fig. 9 (a-b). In each layer of the membrane, the GO pieces were disconnected, with
empty space between the pieces, as shown in Fig. 9 (c). When water was adsorbed on the
membrane, it found empty spaces in each GO layer and protruded toward the next layer. In
this way, water was able to penetrate through the whole membrane. However, such water
permeable GO membranes prevents the leakage of He gas, as shown in Fig. 9 (d).

Graphene nanopores could also be used for DNA sequencing [73, 86, 87, 159]. Previous
sequencing nanopores were relatively thick and retained multiple DNA base pairs inside the
nanopore during the sequencing process, so the detection of these bases were not efficient.
On the contrary, graphene nanopores can provide detection within an atomically thick
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Figure 9. He-leak through GOmembranes. (A) Photo of a 1-mm-thick GO film peeled off of a Cu foil. (B) Electron micrograph of

the films cross section. (C) Schematic view for possible permeation through the laminates. Typical L/d is 1000. (D) Examples of

He-leak measurements for a freestanding submicrometer-thick GO membrane and a reference PET film (normalized per square

centimeter). From Ref. [80].

monolayer. The detection of DNA basis might be possible to deduce from the fluctuations of
ionic currents passing simultaneously with the DNA through the graphene pores.

In the experiments [73], double stranded DNA molecules and solvated ions were
electrophoretically passed through a 5 nm graphene nanopore, shown in Fig. 1 (left). Ions
could pass smoothly through the nanopore, and their electric current is proportional to the
applied voltage. However, other molecules present in the nanopore reduce the ion current.
When a DNA molecule passes through the nanopore, it causes electric current blocade, and
reduces the current for a certain time, which can reflected the size and conformation of the
passing DNA. If the DNA molecule is folded, then the blocade duration is short (e.g. on the
order of 10 microseconds). When the DNA is unfolded, it passes the nanopore as a linear
chain, and the current blocade lasts for a longer time (e.g. 200 microseconds). In this way,
details about the DNA molecule and its passage through the graphene nanopore could be
detected.

The passage of DNA through a graphene nanopore was also investigated by MD simulations
in the presence of electric fields [74, 160]. To make sure that DNA translocation through
the nanopore completes within a time scale that is accessible for molecular dynamics, a bias
voltage of φ = 2.1 V was applied to the system. It turned out that additional charges at the
nanopore also influenced the field-driven DNA passage through the nanopore. A positively
charged nanopore allowed faster transport of DNA through the nanopore than negatively
charged ones, since DNA alone is negatively charged. Figure 10 shows a trajectory of DNA
conformations during the translocation through the nanopore within 15 ns in the electric
field. The partially folded DNA had various conformations while passing through pore,
and the electric current fluctuated with these conformations. When part of the DNA was
inside the nanopore, the current had different peaks signifying the translocation events.
It was shown that poly(A-T)20 and poly(G-C)20 duplexes passing through the nanopore
produce different ionic current profiles. This means that A-T and G-C base pairs could
be distinguished. Molecular and atomic species passing through graphene nanopores
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Figure 10. Translocation of partially folded DNA. The three dotted lines correspond to plateaus in ionic current signature.

Snapshots of DNA conformation during translocation is shown in (a-e). (a) Initial conformation of DNA; (b) DNA captured by

pore mouth; (c) both chains of folded DNA in the pore; (d) one chain leaves pore; (e) DNA exits the pore completely. The

diameter of the pore is 3 nm and the bias voltage was 2.1 V. From Ref. [74].

could in principle be detected electronically from the change of the electronic structure of
porous nanocarbons in the presence of passing molecules [71]. For example, the electron
transmissivity of porous nanocarbons may significantly vary when the particular molecule
passes through the pore [161–163].

4. Electronic Structure/Transport in Porous Nanocarbons

Given the discussed possibilities of molecular separation and detection in graphene
nanopores, it is important to understand the electronic structure of porous graphene in
vacuum and in the presence of molecular fields. Therefore, we review the electronic
properties of porous nanocarbons (PNCs), as shown in Fig 11. In general, PNCs are
derived from graphene, carbon nanotubes (CNT), and nanoribbons (GNR) by introduction
of functionalized pores. These nanopores allow tuning of their electronic structures, which
can be useful in a wide range of electronics applications [164–169].

4.1. Electronic structures of porous nanocarbons

The main effects that the pores cause in pristine nanocarbons are: 1) the energy band gap
opening; 2) the emergence of midgap energy states; 3) flat and quasi-flat bands at zero
and low non-zero energies. Although, partial results for the electronic structures of porous
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Figure 9. He-leak through GOmembranes. (A) Photo of a 1-mm-thick GO film peeled off of a Cu foil. (B) Electron micrograph of

the films cross section. (C) Schematic view for possible permeation through the laminates. Typical L/d is 1000. (D) Examples of

He-leak measurements for a freestanding submicrometer-thick GO membrane and a reference PET film (normalized per square

centimeter). From Ref. [80].

monolayer. The detection of DNA basis might be possible to deduce from the fluctuations of
ionic currents passing simultaneously with the DNA through the graphene pores.

In the experiments [73], double stranded DNA molecules and solvated ions were
electrophoretically passed through a 5 nm graphene nanopore, shown in Fig. 1 (left). Ions
could pass smoothly through the nanopore, and their electric current is proportional to the
applied voltage. However, other molecules present in the nanopore reduce the ion current.
When a DNA molecule passes through the nanopore, it causes electric current blocade, and
reduces the current for a certain time, which can reflected the size and conformation of the
passing DNA. If the DNA molecule is folded, then the blocade duration is short (e.g. on the
order of 10 microseconds). When the DNA is unfolded, it passes the nanopore as a linear
chain, and the current blocade lasts for a longer time (e.g. 200 microseconds). In this way,
details about the DNA molecule and its passage through the graphene nanopore could be
detected.

The passage of DNA through a graphene nanopore was also investigated by MD simulations
in the presence of electric fields [74, 160]. To make sure that DNA translocation through
the nanopore completes within a time scale that is accessible for molecular dynamics, a bias
voltage of φ = 2.1 V was applied to the system. It turned out that additional charges at the
nanopore also influenced the field-driven DNA passage through the nanopore. A positively
charged nanopore allowed faster transport of DNA through the nanopore than negatively
charged ones, since DNA alone is negatively charged. Figure 10 shows a trajectory of DNA
conformations during the translocation through the nanopore within 15 ns in the electric
field. The partially folded DNA had various conformations while passing through pore,
and the electric current fluctuated with these conformations. When part of the DNA was
inside the nanopore, the current had different peaks signifying the translocation events.
It was shown that poly(A-T)20 and poly(G-C)20 duplexes passing through the nanopore
produce different ionic current profiles. This means that A-T and G-C base pairs could
be distinguished. Molecular and atomic species passing through graphene nanopores
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could in principle be detected electronically from the change of the electronic structure of
porous nanocarbons in the presence of passing molecules [71]. For example, the electron
transmissivity of porous nanocarbons may significantly vary when the particular molecule
passes through the pore [161–163].

4. Electronic Structure/Transport in Porous Nanocarbons

Given the discussed possibilities of molecular separation and detection in graphene
nanopores, it is important to understand the electronic structure of porous graphene in
vacuum and in the presence of molecular fields. Therefore, we review the electronic
properties of porous nanocarbons (PNCs), as shown in Fig 11. In general, PNCs are
derived from graphene, carbon nanotubes (CNT), and nanoribbons (GNR) by introduction
of functionalized pores. These nanopores allow tuning of their electronic structures, which
can be useful in a wide range of electronics applications [164–169].

4.1. Electronic structures of porous nanocarbons

The main effects that the pores cause in pristine nanocarbons are: 1) the energy band gap
opening; 2) the emergence of midgap energy states; 3) flat and quasi-flat bands at zero
and low non-zero energies. Although, partial results for the electronic structures of porous
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Figure 11. Examples of PNCs.

graphene [167–169] and other PNCs have been obtained [5, 59, 170–173], general principles
that would unify their electronic structures are missing.

Graphene and its derivatives were studied theoretically by a variety of methods, such
various DFT and tight-binding (TB) approaches, using semiempirical parametrization of
electron-electron interactions in model Hamiltonians [168, 169]. The pseudo-relativistic
behavior of electrons close to the Fermi level in graphene can be modeled by a Dirac equation
(DE) [167]. Semiempirical approaches were also used, such as the Hückel molecular orbital
method [170, 173], crystal orbital methods [174], or mean-field resonating-valence-bond
theories designed to treat unpaired π-electrons in benzenoid carbon species [175]. The
principal problem for any theoretical approach dealing with PNCs is to determine the
correlation between geometrical structure of PNCs and their electronic structures. Therefore,
we will focus on this correlation and describe it separately for different PNCs systems.

Porous graphene nanoribbons (PGNRs)

Graphene and its nanoribbons can be directly grown on material surfaces. Therefore,
graphene-based materials could have direct applications in nanoelectronics. In contrast to
pristine 2D graphene sheets and CNTs, GNRs have (armchair, zigzag, or mixed) edges.
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Figure 12. Band structure of: a) pristine 11-AGNR, b) 11-AGNR with centered SP, c) 11-AGNR with shifted SP, e) pristine

10-ZGNR, f) 10-ZGNR with centered SP, g) 10-ZGNR with shifted SP. The energy scales for (b, c, f, g) cases are the same. Density

of states: d) centered and shifted SP in 11-AGNR, h) centered and shifted SP in 10-ZGNR. Insets: Unit cells for 11-AGNR and

10-ZGNR with the standard pore (a is the lattice constant of the supercell). From Ref. [76].

Although pristine GNRs can be metalic or semiconducting, their metallicity can be tunned
by local changes of their morphology and edge chemistry [14, 38, 59–61, 164, 171, 176–181].

We begin our review by examining the band structures of porous armchair (AGNR) and
zigzag (ZGNR) graphene nanoribbons, which are studied by large scale ab-initio DFT
calculations [76]. We have used SIESTA 3.0 [182] in supercells of (> 40 atoms), and neglected
(in most cases) spin degrees of freedom. The calculations were done with the Perdew-Zunger
LDA functional [183] and pseudopotentials with the cutoff energy of 400 Ry (double-zeta
basis and polarization orbitals, 13 and 5 orbitals for C-atom and H-atom, respectively). See
other details in Ref. [76].

All the GNRs are classified by the number of carbon dimers, N, that form the ribbon (N-GNR)
[5]. As an example, we have studied the porous 11-AGNR and 10-ZGNR (both metallic
when pristine), with the distances between nanopores of 12.78 Å and 12.3 Å, respectively,
and elementary cells are shown in Figs. 12 (d, h). We have described PNCs perforated with
pores of different shapes, sizes, and locations. Most of the results are obtained for arrays of
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Although pristine GNRs can be metalic or semiconducting, their metallicity can be tunned
by local changes of their morphology and edge chemistry [14, 38, 59–61, 164, 171, 176–181].

We begin our review by examining the band structures of porous armchair (AGNR) and
zigzag (ZGNR) graphene nanoribbons, which are studied by large scale ab-initio DFT
calculations [76]. We have used SIESTA 3.0 [182] in supercells of (> 40 atoms), and neglected
(in most cases) spin degrees of freedom. The calculations were done with the Perdew-Zunger
LDA functional [183] and pseudopotentials with the cutoff energy of 400 Ry (double-zeta
basis and polarization orbitals, 13 and 5 orbitals for C-atom and H-atom, respectively). See
other details in Ref. [76].

All the GNRs are classified by the number of carbon dimers, N, that form the ribbon (N-GNR)
[5]. As an example, we have studied the porous 11-AGNR and 10-ZGNR (both metallic
when pristine), with the distances between nanopores of 12.78 Å and 12.3 Å, respectively,
and elementary cells are shown in Figs. 12 (d, h). We have described PNCs perforated with
pores of different shapes, sizes, and locations. Most of the results are obtained for arrays of
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honeycomb-shaped pores, called the “standard pore" (SP) [90, 155], where in each pore six C
atoms (one benzene ring) are excluded from the studied nanocarbon and the dangling bonds
are terminated by hydrogens.

In Figs. 12 (a, b), one can see that the introduction of a periodic array of SPs in the center
of 11-AGNR causes a significant band-gap opening (0.15 − 0.92 eV). On the other hand, both
pristine and porous (same pores) 10-ZGNR have no energy band gap, as seen in Figs. 12 (e,
f). When the SPs are displaced by one honeycomb cell towards the GNR-edge, the band gap
in 11-AGNR shrinks ≈ 3.75 times, while 10-ZGNR remains metallic, as shown in Figs. 12 (c,
g). We also checked that the PGNR band structures monotonously approach their pristine
form as the separation between adjacent pores is increased. The densities of states (DOS) for
the band structures presented are displayed in Figs. 12 (d, h).

The energy band gaps in ZGNRs and AGNRs are known to arise from a staggered sublattice
potential and a quantum confinement [38, 60], respectively, and they depend on the ribbon
width and its functionalization [166, 184, 185]. The wave functions of the HOMO and LUMO
bands in AGNRs, which contribute directly to the area near Ef , are localized at the center
of the ribbons, keeping their edges chemically stable [166]. In ZGNRs, these wavefunctions
are localized at the ribbon edges. Consequently, when the SPs are positioned at the center
of 11-AGNR a band gap opens in its band structure, while 10-ZGNR remains metallic. The
metallicity of ZGNRs is caused by flat bands present at E f , originating from highly localized
states formed at the zigzag edges [166], as discussed below. When the pore is closer to
the edge of 11-AGNR, its band structure is influenced less, while no significant change is
observed in 10-ZGNR. These results can be generalized for other PGNRs provided that the
pore is honeycomb like.

Porous graphene (PG)

Porous graphene (graphene antidot lattice) consists of a periodic arrangement of holes in a
graphene sheet [167]. PG has been studied in a number of works [186–188], but in most
studies hexagonal lattices of near-circular holes are considered [167–169]. Here, we use
the {L, R} PG superlattice classifaction [167] where L and R are measured in units of the
graphene lattice constant a = 2.46 Å (see Fig. 13).

Various approaches have been used to describe the band structure of PGs. In TB approaches,
a single-electron Schrödinger equation for an effective potential is solved. In the simplest
version of TB, the Bloch wavefunctions are expanded over only localized atomic π orbitals
of the carbon lattice atoms calculated with LCAO method and only nearest-neighbor overlap
matrix elements are retained. These overlap matrix elements are regarded as emperical
parameters fitted to the experimental data (e.g. the Fermi velocity). The DE can improve the
bands close to their linear crossing points. In contrast to TB calculations, DFT approaches do
not imply particle-hole symmetry around the Fermi level, as seen in Fig. 14.

The energy band gaps calculated in PG lattices by DE, TB and DFT methods are summarized
in Table 15. The study of many different graphene antidot lattices disclosed a simple scaling
law between their pore sizes and band gaps, Eg = K

√
Nhole/Ncell, where Nhole is the number

of carbon atoms that have been removed from the pristine unit cell containing Ncell carbon
atoms and K ≈ 25 eV [167, 168]. Therefore, the band gaps increase with the increasing hole
size and decreasing lattice constant.
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Figure 13. Unit cells of three hexagonal graphene antidot lattices with different side lengths L and hole radii R. The structures

are denoted as L, R with both lengths measured in units of the graphene lattice constant a ≃ 2.46 Å. The edges of the holes

have been hydrogen-passivated (hydrogen shown as white atoms). From Ref. [167].

Figure 14. Band structures of three representative graphene antidot lattices. Full lines indicate results obtained using DFT,

while TB results are shown with red dashed lines. From Ref. [167].

Figure 15. Band gaps of three representative graphene antidot lattices obtained by solving the DE, via TB, and using DFT.

Values in parentheses are obtained using the DE. The band gaps are given in eV as well as in dimensionless values relative to

the size of the band gap for the {L, R} = {12, 3} structure [167].
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parameters fitted to the experimental data (e.g. the Fermi velocity). The DE can improve the
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Figure 16. Band structure of an antidot lattice with triangular antidots calculated with TB method with t ≈ 2.8 eV. Only bands
above the Fermi level E = 0 are shown. Γ, K, M stand for the high-symmetry points in the Brillouin zone. The flat band at the

Fermi level is a) sixfold degenerate and b) ninefold degenerate. Adapted from Ref. [169].

The emergence of midgap energy states and corresponding quasi-flat bands around the
Fermi level is another well pronounced effect related to the modification of the intact
graphene lattice with nanopores. These states are relatively isolated, they have a minimal
overlap of their wavefunctions, and thus they form flat bands. Graphene is known to
be a bipartite lattice that can be divided into two sublattices A and B. According to the
Lieb’s theorem [189, 190], in a system where NA and NB are the total number of sites on
the respective sublattices there should be NA − NB zero energy states (so called, a global
sublattice imbalance). The corresponding total magnetic moment per unit cell is just a half
of this difference [167, 169].

In antidot graphene lattices, flat bands form at E f due to the sublattice imbalance along
the edges (zigzag GNRs) and pore rims. The electronic states corresponding to the zero
energy flat bands (see Fig. 16) are predominantly localized in the vicinity of the pore rim
(e.g. triangular pore). These localized states at zigzag rims were also studied in different
types of pores, called “anti-molecules", where a set of simple rules was shown to link the net
number of unpaired electrons with the degeneracy of flat bands [164, 167, 169, 174, 191]. It
was shown that even a small number of zigzag-type of sites (local sublattice imbalance) per
unit cell is enough to generate flat bands and related magnetism [176].

In previous studies, it was assumed that the perforation of graphene by nanopores opens up
the energy band gap. The only exclusion from this trend was related to triangular pore
shapes, due to their global sublattice imbalance. We have performed extensive ab initio

calculations of electronic structures of PG-superlattices with different arrangements of the
SPs [76]. SPs, largely used in our study, keep the global sublattice balance of the unit cell,
but their short zigzag-like rims break the local balance and may still give rise to flat bands.

In Figs. 17 (a-d), we show the band structures of (edgeless) PGs with one honeycomb and
three different rectangular SP-superlattices defined by NA, NZ, and displayed in Figs. 17 (e, f).
Fig. 17 (g) also shows the studied rectangular superlattice with triangular-shape pores. The
honeycomb SP-superlattice has flat bands around E ≈ −1.5 eV (Fig. 17 a), which are absent
in the rectangular SP-superlattices (Figs. 17 (b-d)). According to [169], such quasi-flat bands
at non-zero energy might be ascribed to the local sublattice imbalance (globally nA = nB).
However, the local sublattice imbalance due to SPs can not be the origin of flat bands in the
band structure of the honeycomb SP-superlattice, since it has the same pores as the other
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Figure 17. (top) Band structure of a) a honeycomb SP-superlattice in e) and three rectangular SP-superlattices with b) NA = 15,
NZ = 4, c) NA = 7, NZ = 2, and d) NA = 7, NZ = 8. (bottom) e) honeycomb SP-superlattice, f) rectangular SP-superlattice
characterized by NA, NZ, g) rectangular superlattice with triangular-shape pores. From Ref. [76] (see Fig. 16)

structures with no flat bands. Therefore, the flat bands are most likely related with the
honeycomb SP-arrangement, which might produce differently localized states. These results
show that the small number of zigzag sites at the very short SP-rim can not generate flat
bands at the Fermi level or at its vicinity. In contrast, even the smallest triangular-shape
pores break the global sublattice balance and generate an unbalanced π-electron density
[175], associated with the appearance of rim-localized states and flat bands at E f (compare
with Fig. 16).

With these observations, we can now relate the band structures of PGNRs and PGs. Since SPs
do not break the global sublattice balance in the PGNRs, their presence does not generate
any new flat bands at E f (see Fig. 12); on the contrary, we found that when AGNRs are
perforated with triangular-shape pores, their band structure always contains flat bands at
E f . Even though the SPs do not create flat bands at E f in GNRs, they still influence their
band structure. While the band structures of AGNRs (Figs. 12 (b, c)) is influenced a lot, the
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Figure 16. Band structure of an antidot lattice with triangular antidots calculated with TB method with t ≈ 2.8 eV. Only bands
above the Fermi level E = 0 are shown. Γ, K, M stand for the high-symmetry points in the Brillouin zone. The flat band at the
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be a bipartite lattice that can be divided into two sublattices A and B. According to the
Lieb’s theorem [189, 190], in a system where NA and NB are the total number of sites on
the respective sublattices there should be NA − NB zero energy states (so called, a global
sublattice imbalance). The corresponding total magnetic moment per unit cell is just a half
of this difference [167, 169].

In antidot graphene lattices, flat bands form at E f due to the sublattice imbalance along
the edges (zigzag GNRs) and pore rims. The electronic states corresponding to the zero
energy flat bands (see Fig. 16) are predominantly localized in the vicinity of the pore rim
(e.g. triangular pore). These localized states at zigzag rims were also studied in different
types of pores, called “anti-molecules", where a set of simple rules was shown to link the net
number of unpaired electrons with the degeneracy of flat bands [164, 167, 169, 174, 191]. It
was shown that even a small number of zigzag-type of sites (local sublattice imbalance) per
unit cell is enough to generate flat bands and related magnetism [176].

In previous studies, it was assumed that the perforation of graphene by nanopores opens up
the energy band gap. The only exclusion from this trend was related to triangular pore
shapes, due to their global sublattice imbalance. We have performed extensive ab initio

calculations of electronic structures of PG-superlattices with different arrangements of the
SPs [76]. SPs, largely used in our study, keep the global sublattice balance of the unit cell,
but their short zigzag-like rims break the local balance and may still give rise to flat bands.

In Figs. 17 (a-d), we show the band structures of (edgeless) PGs with one honeycomb and
three different rectangular SP-superlattices defined by NA, NZ, and displayed in Figs. 17 (e, f).
Fig. 17 (g) also shows the studied rectangular superlattice with triangular-shape pores. The
honeycomb SP-superlattice has flat bands around E ≈ −1.5 eV (Fig. 17 a), which are absent
in the rectangular SP-superlattices (Figs. 17 (b-d)). According to [169], such quasi-flat bands
at non-zero energy might be ascribed to the local sublattice imbalance (globally nA = nB).
However, the local sublattice imbalance due to SPs can not be the origin of flat bands in the
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structures with no flat bands. Therefore, the flat bands are most likely related with the
honeycomb SP-arrangement, which might produce differently localized states. These results
show that the small number of zigzag sites at the very short SP-rim can not generate flat
bands at the Fermi level or at its vicinity. In contrast, even the smallest triangular-shape
pores break the global sublattice balance and generate an unbalanced π-electron density
[175], associated with the appearance of rim-localized states and flat bands at E f (compare
with Fig. 16).

With these observations, we can now relate the band structures of PGNRs and PGs. Since SPs
do not break the global sublattice balance in the PGNRs, their presence does not generate
any new flat bands at E f (see Fig. 12); on the contrary, we found that when AGNRs are
perforated with triangular-shape pores, their band structure always contains flat bands at
E f . Even though the SPs do not create flat bands at E f in GNRs, they still influence their
band structure. While the band structures of AGNRs (Figs. 12 (b, c)) is influenced a lot, the
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Figure 18. (top) Effective replacing of porous N-AGNR by “daughter" pristine N1- and N2-AGNR (N = 14, N1 = 5, N2 = 6).
(bottom) Effective replacing of rectangular SP-superlattice with NA > NZ by set of pristine AGNRs (NA = 15, NZ = 4). From
Ref. [76].

band structures of ZGNRs with flat bands at E f (local sublattice imbalance caused by zigzag
edges) can not be significantly modified by SPs. Therefore, we conclude that all porous
ZGNRs are metallic (checked by calculations).

Interestingly, we found that rectangular PG-superlattices perforated with SPs and larger
pores of honeycomb symmetry can be both metallic and semiconducting [76]. It turns out
that we can generalize these observations into a hypothesis that, in the first approximation,
the electronic structure of these superlattices has the same type of conductivity as many
parallel AGNRs or ZGNRs (of effective widths NA or NZ), depending on the ratio ρ =

NA/NZ (see Fig. 18 bottom). If ρ ≫ 1, one can see the superlattice as being “cut" into
separated NA-AGNRs, while for ρ ≪ 1 the same is true for separated NZ-ZGNRs.

The above hypothesis was largely confirmed by our follow up calculations. For example, the
conductivity in the PGs with NZ = 2 is the same as in the corresponding AGNRs: metallic
for NA = 5, 11, 17... and semiconducting for NA = 7, 9, 13, 15... (see also Table. 1). If we
continue with the NA = 9, 15, 21, ... semiconducting AGNRs and increase the initially small
NZ = 2, we find that the PGs remain semiconducting for (roughly) NZ < NA, with the band
gap shrinking with increasing NZ, signaling the transition to the ZGNR-dominated metallic
conductivity. If we continue with the the NA = 11 metallic AGNRs, the PGs become metallic
for all the NZ, since the ZGNRs that take over at NZ > NA are all metallic. Finally, when we
continue from NA = 7, 13..., the metallicity appears abruptly at NZ ≥ 4. In other cases, we
expect that the transition between the AGNR and ZGNR-type of behavior occurs somewhere
around the “diagonal", ρ = 1. Our calculations also show that the metal-semiconductor
transitions predominantly occur in two regions of the Brillouin zones, as seen in Figs. 17
(b-d), and the bands can be partially flat in the ky direction (NA = 7, 13, ..a.).
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Porous nanotubes

Unlike porous graphene and porous nanoribbons, the electronic structure of porous carbon
nanotubes (PCNTs) was studied much less [173, 192]. However, there is a tight connection
between CNTs and GNRs and clear correspondence between the electronic structures of
pristine CNTs and structurally analogous GNRs. Moreover, the electronic structures of PNCs
are similar to those of pristine GNRs [76].

We follow the Ezawa’s notations [178] in description of GNRs and CNTs. While ZGNRs
indexed by �p, 0� are metallic for all p, only one third of AGNRs indexed by �p, 1� are
metallic. Since, only one half of AGNRs can be rolled into ZCNTs, only one third ZCNTs
are metallic [178]. We found that this mapping can be generalized to the point that
every metallic/semiconducting CNT corresponds to a metallic/semiconducting GNR. The
unambiguous relationship can be expressed in terms of the chirality index, p, and the number
of GNRs carbon dimers, N, as follows

ZCNT�p, 0� ⇒ N-AGNR, where N = 2p + 2 ,

ACNT�p, p� ⇒ N-ZGNR, where N = 2p + 1 .

Intuitively, we can look at this CNT-GNR correspondence as a consequence of CNT “cutting"
(Figs. 19 (top, middle)), which preserves the type of conductivity. The AGNRs and ZGNRs
that do not match any CNTs are all semiconducting and metallic, respectively, as summarized
in Table. 1.

Table 1. Correspondence rule for GNRs and CNTs. N - number of dimers forming GNR, p - index for the chirality vector in
GNR and CNT; cond. - conductivity property (semiconducting (s) or metallic (m)); geometry defines the symmetry with respect

to the mirror plane perpendicular to the ribbon and containing its axis: symmetric (s), asymmetric (a). Examples of AGNRs for

N = 7, ...14 and ZGNRs for N = 5, ...12 are illustrated. From Ref. [76]

Analogously, porous CNTs might have band structures similar to porous GNRs.
Tight-binding calculations predicted [173] that a line of SPs (separated by ∼ 12.8 Å) should
cause band gap opening in ACNTs, whereas porous ZCNTs should be semiconducting
regardless of the pore shape. These results are in contradiction with our ab-initio calculations,
which show that the metallicity of pristine ACNTs (Fig. 20 a) is preserved in the porous
ACNTs (Fig. 20 e), even for triangular-shape pores with clear zigzag-like rims. In metallic
ZCNTs, the SP-perforation causes band gap opening, as shown in Figs. 20 (b, f), while in
semiconducting ZCNTs, it causes band gap shrinking, as seen in Figs. 20 (c, g).

The above observations allow us to build a unified model that can predict the type of
conductivity in porous nanocarbons perforated with SPs and other pores that do not break
the global sublattice balance. The model is based on the assumption that when nanocarbons
(NCs) are perforated by a line of relatively close SPs, the type of conductivity in these PNCs
is the same as in the (daughter) systems obtained from these nanocarbons by removing all
C atoms within a stripe going in the direction of the pores and having the same width as
the pores (all dangling C bonds are H-terminated). We call these modified NCs the daughter
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Figure 18. (top) Effective replacing of porous N-AGNR by “daughter" pristine N1- and N2-AGNR (N = 14, N1 = 5, N2 = 6).
(bottom) Effective replacing of rectangular SP-superlattice with NA > NZ by set of pristine AGNRs (NA = 15, NZ = 4). From
Ref. [76].

band structures of ZGNRs with flat bands at E f (local sublattice imbalance caused by zigzag
edges) can not be significantly modified by SPs. Therefore, we conclude that all porous
ZGNRs are metallic (checked by calculations).

Interestingly, we found that rectangular PG-superlattices perforated with SPs and larger
pores of honeycomb symmetry can be both metallic and semiconducting [76]. It turns out
that we can generalize these observations into a hypothesis that, in the first approximation,
the electronic structure of these superlattices has the same type of conductivity as many
parallel AGNRs or ZGNRs (of effective widths NA or NZ), depending on the ratio ρ =

NA/NZ (see Fig. 18 bottom). If ρ ≫ 1, one can see the superlattice as being “cut" into
separated NA-AGNRs, while for ρ ≪ 1 the same is true for separated NZ-ZGNRs.

The above hypothesis was largely confirmed by our follow up calculations. For example, the
conductivity in the PGs with NZ = 2 is the same as in the corresponding AGNRs: metallic
for NA = 5, 11, 17... and semiconducting for NA = 7, 9, 13, 15... (see also Table. 1). If we
continue with the NA = 9, 15, 21, ... semiconducting AGNRs and increase the initially small
NZ = 2, we find that the PGs remain semiconducting for (roughly) NZ < NA, with the band
gap shrinking with increasing NZ, signaling the transition to the ZGNR-dominated metallic
conductivity. If we continue with the the NA = 11 metallic AGNRs, the PGs become metallic
for all the NZ, since the ZGNRs that take over at NZ > NA are all metallic. Finally, when we
continue from NA = 7, 13..., the metallicity appears abruptly at NZ ≥ 4. In other cases, we
expect that the transition between the AGNR and ZGNR-type of behavior occurs somewhere
around the “diagonal", ρ = 1. Our calculations also show that the metal-semiconductor
transitions predominantly occur in two regions of the Brillouin zones, as seen in Figs. 17
(b-d), and the bands can be partially flat in the ky direction (NA = 7, 13, ..a.).
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Porous nanotubes

Unlike porous graphene and porous nanoribbons, the electronic structure of porous carbon
nanotubes (PCNTs) was studied much less [173, 192]. However, there is a tight connection
between CNTs and GNRs and clear correspondence between the electronic structures of
pristine CNTs and structurally analogous GNRs. Moreover, the electronic structures of PNCs
are similar to those of pristine GNRs [76].

We follow the Ezawa’s notations [178] in description of GNRs and CNTs. While ZGNRs
indexed by �p, 0� are metallic for all p, only one third of AGNRs indexed by �p, 1� are
metallic. Since, only one half of AGNRs can be rolled into ZCNTs, only one third ZCNTs
are metallic [178]. We found that this mapping can be generalized to the point that
every metallic/semiconducting CNT corresponds to a metallic/semiconducting GNR. The
unambiguous relationship can be expressed in terms of the chirality index, p, and the number
of GNRs carbon dimers, N, as follows

ZCNT�p, 0� ⇒ N-AGNR, where N = 2p + 2 ,

ACNT�p, p� ⇒ N-ZGNR, where N = 2p + 1 .

Intuitively, we can look at this CNT-GNR correspondence as a consequence of CNT “cutting"
(Figs. 19 (top, middle)), which preserves the type of conductivity. The AGNRs and ZGNRs
that do not match any CNTs are all semiconducting and metallic, respectively, as summarized
in Table. 1.

Table 1. Correspondence rule for GNRs and CNTs. N - number of dimers forming GNR, p - index for the chirality vector in
GNR and CNT; cond. - conductivity property (semiconducting (s) or metallic (m)); geometry defines the symmetry with respect

to the mirror plane perpendicular to the ribbon and containing its axis: symmetric (s), asymmetric (a). Examples of AGNRs for

N = 7, ...14 and ZGNRs for N = 5, ...12 are illustrated. From Ref. [76]

Analogously, porous CNTs might have band structures similar to porous GNRs.
Tight-binding calculations predicted [173] that a line of SPs (separated by ∼ 12.8 Å) should
cause band gap opening in ACNTs, whereas porous ZCNTs should be semiconducting
regardless of the pore shape. These results are in contradiction with our ab-initio calculations,
which show that the metallicity of pristine ACNTs (Fig. 20 a) is preserved in the porous
ACNTs (Fig. 20 e), even for triangular-shape pores with clear zigzag-like rims. In metallic
ZCNTs, the SP-perforation causes band gap opening, as shown in Figs. 20 (b, f), while in
semiconducting ZCNTs, it causes band gap shrinking, as seen in Figs. 20 (c, g).

The above observations allow us to build a unified model that can predict the type of
conductivity in porous nanocarbons perforated with SPs and other pores that do not break
the global sublattice balance. The model is based on the assumption that when nanocarbons
(NCs) are perforated by a line of relatively close SPs, the type of conductivity in these PNCs
is the same as in the (daughter) systems obtained from these nanocarbons by removing all
C atoms within a stripe going in the direction of the pores and having the same width as
the pores (all dangling C bonds are H-terminated). We call these modified NCs the daughter
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Figure 19. Cutting of: (top) (10,0)ZCNT into 〈19, 1〉AGNR and (middle) (9,9)ACNT into 〈18, 0〉ZGNR (opening of the GNRs is

schematically shown). (bottom) Removal of atoms from porous (10,10)ACNT leading to 〈17, 0〉ZGNR. From Ref. [76].

Figure 20. Band structures in pristine CNTs: a) ACNT (10,10), b) ZCNT (9,0), c) ZCNT (10,10); d) DOS. Porous CNTs: e) ACNT

(10,10), f) ZCNT (9,0), g) ZCNT (10,10); h) DOS. The energy scales for (b,c) and (f,g) cases are the same. From Ref. [76].
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systems of the original NCs (two GNRs for PGNRs, one GNR for PCNTs, and a GNR-lattice
for PG). This rule predicts that: (1) Porous ACNTs are metallic as the (daughter) ZGNRs;
Fig. 19 (bottom) shows effective replacing of porous ACNT by pristine ZGNR. Perforating
the resulting ZGNRs (and the other half of ZGNRs that can not be rolled up into CNTs)
gives two metallic ZGNRs, preserving the ZGNR-metallicity. (2) Porous ZCNTs may give
semiconducting or metallic AGNRs. Cutting all the AGNRs may give pairs of AGNRs with
any conductivity. These results were confirmed by ab initio calculations.

We now use these rules to predict metallicity in porous AGNRs with SPs. We assume that
their band gaps are EBG ≃ min (E1BG; E2BG), where E1BG, E2BG are band gaps of their
two daughter AGNRs (see Fig. 18 (top)). With this inference, we can derive an analytical
expression describing the dependence of the band gap on the width of the porous AGNRs.
For simplicity, we consider SPs positioned in the middle of AGNRs of the width of W =

a
√

3 (N − 1)/2, where a is the C-C distance and N is the number of dimers. By evaluating
the widths of the pristine daughter AGNRs, we find that porous N-AGNRs are potentially
metallic if the number of C-C dimers is given by at least one of these equations

N =

(

6k + 11 + (−1)k
)

/2 , N = 6k + 3 + 2 (−1)k ,

N = 12k + 9, (k = 0, 1, 2...) , (1)

i.e., if N = 5, 6, 7, 8, 9, 12, 14, 17, 18, 19, 20, .... In Fig. 21 (top), we compare the ab-initio energy
band gaps in pristine [59, 180] and porous AGNRs to validate the above model. In contrast
to the pristine ribbons, where the metallic points emerge with the period of 3, (Nmet =

3m + 2), the band gaps of porous AGNRs have a more complex dependence. Nevertheless,
the positions of the band gap minima agree with Eqn. 1.

We can extend the assumptions used in Eqn. 1 to PNCs perforated with larger and shifted
honeycomb-like pores. Their presence may still be reduced to removing from the AGNRs a
layer of atoms of the width given by the pore size, where the minimum band gap of the two
resulting AGNRs can determine the band gap of the porous AGNR. For example, when the
SP is shifted in the 11-AGNR by one honeycomb from the ribbon center, the two daughter
pristine 4-AGNRs are replaced by 2-AGNR and 6-AGNR (all semiconducting). This should
lead to a band gap shrinkage, in agreement with our ab-initio calculations, presented in
Figs. 12 (b, c). Alternatively, we can replace the SP by a double-size hexagonal pore with 24
C-atom excluded. If the 11-AGNR and 12-AGNR are perforated by such pores, they become
semiconducting, since their cutting leads to semiconducting 2-AGNRs and 2- and 3-AGNR,
respectively. These results are in agreement with ab-initio calculations, giving in 11-AGNR
and 12-AGNR the band gaps of 1.1 eV and 1.18 eV, respectively. We have also tested the
triple-size hexagonal pore (54 C-atoms excluded) in order to check how its long rims affect
band structure of GNRs. Our calculations show that no additional features (e.g. flat bands at
the Fermi level) appear when the GNR are perforated by these pores. In contrast, when these
AGNRs are perforated with SPs in the ribbon center, only the 11-AGNR is semiconducting.

Finally, we discuss porous ZCNTs that can have any conductivity. In Fig. 21 (bottom), we
present the energy band gap of porous ZCNTs in dependence on the chirality index, p. It
exhibits similar periodicity as in the pristine ZCNTs. However, the model is not reliable in
porous ZCNTs. For example, the porous ZCNT(7,0) and ZCNT(8,0) have band gaps similar
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Figure 19. Cutting of: (top) (10,0)ZCNT into 〈19, 1〉AGNR and (middle) (9,9)ACNT into 〈18, 0〉ZGNR (opening of the GNRs is

schematically shown). (bottom) Removal of atoms from porous (10,10)ACNT leading to 〈17, 0〉ZGNR. From Ref. [76].

Figure 20. Band structures in pristine CNTs: a) ACNT (10,10), b) ZCNT (9,0), c) ZCNT (10,10); d) DOS. Porous CNTs: e) ACNT

(10,10), f) ZCNT (9,0), g) ZCNT (10,10); h) DOS. The energy scales for (b,c) and (f,g) cases are the same. From Ref. [76].
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systems of the original NCs (two GNRs for PGNRs, one GNR for PCNTs, and a GNR-lattice
for PG). This rule predicts that: (1) Porous ACNTs are metallic as the (daughter) ZGNRs;
Fig. 19 (bottom) shows effective replacing of porous ACNT by pristine ZGNR. Perforating
the resulting ZGNRs (and the other half of ZGNRs that can not be rolled up into CNTs)
gives two metallic ZGNRs, preserving the ZGNR-metallicity. (2) Porous ZCNTs may give
semiconducting or metallic AGNRs. Cutting all the AGNRs may give pairs of AGNRs with
any conductivity. These results were confirmed by ab initio calculations.

We now use these rules to predict metallicity in porous AGNRs with SPs. We assume that
their band gaps are EBG ≃ min (E1BG; E2BG), where E1BG, E2BG are band gaps of their
two daughter AGNRs (see Fig. 18 (top)). With this inference, we can derive an analytical
expression describing the dependence of the band gap on the width of the porous AGNRs.
For simplicity, we consider SPs positioned in the middle of AGNRs of the width of W =

a
√

3 (N − 1)/2, where a is the C-C distance and N is the number of dimers. By evaluating
the widths of the pristine daughter AGNRs, we find that porous N-AGNRs are potentially
metallic if the number of C-C dimers is given by at least one of these equations

N =
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6k + 11 + (−1)k
)

/2 , N = 6k + 3 + 2 (−1)k ,

N = 12k + 9, (k = 0, 1, 2...) , (1)

i.e., if N = 5, 6, 7, 8, 9, 12, 14, 17, 18, 19, 20, .... In Fig. 21 (top), we compare the ab-initio energy
band gaps in pristine [59, 180] and porous AGNRs to validate the above model. In contrast
to the pristine ribbons, where the metallic points emerge with the period of 3, (Nmet =

3m + 2), the band gaps of porous AGNRs have a more complex dependence. Nevertheless,
the positions of the band gap minima agree with Eqn. 1.

We can extend the assumptions used in Eqn. 1 to PNCs perforated with larger and shifted
honeycomb-like pores. Their presence may still be reduced to removing from the AGNRs a
layer of atoms of the width given by the pore size, where the minimum band gap of the two
resulting AGNRs can determine the band gap of the porous AGNR. For example, when the
SP is shifted in the 11-AGNR by one honeycomb from the ribbon center, the two daughter
pristine 4-AGNRs are replaced by 2-AGNR and 6-AGNR (all semiconducting). This should
lead to a band gap shrinkage, in agreement with our ab-initio calculations, presented in
Figs. 12 (b, c). Alternatively, we can replace the SP by a double-size hexagonal pore with 24
C-atom excluded. If the 11-AGNR and 12-AGNR are perforated by such pores, they become
semiconducting, since their cutting leads to semiconducting 2-AGNRs and 2- and 3-AGNR,
respectively. These results are in agreement with ab-initio calculations, giving in 11-AGNR
and 12-AGNR the band gaps of 1.1 eV and 1.18 eV, respectively. We have also tested the
triple-size hexagonal pore (54 C-atoms excluded) in order to check how its long rims affect
band structure of GNRs. Our calculations show that no additional features (e.g. flat bands at
the Fermi level) appear when the GNR are perforated by these pores. In contrast, when these
AGNRs are perforated with SPs in the ribbon center, only the 11-AGNR is semiconducting.

Finally, we discuss porous ZCNTs that can have any conductivity. In Fig. 21 (bottom), we
present the energy band gap of porous ZCNTs in dependence on the chirality index, p. It
exhibits similar periodicity as in the pristine ZCNTs. However, the model is not reliable in
porous ZCNTs. For example, the porous ZCNT(7,0) and ZCNT(8,0) have band gaps similar
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Figure 21. (top) Dependence of the band gap in the pristine and porous AGNR on the number of dimers (the central position

of the SP). (bottom) The same dependence in ZCNT on the chirality index. From Ref. [76].

to the daughter 11-AGNR and 13-AGNR, respectively. But the same is not true for the porous
ZCNT(9,0) and ZCNT(10,0) paired with the daughter 15-AGNR and 17-AGNR, respectively.
In principle, this failure might be caused by the fact that the AGNRs are not calculated
deformed as the corresponding daughter ZCNTs [193, 194]. However, our calculations show
that the bent 17-AGNR has almost the same band gap as the pristine 17-AGNR. Therefore, a
more quantitative approach needs to be used here.

It is of interest to see if other types of periodic modifications can also be used to tune the band
structures of nanocarbons. To briefly examine this idea, we have replaced SPs by Stone-Wales
55-77 defects [195]. In Fig. 22, we show the band structures of 11-AGNR, 10-ZGNR, and
graphene superlattices modified in this way. The periodic array of SW 55-77 defect in
11-AGNR leads to small bang gap opening, as shown Fig. 22 (a), in analogy to 11-AGNR
with SPs (Fig.12 b). The band structure of 10-ZGNR, shown in Fig. 22 (b), is not sensitive to
this perturbation, as in the SP-perturbations (Fig.12 f). On the other hand, when we replace
in graphene superlattices SPs with the SW 55-77 defects, we can obtain qualitatively different
band structures. In particular, the band structure of graphene modified by SW 55-77 defects
in the array with NA = 7 and NZ = 4 (Fig. 22 c) is similar to that of the SP-superlattice with
the same NA and NZ, but here we also observe opening of a small band gap. In Fig. 22 (d),
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Figure 22. Band structures of nanocarbons with periodic 55-77 Stone-Wales defects: a) 11-AGNR, b) 10-ZCNT, c) graphene

superlattice with NA = 7 and NZ = 4, d) graphene superlattice with NA = 9 and NZ = 4. Figures (e-h) show unit cells for the
respective cases. From Ref. [76].

Figure 23. 10-ZGNR edge magnetism. The alternation of spin imbalance as result of introduction of 55-77 SW defects. From

Ref. [76].

we show the band structure of the SW-graphene superlattice (NA = 9 and NZ = 4), which is
semiconducting as the PG-superlattice with the same NA and NZ. These observations show
that periodic defects could also be used to tune band gaps in nanocarbons, but the rules
might be slightly different.

For completeness, we have recalculated some of the above structures including spin
polarization (we used a set of LDA and GGA functionals). It turns out, the band structures of
nanocarbons can be modified by the spin polarization (zigzag edges) [164], but the presence
of SPs does not introduce additional magnetic features beyond the changes described already
in the non-magnetic calculations. Interestingly, the presence of arrays of SW (55-77) defects in
ZGNRs can alternate mutual orientation of the magnetic moments localized at the opposite
edges, due to topological changes in the sublattices, as shown in Fig. 23.
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Figure 21. (top) Dependence of the band gap in the pristine and porous AGNR on the number of dimers (the central position

of the SP). (bottom) The same dependence in ZCNT on the chirality index. From Ref. [76].

to the daughter 11-AGNR and 13-AGNR, respectively. But the same is not true for the porous
ZCNT(9,0) and ZCNT(10,0) paired with the daughter 15-AGNR and 17-AGNR, respectively.
In principle, this failure might be caused by the fact that the AGNRs are not calculated
deformed as the corresponding daughter ZCNTs [193, 194]. However, our calculations show
that the bent 17-AGNR has almost the same band gap as the pristine 17-AGNR. Therefore, a
more quantitative approach needs to be used here.

It is of interest to see if other types of periodic modifications can also be used to tune the band
structures of nanocarbons. To briefly examine this idea, we have replaced SPs by Stone-Wales
55-77 defects [195]. In Fig. 22, we show the band structures of 11-AGNR, 10-ZGNR, and
graphene superlattices modified in this way. The periodic array of SW 55-77 defect in
11-AGNR leads to small bang gap opening, as shown Fig. 22 (a), in analogy to 11-AGNR
with SPs (Fig.12 b). The band structure of 10-ZGNR, shown in Fig. 22 (b), is not sensitive to
this perturbation, as in the SP-perturbations (Fig.12 f). On the other hand, when we replace
in graphene superlattices SPs with the SW 55-77 defects, we can obtain qualitatively different
band structures. In particular, the band structure of graphene modified by SW 55-77 defects
in the array with NA = 7 and NZ = 4 (Fig. 22 c) is similar to that of the SP-superlattice with
the same NA and NZ, but here we also observe opening of a small band gap. In Fig. 22 (d),
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Figure 22. Band structures of nanocarbons with periodic 55-77 Stone-Wales defects: a) 11-AGNR, b) 10-ZCNT, c) graphene

superlattice with NA = 7 and NZ = 4, d) graphene superlattice with NA = 9 and NZ = 4. Figures (e-h) show unit cells for the
respective cases. From Ref. [76].

Figure 23. 10-ZGNR edge magnetism. The alternation of spin imbalance as result of introduction of 55-77 SW defects. From

Ref. [76].

we show the band structure of the SW-graphene superlattice (NA = 9 and NZ = 4), which is
semiconducting as the PG-superlattice with the same NA and NZ. These observations show
that periodic defects could also be used to tune band gaps in nanocarbons, but the rules
might be slightly different.

For completeness, we have recalculated some of the above structures including spin
polarization (we used a set of LDA and GGA functionals). It turns out, the band structures of
nanocarbons can be modified by the spin polarization (zigzag edges) [164], but the presence
of SPs does not introduce additional magnetic features beyond the changes described already
in the non-magnetic calculations. Interestingly, the presence of arrays of SW (55-77) defects in
ZGNRs can alternate mutual orientation of the magnetic moments localized at the opposite
edges, due to topological changes in the sublattices, as shown in Fig. 23.
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We have shown that the formation of nanopores in PNCs can lead to the appearance of
band gaps, midgap states and quasi-flat bands around the Fermi level. We have discussed
a unified picture of electronic structures in PNCs, where the formation of periodic arrays of
nanopores can be regarded as an effective cutting. We have also seen that nanopores can
induce a local spin imbalance related to a non-zero magnetic moment. All these effects show
that the electronic parameters of PNCs are highly tunable, which can be used in numerous
potential applications.

Additional control of the electronic structure in PNCs

The electronic structure of PNCs can be further influenced and controlled by the chemistry of
the edges and pore rims, various defects, mechanical deformations, etc. For example, it was
shown that hydrogen adsorbate structures on graphene are thermodynamically stable well
above the room temperature, and the resulting band gap opening is stable against a weak
disorder [165, 185]. Extensive studies of GNRs and PGNRs with chemically functionalized
edges were carried on [166, 184]. It was shown that edge or bulk functionalization or atomic
substitution in PNCs (n/p doping) is an efficient mean to change electronic characteristics
of nanocarbons. In particular, chemical functionalization of zigzag-type of edges breaks the
spin degeneracy, as shown in Fig. 24 [166]. It promotes a metal-semiconductor transition or
a half-semiconducting state with two spin channels (spin-dependent band gap or opposite
spin polarizations in the valence and conduction bands).

An edge functionalization of AGNRs does not lift the spin degeneracy and it can generate
electronic states within a few eV away from the Fermi level in the valence band with no
effect on their energy band gap [166]. Substitutions of carbon atoms with N and B atoms
can produce various effects, depending on the position of the substitutional site [166]. In
particular, edge substitutions at low density do not significantly alter the band gap, while
bulk substitutions promote the onset of metal-semiconductor transitions, as shown in Fig. 25
[166].

Mechanical deformations, such as application of uniaxial or shear strains and out-of-plane
deformation or bending, can also modify the energy band gap. Compared to a graphene
sheet where the band gap remains close to zero even if a large strain is applied, the band
gap of GNRs and PGNRs depends strongly on their edge shape [194]. For AGNRs, a weak
uniaxial strain changes the band gap in a linear fashion, whereas a large strain results in
periodic oscillation of the band gap. In contrast, the shear strain always reduces the band
gap. In ZGNRs, a strain changes the spin polarization at the edges, and thereby modulate the
band gap. Out-of-the-plane radial deformations can cause a semiconductor-metal transition
in GNRs, due to the hybridization of σ and π orbitals and modifications of orbital interactions
[193]. Mechanical deformations may also be related with other interesting phenomena, such
as a piezoelectricity in a boron-nitride analogue of graphene [196].

4.2. Electron transport in porous nanocarbons

Electronic structures in graphene-based systems determine their electronic transport
properties. Specifically, electronic transmission through such systems under bias
(current-voltage characteristics) strongly depends on their energy band gap, densities of
states, bands lineup, spin states, and the reciprocal positions of an Fermi energy level of
their electrodes with respect to their HOMO and LUMO bands [197–199].
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Figure 24. Spin density of α (red solid line) and β (black solid line) for functionalized ZGNRs in comparison with a clean

ribbon (black dotted line). 6-ZGNR functionalized with a) NH2, b) OH, c) COOH, d) stable-NO2, e) metastable-NO2 and f) O

radicals in one of the ribbon edges, resulting in (a)-(f) lifting of the spin degeneracy, (a)-(d) spin-selective band gap, or (e) and

(f) semiconductor-metal transition. g) Oxygen edge substitutional atom favoring a semiconductor-metal transition. (h) 6-ZGNR

with a nitrogen bulk substitution in the center of the ribbon. i) Nitrogen bulk substituted ribbon shown in h) with an extra single

NH2 at the edge of the opposite carbon sublattice, with the maximum distance between N and NH2 in the periodic direction,

resulting in a semiconductor-metal transition. From Ref. [166].

The quantum transport in biased graphene nanoribbons (GNRs) was extensively studied
[48, 200–202]. For example, it was shown that spin-valve devices based on GNRs can
exhibit magnetoresistance values that are thousands of times higher than previously reported
experimental values [203]. GNR doping was shown to significantly affect their transport
properties [48, 199, 204]. Modeling of electron transport in GNRs was done using the
Landauer-Buttiker formalism [205], non-equilibrium Green’s function (NEGF) techniques
[206], and other methods.

In Fig. 26, we show the calculated quantum conductances of two pristine armchair GNRs of
different widths and a pristine zigzag GNR in anti-ferromagnetic and ferromagnetic states
[200]. One can see that the energy band gap of armchair GNRs depends on the ribbon
widths. The step-like behavior of the transmission spectrum is related with the available
conductance channels (bands) [201]. In zigzag GNRs, the electron transport is dominated by
edge states which are spin-polarized. Depending on the edge spin configuration (↑↓ or ↑↑)
the zigzag GNRs are predicted to be semiconducting or semi-metallic, which is reflected in
the presence or absence of the energy interval of zero transmission, respectively.

We have calculated by NEGF techniques the electron transmission through porous armchair
GNRs. The system setup and the electron transmission spectra are shown in Fig. 27. As
one can see, the perforation of 11-AGNR with a pore can significantly affect its conductance.
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We have shown that the formation of nanopores in PNCs can lead to the appearance of
band gaps, midgap states and quasi-flat bands around the Fermi level. We have discussed
a unified picture of electronic structures in PNCs, where the formation of periodic arrays of
nanopores can be regarded as an effective cutting. We have also seen that nanopores can
induce a local spin imbalance related to a non-zero magnetic moment. All these effects show
that the electronic parameters of PNCs are highly tunable, which can be used in numerous
potential applications.

Additional control of the electronic structure in PNCs

The electronic structure of PNCs can be further influenced and controlled by the chemistry of
the edges and pore rims, various defects, mechanical deformations, etc. For example, it was
shown that hydrogen adsorbate structures on graphene are thermodynamically stable well
above the room temperature, and the resulting band gap opening is stable against a weak
disorder [165, 185]. Extensive studies of GNRs and PGNRs with chemically functionalized
edges were carried on [166, 184]. It was shown that edge or bulk functionalization or atomic
substitution in PNCs (n/p doping) is an efficient mean to change electronic characteristics
of nanocarbons. In particular, chemical functionalization of zigzag-type of edges breaks the
spin degeneracy, as shown in Fig. 24 [166]. It promotes a metal-semiconductor transition or
a half-semiconducting state with two spin channels (spin-dependent band gap or opposite
spin polarizations in the valence and conduction bands).

An edge functionalization of AGNRs does not lift the spin degeneracy and it can generate
electronic states within a few eV away from the Fermi level in the valence band with no
effect on their energy band gap [166]. Substitutions of carbon atoms with N and B atoms
can produce various effects, depending on the position of the substitutional site [166]. In
particular, edge substitutions at low density do not significantly alter the band gap, while
bulk substitutions promote the onset of metal-semiconductor transitions, as shown in Fig. 25
[166].

Mechanical deformations, such as application of uniaxial or shear strains and out-of-plane
deformation or bending, can also modify the energy band gap. Compared to a graphene
sheet where the band gap remains close to zero even if a large strain is applied, the band
gap of GNRs and PGNRs depends strongly on their edge shape [194]. For AGNRs, a weak
uniaxial strain changes the band gap in a linear fashion, whereas a large strain results in
periodic oscillation of the band gap. In contrast, the shear strain always reduces the band
gap. In ZGNRs, a strain changes the spin polarization at the edges, and thereby modulate the
band gap. Out-of-the-plane radial deformations can cause a semiconductor-metal transition
in GNRs, due to the hybridization of σ and π orbitals and modifications of orbital interactions
[193]. Mechanical deformations may also be related with other interesting phenomena, such
as a piezoelectricity in a boron-nitride analogue of graphene [196].

4.2. Electron transport in porous nanocarbons

Electronic structures in graphene-based systems determine their electronic transport
properties. Specifically, electronic transmission through such systems under bias
(current-voltage characteristics) strongly depends on their energy band gap, densities of
states, bands lineup, spin states, and the reciprocal positions of an Fermi energy level of
their electrodes with respect to their HOMO and LUMO bands [197–199].
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Figure 24. Spin density of α (red solid line) and β (black solid line) for functionalized ZGNRs in comparison with a clean

ribbon (black dotted line). 6-ZGNR functionalized with a) NH2, b) OH, c) COOH, d) stable-NO2, e) metastable-NO2 and f) O

radicals in one of the ribbon edges, resulting in (a)-(f) lifting of the spin degeneracy, (a)-(d) spin-selective band gap, or (e) and

(f) semiconductor-metal transition. g) Oxygen edge substitutional atom favoring a semiconductor-metal transition. (h) 6-ZGNR

with a nitrogen bulk substitution in the center of the ribbon. i) Nitrogen bulk substituted ribbon shown in h) with an extra single

NH2 at the edge of the opposite carbon sublattice, with the maximum distance between N and NH2 in the periodic direction,

resulting in a semiconductor-metal transition. From Ref. [166].

The quantum transport in biased graphene nanoribbons (GNRs) was extensively studied
[48, 200–202]. For example, it was shown that spin-valve devices based on GNRs can
exhibit magnetoresistance values that are thousands of times higher than previously reported
experimental values [203]. GNR doping was shown to significantly affect their transport
properties [48, 199, 204]. Modeling of electron transport in GNRs was done using the
Landauer-Buttiker formalism [205], non-equilibrium Green’s function (NEGF) techniques
[206], and other methods.

In Fig. 26, we show the calculated quantum conductances of two pristine armchair GNRs of
different widths and a pristine zigzag GNR in anti-ferromagnetic and ferromagnetic states
[200]. One can see that the energy band gap of armchair GNRs depends on the ribbon
widths. The step-like behavior of the transmission spectrum is related with the available
conductance channels (bands) [201]. In zigzag GNRs, the electron transport is dominated by
edge states which are spin-polarized. Depending on the edge spin configuration (↑↓ or ↑↑)
the zigzag GNRs are predicted to be semiconducting or semi-metallic, which is reflected in
the presence or absence of the energy interval of zero transmission, respectively.

We have calculated by NEGF techniques the electron transmission through porous armchair
GNRs. The system setup and the electron transmission spectra are shown in Fig. 27. As
one can see, the perforation of 11-AGNR with a pore can significantly affect its conductance.
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Figure 25. Spin density of α (red solid line) and β (black solid line) for functionalized AGNRs in comparison with a clean ribbon

(black dotted line). 12-AGNR functionalized with a) NH2, b) N, c) B edge substitutional atoms, N and B bulk substitutions are

shown in d) and e), where a semiconductor-metal transition occurs. f) and g) Two pyridinelike substitutional doping in the bulk

resulting in a metallic behavior. Arrows indicate impurity levels due to substitutional atoms. The DOS of the clean ribbon is

shifted for the bulk N and B substitutions, so that the edges of the valence band of clean and doped ribbons coincide. From

Ref. [166].

The most pronounced effect is the emergence of additional regions of zero transmission
that proves its dependence on the pore position. The plausible reason of this effect is the
quantum interference [207] between different spatial paths that electrons can follow in the
scattering region. Such a sensitivity may be used for molecular passage detection via electric
measurements.

5. Conclusions

In the last decade, intensive research of graphene, its precursors and derivatives revealed
the great potential of nanocarbons. These materials have unique mechanical, chemical and
electronic properties. Modulating the atomic structure of nanocarbons with chemically
functionalized nanopores was found to be an efficient way to impart to them the desired
properties and functions. The spectrum of nanocarbon applications can cover electronics,
optics, and materials for general use, such as molecular filtration, sensing, detection,
and recognition. In electronics, we should mention that perforation of nanocarbons with
nanopores can not only trigger a metal-semiconductor transition but also a subtle magnetic
phase transition, making porous nanocarbons promising materials for spin current filters
and magnetoresistors. When it comes to molecular sensing and detection, one can use
the exceptional sensitivity of PNC electronic structures to the presence of molecules and
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Figure 26. Quantum transport in graphene nanoribbons at zero bias. Atomic structures and electronic transmission of (a)

16-armchair GNR; (b) 17-armchair GNR, 8-zigzag GNR with (c) anti-parallel or (d) parallel spin orientations between the two

magnetic edges. The spin-dependent transport is evaluated for both magnetic configurations of the 8-zGNR (c and d) but is

only visible for the parallel spin orientations (ferromagnetic one). In such case, one spin orientation is labeled majority-spin (in

black) while the other is labeled minority-spin (in red). Adapted from Ref. [200].

Figure 27. Quantum transport in 11-AGNR (see inset in Fig. 12) at zero bias. (top) Schematic view of two-probe porous AGNR

with edges passivated by hydrogen atoms. Central scattering region, left and right electrodes are indicated. (bottom) Electron

transmission spectra for the pristine 11-AGNR, 11-AGNR with centered pore, 11-AGNR with shifted pore.
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Figure 25. Spin density of α (red solid line) and β (black solid line) for functionalized AGNRs in comparison with a clean ribbon

(black dotted line). 12-AGNR functionalized with a) NH2, b) N, c) B edge substitutional atoms, N and B bulk substitutions are

shown in d) and e), where a semiconductor-metal transition occurs. f) and g) Two pyridinelike substitutional doping in the bulk

resulting in a metallic behavior. Arrows indicate impurity levels due to substitutional atoms. The DOS of the clean ribbon is

shifted for the bulk N and B substitutions, so that the edges of the valence band of clean and doped ribbons coincide. From

Ref. [166].

The most pronounced effect is the emergence of additional regions of zero transmission
that proves its dependence on the pore position. The plausible reason of this effect is the
quantum interference [207] between different spatial paths that electrons can follow in the
scattering region. Such a sensitivity may be used for molecular passage detection via electric
measurements.

5. Conclusions

In the last decade, intensive research of graphene, its precursors and derivatives revealed
the great potential of nanocarbons. These materials have unique mechanical, chemical and
electronic properties. Modulating the atomic structure of nanocarbons with chemically
functionalized nanopores was found to be an efficient way to impart to them the desired
properties and functions. The spectrum of nanocarbon applications can cover electronics,
optics, and materials for general use, such as molecular filtration, sensing, detection,
and recognition. In electronics, we should mention that perforation of nanocarbons with
nanopores can not only trigger a metal-semiconductor transition but also a subtle magnetic
phase transition, making porous nanocarbons promising materials for spin current filters
and magnetoresistors. When it comes to molecular sensing and detection, one can use
the exceptional sensitivity of PNC electronic structures to the presence of molecules and
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Figure 26. Quantum transport in graphene nanoribbons at zero bias. Atomic structures and electronic transmission of (a)

16-armchair GNR; (b) 17-armchair GNR, 8-zigzag GNR with (c) anti-parallel or (d) parallel spin orientations between the two

magnetic edges. The spin-dependent transport is evaluated for both magnetic configurations of the 8-zGNR (c and d) but is

only visible for the parallel spin orientations (ferromagnetic one). In such case, one spin orientation is labeled majority-spin (in

black) while the other is labeled minority-spin (in red). Adapted from Ref. [200].

Figure 27. Quantum transport in 11-AGNR (see inset in Fig. 12) at zero bias. (top) Schematic view of two-probe porous AGNR

with edges passivated by hydrogen atoms. Central scattering region, left and right electrodes are indicated. (bottom) Electron

transmission spectra for the pristine 11-AGNR, 11-AGNR with centered pore, 11-AGNR with shifted pore.
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passage through their pores. However, in order to benefit from material properties of
porous nanocarbons more research is needed in the preparation of atomically precise porous
nanocarbons.
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Advances in Graphene Science154
Porous Nanocarbons: Molecular Filtration and Electronics 37

10.5772/56247

[128] Whitby M. Quirke N. Fluid flow in carbon nanotubes and nanopipes, Nat Nano 2007;
2, 87–94.

[129] Liu H. Murad S. C.J. J. Ion permeation dynamics in carbon nanotubes, J. Chem. Phys.
2006; 125, 084713.

[130] Corso M. Auwörter W. Muntwiler M. Tamai A. Greber T. Osterwalder J. Boron Nitride
Nanomesh, Science 2004; 303, 217–220.

[131] Geim A. K. Novoselov K. S. The rise of graphene, Nat Mater 2007; 6, 183–191.

[132] Berner S. Corso M. Widmer R. Groening O. Laskowski R. Blaha P. Schwarz K.
Goriachko A. Over H. Gsell S. Schreck M. Sachdev H. Greber T. Osterwalder J. Boron
Nitride Nanomesh: Functionality from a Corrugated Monolayer, Angew. Chem. Int. Ed.
2007; 46, 5115–5119.

[133] Laskowski R. Blaha P. Gallauner T. Schwarz K. Single-Layer Model of the Hexagonal
Boron Nitride Nanomesh on the Rh(111) Surface, Phys. Rev. Lett. 2007; 98, 106802.

[134] Ohta T. Bostwick A. Seyller T. Horn K. Rotenberg E. Controlling the Electronic
Structure of Bilayer Graphene, Science 2006; 313, 951–954.

[135] Bunch J. S. Verbridge S. S. Alden J. S. Zande van der A. M. Parpia J. M. Craighead
H. G. McEuen P. L. Impermeable Atomic Membranes from Graphene Sheets, Nano
Lett. 2008; 8, 2458–2462.

[136] Liu Y. Dong X. Chen P. Biological and chemical sensors based on graphene materials,
Chem. Soc. Rev. 2012; 41, 2283–2307.

[137] Jagerszki G. Takacs A. Bitter I. Gyurcsanyi R. E. Solid-State Ion Channels for
Potentiometric Sensing, Angew. Chem. Int. Ed. 2011; 50, 1656–1659.

[138] Titov A. V. Wang B. Sint K. Král P. Controllable Synthetic Molecular Channels:
Biomimetic Ammonia Switch, J. Phys. Chem. B 2009; 114, 1174–1179.

[139] Stampfer C. Guttinger J. Molitor F. Graf D. Ihn T. Ensslin K. Tunable Coulomb blockade
in nanostructured graphene, Appl. Phys. Lett. 2008; 92, 012102–3.

[140] Stankovich S. Dikin D. A. Dommett G. H. B. Kohlhaas K. M. Zimney E. J. Stach E. A.
Piner R. D. Nguyen S. T. Ruoff R. S. Graphene-based composite materials, Nature 2006;
442, 282–286.

[141] Gilje S. Han S. Wang M. Wang K. L. Kaner R. B. A Chemical Route to Graphene for
Device Applications, Nano Lett. 2007; 7, 3394–3398.

[142] The NVT ensemble with periodic boundary conditions is used, where the electrostatic
coupling is calculated by the PME method. The Langevin dynamics is applied to the
systems with the damping coefficient of 0.01 ps-1, in order to minimize the unphysical
loss of momenta to the reservoirs. The time step is always 1 fs.

Porous Nanocarbons: Molecular Filtration and Electronics
http://dx.doi.org/10.5772/56247

155



38 Advances in Graphene Science

[143] Darden T. York D. Pedersen L. Particle Mesh Ewald-an N.Log(N) method for Ewald
sums in large systems, J. Chem. Phys. 1993; 98, 10089–10092.

[144] Wang B. Král P. Coulombic Dragging of Molecules on Surfaces Induced by Separately
Flowing Liquids, J. Am. Chem. Soc. 2006; 128, 15984–15985.

[145] Phillips J. Braun R. Wang W. Gumbart J. Tajkhorshid E. Villa E. Chipot C. Skeel R.
Kale L. K. S. Scalable molecular dynamics with NAMD, J. Comput. Chem. 2005; 26,
1781–1802.

[146] MacKerell A. D. Bashford D. Bellott Dunbrack R. L. Evanseck J. D. Field M. J. Fischer
S. Gao J. Guo H. Ha S. Joseph-McCarthy D. Kuchnir L. Kuczera K. Lau F. T. K. Mattos
C. Michnick S. Ngo T. Nguyen D. T. Prodhom B. Reiher W. E. Roux B. Schlenkrich
M. Smith J. C. Stote R. Straub J. Watanabe M. Wiórkiewicz-Kuczera J. Yin D. Karplus
M. All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of
Proteins, J. Phys. Chem. B 1998; 102, 3586–3616.

[147] The calculations are done with 3-21g basis set. Charges are obtained by the Natural
Population analysis.

[148] Frisch M. et al. Gaussian 03, Revision C.02 2004; Gaussian, Inc., Wallingford, C.T.

[149] Auffinger P. Bielecki L. Westhof E. Symmetric K+ and Mg2+ ion-binding sites in the 5S
rRNA loop E inferred from molecular dynamics simulations, J. Mol. Biol. 2004; 335(2),
555–571.

[150] Wang B. Král P. Cover Picture: Optimal Atomistic Modifications of Material Surfaces:
Design of Selective Nesting Sites for Biomolecules (Small 4/2007), Small 2007; 3,
580–584.

[151] Merlet C. Rotenberg B. Madden P. A. Taberna P.-L. Simon P. Gogotsi Y. Salanne M.
On the molecular origin of supercapacitance in nanoporous caaarbon electrodes, Nat
Mater 2012; 11, 306–310.

[152] Du H. Li J. Zhang J. Su G. Li X. Zhao Y. Separation of Hydrogen and Nitrogen Gases
with Porous Graphene Membrane, J. Phys. Chem. C 2011; 115, 23261–23266.

[153] Shan M. Xue Q. Jing N. Ling C. Zhang T. Yan Z. Zheng J. Influence of chemical
functionalization on the CO2/N2 separation performance of porous graphene
membranes, Nanoscale 2012; 4, 5477–5482.

[154] Hauser A. W. Schwerdtfeger P. Methane-selective nanoporous graphene membranes
for gas purification, Phys. Chem. Chem. Phys. 2012; 14, 13292–13298.

[155] Blankenburg S. Bieri M. Fasel R. Müllen K. Pignedoli C. A. Passerone D. Porous
Graphene as an Atmospheric Nanofilter, Small 2010; 6, 2266–2271.

[156] Wang E. N. Karnik R. Water desalination: Graphene cleans up water, Nat Nano 2012;
7, 552–554.

Advances in Graphene Science156
Porous Nanocarbons: Molecular Filtration and Electronics 39

10.5772/56247

[157] Cohen-Tanugi D. Grossman J. C. Water Desalination across Nanoporous Graphene,
Nano Lett. 2012; 12, 3602–3608.

[158] Bae S. Kim H. Lee Y. Xu X. Park J.-S. Zheng Y. Balakrishnan J. Lei T. Ri Kim H. Song Y. I.
Kim Y.-J. Kim K. S. Ozyilmaz B. Ahn J.-H. Hong B. H. Iijima S. Roll-to-roll production
of 30-inch graphene films for transparent electrodes, Nat Nano 2010; 5, 574–578.

[159] Venkatesan B. M. Bashir R. Nanopore sensors for nucleic acid analysis, Nat Nano 2011;
6, 615–624.

[160] Wells D. B. Belkin M. Comer J. Aksimentiev A. Assessing Graphene Nanopores for
Sequencing DNA, Nano Lett. 2012; 12, 4117–4123.

[161] Postma H. W. C. Rapid Sequencing of Individual DNA Molecules in Graphene
Nanogaps, Nano Lett. 2010; 10, 420–425.

[162] Nelson T. Zhang B. Prezhdo O. V. Detection of Nucleic Acids with Graphene
Nanopores: Ab Initio Characterization of a Novel Sequencing Device, Nano Lett. 2010;
10, 3237–3242.

[163] Saha K. K. Drndic M. Nikolic B. K. DNA Base-Specific Modulation of Microampere
Transverse Edge Currents through a Metallic Graphene Nanoribbon with a Nanopore,
Nano Lett. 2011; 12, 50–55.

[164] Palacios J. J. Fernández-Rossier J. Brey L. Vacancy-induced magnetism in graphene and
graphene ribbons, Phys. Rev. B 2008; 77, 195428.

[165] Balog R. Jorgensen B. Nilsson L. Andersen M. Rienks E. Bianchi M. Fanetti M.
Laegsgaard E. Baraldi A. Lizzit S. Sljivancanin Z. Besenbacher F. Hammer B. Pedersen
T. G. Hofmann P. Hornekaer L. Bandgap opening in graphene induced by patterned
hydrogen adsorption, Nat Mater 2010; 9, 315–319.

[166] Cervantes-Sodi F. Csányi G. Piscanec S. Ferrari A. C. Edge-functionalized and
substitutionally doped graphene nanoribbons: Electronic and spin properties, Phys.
Rev. B 2008; 77, 165427.

[167] Furst J. A. Pedersen J. G. Flindt C. Mortensen N. A. Brandbyge M. Pedersen T. G. Jauho
A.-P. Electronic properties of graphene antidot lattices, New Journal of Physics 2009; 11,
095020.

[168] Pedersen T. G. Flindt C. Pedersen J. Mortensen N. A. Jauho A.-P. Pedersen K. Graphene
Antidot Lattices: Designed Defects and Spin Qubits, Phys. Rev. Lett. 2008; 100, 136804.

[169] Vanevic M. Stojanovic V. M. Kindermann M. Character of electronic states in graphene
antidot lattices: Flat bands and spatial localization, Phys. Rev. B 2009; 80, 045410.

[170] Gao Y.-D. Kumazaki H. Terai J. Chida K. Hosoya H. Topological factors governing the
HOMO-LUMO band gap of the density of states of periodic hydrocarbon polymer
networks, Journal of Mathematical Chemistry 1993; 12, 279–308.

Porous Nanocarbons: Molecular Filtration and Electronics
http://dx.doi.org/10.5772/56247

157



38 Advances in Graphene Science

[143] Darden T. York D. Pedersen L. Particle Mesh Ewald-an N.Log(N) method for Ewald
sums in large systems, J. Chem. Phys. 1993; 98, 10089–10092.

[144] Wang B. Král P. Coulombic Dragging of Molecules on Surfaces Induced by Separately
Flowing Liquids, J. Am. Chem. Soc. 2006; 128, 15984–15985.

[145] Phillips J. Braun R. Wang W. Gumbart J. Tajkhorshid E. Villa E. Chipot C. Skeel R.
Kale L. K. S. Scalable molecular dynamics with NAMD, J. Comput. Chem. 2005; 26,
1781–1802.

[146] MacKerell A. D. Bashford D. Bellott Dunbrack R. L. Evanseck J. D. Field M. J. Fischer
S. Gao J. Guo H. Ha S. Joseph-McCarthy D. Kuchnir L. Kuczera K. Lau F. T. K. Mattos
C. Michnick S. Ngo T. Nguyen D. T. Prodhom B. Reiher W. E. Roux B. Schlenkrich
M. Smith J. C. Stote R. Straub J. Watanabe M. Wiórkiewicz-Kuczera J. Yin D. Karplus
M. All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of
Proteins, J. Phys. Chem. B 1998; 102, 3586–3616.

[147] The calculations are done with 3-21g basis set. Charges are obtained by the Natural
Population analysis.

[148] Frisch M. et al. Gaussian 03, Revision C.02 2004; Gaussian, Inc., Wallingford, C.T.

[149] Auffinger P. Bielecki L. Westhof E. Symmetric K+ and Mg2+ ion-binding sites in the 5S
rRNA loop E inferred from molecular dynamics simulations, J. Mol. Biol. 2004; 335(2),
555–571.

[150] Wang B. Král P. Cover Picture: Optimal Atomistic Modifications of Material Surfaces:
Design of Selective Nesting Sites for Biomolecules (Small 4/2007), Small 2007; 3,
580–584.

[151] Merlet C. Rotenberg B. Madden P. A. Taberna P.-L. Simon P. Gogotsi Y. Salanne M.
On the molecular origin of supercapacitance in nanoporous caaarbon electrodes, Nat
Mater 2012; 11, 306–310.

[152] Du H. Li J. Zhang J. Su G. Li X. Zhao Y. Separation of Hydrogen and Nitrogen Gases
with Porous Graphene Membrane, J. Phys. Chem. C 2011; 115, 23261–23266.

[153] Shan M. Xue Q. Jing N. Ling C. Zhang T. Yan Z. Zheng J. Influence of chemical
functionalization on the CO2/N2 separation performance of porous graphene
membranes, Nanoscale 2012; 4, 5477–5482.

[154] Hauser A. W. Schwerdtfeger P. Methane-selective nanoporous graphene membranes
for gas purification, Phys. Chem. Chem. Phys. 2012; 14, 13292–13298.

[155] Blankenburg S. Bieri M. Fasel R. Müllen K. Pignedoli C. A. Passerone D. Porous
Graphene as an Atmospheric Nanofilter, Small 2010; 6, 2266–2271.

[156] Wang E. N. Karnik R. Water desalination: Graphene cleans up water, Nat Nano 2012;
7, 552–554.

Advances in Graphene Science156
Porous Nanocarbons: Molecular Filtration and Electronics 39

10.5772/56247

[157] Cohen-Tanugi D. Grossman J. C. Water Desalination across Nanoporous Graphene,
Nano Lett. 2012; 12, 3602–3608.

[158] Bae S. Kim H. Lee Y. Xu X. Park J.-S. Zheng Y. Balakrishnan J. Lei T. Ri Kim H. Song Y. I.
Kim Y.-J. Kim K. S. Ozyilmaz B. Ahn J.-H. Hong B. H. Iijima S. Roll-to-roll production
of 30-inch graphene films for transparent electrodes, Nat Nano 2010; 5, 574–578.

[159] Venkatesan B. M. Bashir R. Nanopore sensors for nucleic acid analysis, Nat Nano 2011;
6, 615–624.

[160] Wells D. B. Belkin M. Comer J. Aksimentiev A. Assessing Graphene Nanopores for
Sequencing DNA, Nano Lett. 2012; 12, 4117–4123.

[161] Postma H. W. C. Rapid Sequencing of Individual DNA Molecules in Graphene
Nanogaps, Nano Lett. 2010; 10, 420–425.

[162] Nelson T. Zhang B. Prezhdo O. V. Detection of Nucleic Acids with Graphene
Nanopores: Ab Initio Characterization of a Novel Sequencing Device, Nano Lett. 2010;
10, 3237–3242.

[163] Saha K. K. Drndic M. Nikolic B. K. DNA Base-Specific Modulation of Microampere
Transverse Edge Currents through a Metallic Graphene Nanoribbon with a Nanopore,
Nano Lett. 2011; 12, 50–55.

[164] Palacios J. J. Fernández-Rossier J. Brey L. Vacancy-induced magnetism in graphene and
graphene ribbons, Phys. Rev. B 2008; 77, 195428.

[165] Balog R. Jorgensen B. Nilsson L. Andersen M. Rienks E. Bianchi M. Fanetti M.
Laegsgaard E. Baraldi A. Lizzit S. Sljivancanin Z. Besenbacher F. Hammer B. Pedersen
T. G. Hofmann P. Hornekaer L. Bandgap opening in graphene induced by patterned
hydrogen adsorption, Nat Mater 2010; 9, 315–319.

[166] Cervantes-Sodi F. Csányi G. Piscanec S. Ferrari A. C. Edge-functionalized and
substitutionally doped graphene nanoribbons: Electronic and spin properties, Phys.
Rev. B 2008; 77, 165427.

[167] Furst J. A. Pedersen J. G. Flindt C. Mortensen N. A. Brandbyge M. Pedersen T. G. Jauho
A.-P. Electronic properties of graphene antidot lattices, New Journal of Physics 2009; 11,
095020.

[168] Pedersen T. G. Flindt C. Pedersen J. Mortensen N. A. Jauho A.-P. Pedersen K. Graphene
Antidot Lattices: Designed Defects and Spin Qubits, Phys. Rev. Lett. 2008; 100, 136804.

[169] Vanevic M. Stojanovic V. M. Kindermann M. Character of electronic states in graphene
antidot lattices: Flat bands and spatial localization, Phys. Rev. B 2009; 80, 045410.

[170] Gao Y.-D. Kumazaki H. Terai J. Chida K. Hosoya H. Topological factors governing the
HOMO-LUMO band gap of the density of states of periodic hydrocarbon polymer
networks, Journal of Mathematical Chemistry 1993; 12, 279–308.

Porous Nanocarbons: Molecular Filtration and Electronics
http://dx.doi.org/10.5772/56247

157



40 Advances in Graphene Science

[171] Fujita M. Wakabayashi K. Nakada K. Kusakabe K. Peculiar localized states at zigzag
graphite edges, J. Phys. Soc. Jpn. 1996; 65, 1920.

[172] Shima N. Aoki H. Electronic structure of super-honeycomb systems: A peculiar
realization of semimetal/semiconductor classes and ferromagnetism, Phys. Rev. Lett.
1993; 71, 4389–4392.

[173] Sato T. Imade M. Yamabe T. Electronic structure of porous nanotube, Synthetic Metals
1999; 103, 2519–2520.

[174] Hatanaka M. Band structures of porous graphehes, Chem. Phys. Lett. 2010; 488, 187.

[175] Ivanciuc O. Bytautas L. Klein D. J. Mean-field resonating-valencebond theory for
unpaired π-electrons in benzenoid carbon species, J. Chem. Phys. 2002; 116, 4735.

[176] Nakada K. Fujita M. Dresselhaus G. Dresselhaus M. S. Edge state in graphene ribbons:
Nanometer size effect and edge shape dependence, Phys. Rev. B 1996; 54, 17954–17961.

[177] Miyamoto Y. Nakada K. Fujita M. First-principles study of edge states of H-terminated
graphitic ribbons, Phys. Rev. B 1999; 59, 9858–9861.

[178] Ezawa M. Peculiar width dependence of the electronic properties of carbon
nanoribbons, Phys. Rev. B 2006; 73, 045432.

[179] Pisani L. Chan J. A. Montanari B. Harrison N. M. Electronic structure and magnetic
properties of graphitic ribbons, Phys. Rev. B 2007; 75, 064418.

[180] Yu S. Wen Q. Zheng W. Jiang Q. Electronic properties of graphene nanoribbons with
armchair-shaped edges, Molecular Simulation 2008; 34, 1085–1090.
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1. Introduction

Electrochemical energy conversion and storage (EECS) is one of the important strategies to
address the strong demand on clean energy supply. Rechargeable batteries, fuel cells (FC) and
supercapacitors are the typical electrochemical devices. Now, the challenge for the EECS is to
make these devices bear enough capacities so as to fulfill the demand of the emerging markets,
particularly, transportation applications and portable smart electronics. In this regard, the
limitation of graphite, which has been a key component in the existing electrochemical devices,
is seen. Much effort is being made toward exploring new morphologies for carbon, which are
expected to provide some novel properties that would overcome the drawbacks of graphite.
Among these, success in exfoliation of graphene from graphite has broken the ground.

Graphene is a one-atom-thick planar sheet consisting of sp2 carbon atoms that are densely
packed in a honeycomb crystal lattice [1], as shown in Fig. 1. Graphene has many unique
properties such as high surface area, high electronic conductivity, high Young’s modulus, high
thermal conductivity and high optical transmittance [2,3]. Thus, graphene is considered a
versatile building material for fabrication of electrochemical devices. Ever since the mechanical
exfoliation of single-layer graphene from graphite succeeded in 2004, graphene has been
receiving extensive research interest in EECS. The introduction of graphene brings some
innovative properties to the electrochemical devices. Many review papers have focused on
this topic [2,4,5].

Pristine graphene, which is composed of only sp2 carbon atoms, is a zero-gap semiconductor,
and its Fermi level exactly crosses the Dirac point. For practical application, an energy gap is
essential and thus, it is necessary and crucial to develop new methods to precisely control the
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carrier type and concentration in graphene for further development of graphene-based
devices. Normally, graphene has two oxidation states: graphene oxide (GO) and reduced
graphene oxide (RGO). GO is water soluble with low electronic conductivity, while RGO
reveals good conductivity but poor solubility in water. The excellent solubility of GO in
aqueous solution is primarily due to its rich oxygen-containing and hydrophilic groups, such
as hydroxyl, epoxide, carboxyl and carboxylic. Upon reduction, most of the oxygen-containing
groups, in particular the hydroxyl, epoxide and carboxyl, will be completely removed. Thus,
GO will then be converted to π-conjugation-rich graphene, i.e., RGO. The π-conjugation in
graphene sheets (GNS) can restore the conductivity of graphene but reduces its solubility in
water and other organic solvents. The decline in solubility may inevitably reduce processa‐
bility of graphene and therefore limit its applications. All these render functionalization of
graphene highly desirable.

Functionalization of graphene is one of the key topics in graphene research. Generally, there
are two main categories of functionalization: chemical and nonchemical. Chemical function‐
alization is realized through the formation of new covalent bonds between the atoms native
to RGO/GO and the guest functional groups; in contrast, nonchemical functionalization is
mainly based on π interaction between guest molecules and RGO/GO, i.e., mainly a physical
interaction. Both types of functionalization can induce some property changes for graphene,
but the chemical routes are more effective. So far, various chemical routes have proposed,
which successfully incorporate a large number of different atoms/organic groups into gra‐
phene, including heterogeneous atoms doping, diazonium coupling, amidation, silanization,
esterization, substitution, cycloaddition, etc. The research also demonstrates that the size of
graphene (particularly the thickness of the ribbons) strongly affects the reactivity of graphene
and the application of the functionalized graphene [6,7]. The thinner the ribbons, the more
reactive they are. Moreover, it is also confirmed that carbon atoms on the ribbon edge are more
reactive than those in the middle of the ribbon [6,7]. The chemical functionalization greatly
alters the electric conductivity of graphene and introduces some defect sites, significantly
affecting the application of the functionalized graphene in EECS applications. So far, hetero‐
geneous atoms doping evidently improves the electric conductivity of graphene and hence,
the resulting functionalized graphene is widely investigated [8,9]; on the other hand, incor‐
poration of organic groups into graphene reduces the electric conductivity, preventing its
electrochemical applications. Nevertheless, such functionalized graphene finds more exten‐
sive application in polymer science and technology, a topic that is not the focus of this chapter.

In this chapter, we review the chemical routes for functionalizing graphene and summarize
the advances in the applications of the functionalized graphene in EECS, including FCs,
lithium ion batteries (LIBs) and supercapacitors. Noticeably, chemical functionalization of
graphene is a big field that involves organic chemistry/polymer chemistry. Various kinds of
organic molecules have been chemically anchored onto graphene. It is impossible for us to list
all kinds of molecules in this short review; instead, we address this in term of what kind of
typical organic reaction is adopted for the functionalization. The organic reactions in this
chapter are easy to understand and follow. For each reaction, the most original and represen‐
tative studies are selected for review. Moreover, a large number of references are involved in
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this topic, which can not be listed totally due to the page limit. Hence, only the references that
are strictly about functionalized graphene and their applications are provided here. Finally,
research in this field is advancing quickly, thus, some new results might not be addressed.

Figure 1. Schematic diagrams of graphene and graphene-based 0D, 1D and 3D structured carbon (Nature Mater.
2007;6(3) 183-191.)

2. Chemical functionalization of graphene

Generally, the functionalization is realized in two ways. The first is to dope heterogeneous
atoms onto the basal plane (form covalent bond directly with C atoms of graphene), mainly
tuning the electronic structure and introducing defect sites; the second is to establish covalent
bond between the functional group native to GO and the guest functional group. Various kinds
of functional groups have been chemically anchored onto graphene, giving rise to a diversity
of graphene based nanocomposites that were widely investigated in various applications. In
this part, we will provide a comprehensive picture for this subject in term of how the covalent
bonds are formed.
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2.1. Characterization of the functionalized graphene

Chemical functionalization is a chemical (or electrochemical) process that proceeds at an
atomic/molecular level. Raman, Infra red spectroscopy (IR), X-ray photoemission spectrome‐
try (XPS), High resolution transmission electric microscopy (HRTEM), Atomic force micro‐
scopy (AFM), and Cyclic voltammetry (CV) are the typical instruments that are widely
employed for understanding the properties resulting from the functionalization. Raman and
IR are sensitive to the formation and change of chemical bonds, helping to determine whether
chemical functionalization is successful. Moreover, they also allow semi-quantity analysis. XPS
is the powerful instrument for functionalized graphene characterization in terms of both
qualification and quantization. For example, XPS can provide decisive information on how
many N atoms are doped into graphene and the types of the doped N atoms. HRTEM can tell
how the morphology and structure changes following chemical functionalization. AFM can
show the thickness and the morphology of graphene. CV measurement is a direct electro‐
chemical method for understanding the electrochemical properties resulting from the func‐
tionalization, a topic of the focus in this chapter.

Guest functional group Chemical process References

N atoms

CVD [13-16]

N-plasma or N+-ion irradiation [17,18]

Arc discharge [19,20]

Electrothermal reactions [22]

Chemical synthesis [23-25]

B atoms CVD [20,26]

S atoms
Chemical synthesis [27]

Pyrolysis [28,67]

F atoms Arc discharge [29]

Table 1. A summary of the chemical routes for functionalization of graphene by heterogeneous atoms doping

2.2. Heterogeneous atoms doping

Heterogeneous atoms doping is one of the most important approaches to chemically func‐
tionalize graphene, and such an approach mainly alters the electric properties of graphene.
Understanding the electric properties of the doped graphene is a hot topic in physics and
semiconductors, for which the studies usually take a combination of experimental measure‐
ment and computer simulation. As a typical example, Novoselov and Geim, the two Nobel
Prize laureates in 2010 because of graphene, did some pioneer research on this topic. In 2008,
they chose the NO2 system providing both open-shell single molecules and closed-shell dimers
N2O4 to study the doping due to adsorbates by combining ab initio theory with transport
measurements [10]. A general relation between the doping strength and whether adsorbates
are open- or closed-shell systems is demonstrated with the NO2 system: The single, open shell
NO2 molecule is a strong acceptor (attracts electrons from graphene), whereas its closed shell
dimer N2O4 causes only weak doping. This effect is pronounced by graphene's peculiar density
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of states (DOS), which provides an ideal situation for model studies of doping effects in
semiconductors.

Strictly speaking, GO, which contains a variety of heterogeneous atoms or groups such as -O,
-COOH, and -OH, is a typical functionalized graphene. But due to the low electronic conduc‐
tivity, their application in EECS is limited and hence, there are few studies focusing on GO in
this field. Nevertheless, these functional groups play important roles in the chemical func‐
tionalization of gaphene. Considering these, in this chapter, we will take GO as graphene.
Doping atoms, such as N, B, P and S and chlorides, into graphene is highly desired because
the doping effectively converts graphene from gapless structure to semiconductor. The
resultant functionalized graphenes are either p-type or n-type, depending on the electronic
structure of the guest atoms. Moreover, the doping also induced more defect sites that facilitate
deposition of other electrochemically functional components (e.g., growth of Pt on graphene)
and stabilize them. Theoretically, all these atoms can be covalently bonded to graphene.
However, in practice, doping N is much easier than doping other elements, and has received
more extensive attention. Success in B, S and F doping is reported recently. To make this part
more understandable, Table 1 summarizes the most typical chemical approaches adopted in
the existing studies.

2.2.1. N-doped graphene

N doping gives rise to n-type (negative) graphene. The well-bonded nitrogen atoms improve
the electronic conductivity and offer more active sites (defects). Nitrogen doping has proved
to be an effective method to improve both the microstructure and the electrochemical prop‐
erties of graphene. So far, many chemical routes have been developed for synthesis of N-doped
graphene (N-graphene), including chemical vapour deposition (CVD), N-plasma treatment,
arc discharge, electrothermal reaction, eletrochemical reaction, chemical synthesis, etc. Now,
CVD and chemical synthesis are more widely adopted for large-scale production.

2.2.1.1. CVD method

Chemical incorporation of nitrogen atoms into graphite by CVD method was first reported by
Johansson, et al., in 1990s. Now, CVD has become one of the important methods for synthe‐
sizing carbon based nanomaterials including the graphene and N-graphene. A typical CVD
process involves three key components, i.e., catalyst, reactants and high temperature. The
mechanism can be expressed as following [11-13]: (I) at high temperature (e.g., >800 ºC) the
catalyst (transition metals) is liquidized, acting as the catalytic sites for absorption and
dissociation of the gas reactants including N-containing reactant (mainly NH3), (II) the catalyst
becomes saturated with the atoms/fragments from the dissociation of the reactants and hence;
(III) solid graphitic carbon (graphene layers) grows from the saturated catalyst by means of
precipitation, with the adsorbed N atoms precipitating into the graphitic lattice, giving rise to
N-doped carbon. The CVD synthesis of N-graphene succeeded in 2009 [13]. In principle, a Cu
film grown on a Si substrate was employed as the catalyst. The substrate was placed in a quartz
tube with a flow of hydrogen and argon. When the center of the furnace reached 800 °C,
CH4 and NH3 were introduced into the flow as the carbon source and nitrogen source respec‐
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Strictly speaking, GO, which contains a variety of heterogeneous atoms or groups such as -O,
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the doping effectively converts graphene from gapless structure to semiconductor. The
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However, in practice, doping N is much easier than doping other elements, and has received
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more understandable, Table 1 summarizes the most typical chemical approaches adopted in
the existing studies.
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N doping gives rise to n-type (negative) graphene. The well-bonded nitrogen atoms improve
the electronic conductivity and offer more active sites (defects). Nitrogen doping has proved
to be an effective method to improve both the microstructure and the electrochemical prop‐
erties of graphene. So far, many chemical routes have been developed for synthesis of N-doped
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CVD and chemical synthesis are more widely adopted for large-scale production.

2.2.1.1. CVD method

Chemical incorporation of nitrogen atoms into graphite by CVD method was first reported by
Johansson, et al., in 1990s. Now, CVD has become one of the important methods for synthe‐
sizing carbon based nanomaterials including the graphene and N-graphene. A typical CVD
process involves three key components, i.e., catalyst, reactants and high temperature. The
mechanism can be expressed as following [11-13]: (I) at high temperature (e.g., >800 ºC) the
catalyst (transition metals) is liquidized, acting as the catalytic sites for absorption and
dissociation of the gas reactants including N-containing reactant (mainly NH3), (II) the catalyst
becomes saturated with the atoms/fragments from the dissociation of the reactants and hence;
(III) solid graphitic carbon (graphene layers) grows from the saturated catalyst by means of
precipitation, with the adsorbed N atoms precipitating into the graphitic lattice, giving rise to
N-doped carbon. The CVD synthesis of N-graphene succeeded in 2009 [13]. In principle, a Cu
film grown on a Si substrate was employed as the catalyst. The substrate was placed in a quartz
tube with a flow of hydrogen and argon. When the center of the furnace reached 800 °C,
CH4 and NH3 were introduced into the flow as the carbon source and nitrogen source respec‐
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tively, and then the substrate was rapidly moved to the high temperature region. After 10 min
of growth, the sample was cooled to room temperature under H2 ambient. Most of the products
are few-layer graphene, and single-layer graphene can be occasionally found. The doped N
atoms are localized in three different sites, i.e., the well-known graphitic N, pyridinic N and
pyrrolic N, respectively. Their configurations are schematically described in Fig. 2. The typical
TEM images are shown in Fig. 3. Atomic percentage of N in the sample is about 8.9 %.
Following this pioneer work, many modified CVD methods have been developed, of which,
annealing graphene in NH3 stream is relatively easier to achieve [14-16].

2.2.1.2. Nitrogen plasma or N+-ion irradiation

Nitrogen plasma is another important method for the N doping in the earlier period of N-
graphene research. Typically, graphene was first synthesized on Si substrate using CH4/N2

plasma at 800 W on microwave plasma enhanced CVD (MPECVD) system [17]. Further N2

plasma treatment of the as-synthesized graphene was carried out using in situ electron
cyclotron resonance (ECR) plasma at a low-pressure and room-temperature. For N doping, a
working pressure of ~0.025 Pa and a microwave power of 150 W were applied for 5 min. N
content varies from approximately 0.7 at% to nearly 6.3 at% (following ECR plasma treatment).
N+-ion irradiation synthesis involves N+-ions bombardment of graphene and subsequently
annealing of the bombarded graphene in NH3 [18]. To achieve this goal, N+-ion irradiation (30
KeV) was first carried out on the mechanically exfoliated single-layer graphene grown on a
300 nm SiO2/Si substrate at room temperature in a vacuum chamber. The bombardment
introduces defects into the plane of the graphene. The defect-possessing graphene was then
annealed in NH3 atmosphere at 1100 °C for 30s, resulting in restoration of some defect sites
and N doped into the plane. N atoms exist mainly as graphitic N.

Figure 2. Schematic diagram of the three types of doped N atoms in N-graphene (Nano Lett. 2008;9(5) 1752-1758.)
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Figure 3. TEM images of N-doped graphene on copper foils: Left, with a single graphitic N dopant; right, with 14
graphitic N dopants and strong intervalley scattering tails. (Science 2011;333, 999-1003.)

2.2.1.3. Arc discharge

The most typical study focusing on fabrication of N-graphene by arc discharge was reported
by Li, et al., a method that allows large scale synthesis of N-doped multi-layered (2-6 layers)
sheets [19]. In detail, direct current (DC) arc-discharge was carried out in a water-cooled
stainless steel chamber. Two electrodes were both Φ8 mm pure graphite rod. The current was
held at 120 A. As the rods were brought close together, discharge occurred resulting in the
formation of plasma. The anode was vaporized in He and NH3 mixing atmosphere of 760 Torr.
As the anode was consumed, the rods were kept at a constant distance of about 1 mm by
rotating the cathode. When the discharge ended, the soot generated was collected under
ambient conditions. The condition that is favorable for obtaining N-doped multi-layer
graphene is the high proportion of NH3 (above 50%, by volume). However, no information on
how many N atoms can be incorporated into the plane was provided. Rao et al., [20] modified
this method using H2+pyridine or H2+ammonia as starting materials, making use of the fact
that in the presence of hydrogen, GNS do not readily roll into nanotubes. The result N-
graphene only contains about 1 at% of N. It should be mentioned that there is a major drawback
in using arc discharge for carbon materials synthesis (including graphene). This process gives
rise to a large amount of unwanted products; in other word, the selectivity is lower. As a result,
the process requires complicated and well controlled purification steps [21].

2.2.1.4. Electrothermal reactions

Electrothermal reaction is relatively more complicated and of higher cost. It was developed in
Dai's lab [22]. This method involves high-power electrical joule heating of GNS in ammonia
gas. To achieve this goal, they first fabricated a field emission like device using graphene
nanoribbons. The graphene nanoribbon device was then e-annealed in a ~1 torr NH3/Ar
environment with carefully designed sequences and control experiments. In NH3, they applied
similar e-annealing sequences as in vacuum. After e-annealing, the chamber was pumped
down to base pressure to fully remove physisorbed NH3 molecules. It is proposed that chemical
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reactions between graphene nanoribbons and NH3 lead to nitrogen functionalization, most
likely take place at the more reactive edge carbon atoms.

2.2.1.5. Chemical synthesis

Irrespective of the progress made on N-graphene synthesis, continuous pursuing in this area
is still highly demanded. Future applications of N-graphene rely on easy-to-operate methods,
which can deliver products in a reasonably large quantity and at obviously reduced cost. On
this aspect, chemical synthesis has drawn much attention. The first attempt for this is the
synthesis using embedded carbon and nitrogen sources in metal [23]. First, boron and nickel
layers were sequentially deposited on SiO2/Si substrate by electron beam evaporation, where
a trace amount of nitrogen species were incorporated into the boron layer spontaneously. Then,
the sandwiched Ni(C)/B(N)/SiO2/Si substrate was vacuum annealed at a desired temperature
(800-1100 °C) at a slow rate of 15-20 °C min-1. The samples were maintained at a desired
temperature for 0-60 min with a pressure of 10-3-10-4 Pa, and then cooled down to room
temperature at a rate of 2-50 °C min-1. Typically, the N/C atomic ratios, estimated by XPS, range
from 0.3 to 2.9 at%. Later, a novel method was developed for one-pot direct synthesis by the
hydrothermal reaction of lithium nitride with tetrachloromethane under mild conditions (in
a stainless steel autoclave in nitrogen with temperatures below 350 ºC), allowing fabrication
in gram scale [24]. The nitrogen content varies in the range of 4.5-16.4 at% with the aid of
cyanuric chloride. This method also allows adjusting the ratio of nitrogen species (graphitic
N, pyrrolic N and pyridinic N). Except the high cost of the starting material (Li3N), this method
is indeed suitable for massive N-graphene synthesis. Recently, N-graphene with the nitrogen
level as high as 10.13 at% was synthesized via a simple hydrothermal reaction of graphene
oxide (GO) and urea [25]. N-doping and reduction of GO were achieved simultaneously under
the hydrothermal reaction. In the fabrication, the nitrogen-enriched urea plays a pivotal role
in forming the N-graphene nanosheets with a high nitrogen level. During the hydrothermal
process, the N-doped urea could release NH3 in a sustained manner, accompanied by the
released NH3 reacting with the oxygen functional groups of the GO and then the nitrogen
atoms doped into graphene skeleton, leading to the formation of N-graphene. The nitrogen
level and species could be conveniently controlled by tuning the experimental parameters,
including the mass ratio between urea and GO and the hydrothermal temperature.

2.2.2. B-doped graphene

B doping gives rise to P-type (positive) graphene. As compared to N doping, B doping is harder
to achieve. So far, to our knowledge, there are only a couple of research groups reporting
successful synthesis of B-graphene. Rao et al., are the first group that succeeded [20]. Typically,
they used two methods for the synthesis. For the first, B-graphene was prepared by performing
the arc discharge of graphite electrodes in the presence of hydrogen, helium, and diborane
(B2H6). B2H6 vapor was generated by the addition of BF3-diethyl etherate to sodium borohy‐
dride in tetraglyme. B2H6 vapor was carried to the arc chamber by flowing hydrogen and
subsequently He through the B2H6 generator. For the second, B-graphene was prepared by
carrying out the arc discharge using boron-packed graphite electrodes (3 at% B) in the presence
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of H2 and He. XPS results indicated that B content could be 3.1 at%. Wang, et al., [26] explored
a more novel method. B-graphene was prepared by reacting CCl4, K and BBr3 at 160 °C for 20
h in a sealed teflon-lined stainless steel autoclave, i.e., a typical solvent thermal process. The
content of boron was determined to be 1.1 at% based on the XPS intensity measurement.

2.2.3. S-doped graphene

For S doping, the S atoms exist either as thiophene S (One S atom bonded to two C atoms of
graphene) and SOx. Sulfur doped graphene (S-graphene) was reported successful only recently
[27]. The doping proceeds through thermal treatment of GO and benzyl disulfide (BDS) in Ar.
In detail, GO and BDS were first ultrasonically dispersed in ethanol for about 30 min. The
resulting suspension was spread onto an evaporating dish and dried, forming a uniform solid
mixture. The mixtures were placed into a quartz tube in Ar atmosphere and were annealed at
600-1050 °C. The contents and bonding configurations of sulfur in the resultant S-graphene
can be adjusted by adjusting the mass ratio of GO and BDS as well as the annealing tempera‐
tures. This approach gives rise to a highest S content of ~1.53 wt%. Another typical method
involves pyrolysis of sulphur-containing liquid precursor [28]. Sulfur powder was dissolved
in hexane under ultrasound to form a transparent liquid, which was used as the growth
precursor. Cu foil was placed in a quartz tube, and the whole system was pumped down to
10-2 Torr. The substrate was heated up with a flow of hydrogen and argon mixture. When the
temperature reached 950 °C, the H2-Ar flow was shut off and S-hexane mixture vapor was
introduced into the reaction chamber. After 2.5 min of growth, the sample was rapidly cooled
down to 800 °C, and then the whole system was cooled down to room temperature within the
hydrogen and Ar atmosphere. The doping is about 0.6 at% as estimated by XPS.

2.2.4. Fluorine doped graphene

Fluorine-doped GNS (F-graphene) were synthesized by arc discharge [29]. The arc-discharge
process for preparing GNS was carried out in a water-cooled chamber and graphite rods with
purity of 99.99% were used as the cathode and anode. After the pressure in the chamber
reached 1 Pa, the chamber was filled by H2 and He. During the discharge, the current was
maintained at 140 A. For preparing F-graphene, a hollow graphite rod filled with powdery
graphite fluoride (fluorine content is 60 wt%) was used as the anode. The as-obtained powders
were collected only in the inner and top wall of the chamber in order to exclude relatively
heavy products (such as unexfoliated graphite or graphite fluoride) dropped to the bottom of
the chamber during the arc discharge process. The functionalized GNS contain about 10 wt%
F and are highly hydrophobic.

2.3. Chemical functionalization of graphene with organic groups

As compared to element doping, the functionalization with more complicated organic groups
is an easier procedure. The functionalization usually takes advantage of some typical organic
reactions, through which a wide spectrum of functional groups has been chemically anchored
onto graphene. Besides the evidently different electrical properties from undoped graphene,
such kind of functionalization also brings about some other intriguing properties, such as
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thermal stability, mechanical strength, high processability, etc, and makes a platform for
fabricating 3D materials. There are a huge number of papers published. In this section, we will
review the related studies in this area in detail. Considering the major diversity of the organic
groups, the review is run in term of how the covalent bonds are formed between
graphene/GO and the functional groups, including diazonium coupling, amidation, silaniza‐
tion, esterization, substitution, cycloaddition, etc. The organic molecules that chemically
bonded to graphene are listed in Table 2.

2.3.1. Electrochemical reaction

Electrochemical reaction is a powerful method to functionalize graphene with inert precursors,
e.g., H2. In 2009, Zhang's group reported direct electrochemical reduction of single-layer
graphene oxide (GO) and subsequent functionalization with glucose oxidase [30]. This
approach involves several key steps (as shown in Fig. 4), i.e., adsorption of graphene on the
surface of a glassy carbon electrode (GCE), formation and reduction of GCE-APTES-GO
(APTES stands for 3-aminopropyltriethoxysilane), electrografting of N-Succinimidyl Acrylate
(NSA) on the surface of GCE-APTES-rGO, and anchoring glucose oxidase (GOx) on the surface
of GCE-APTES-rGO-pNSA. Most recently, Daniels, et al., reported electrochemical graphene
functionalization and its substrate dependence [31]. For this purpose, nanocrystalline gra‐
phene layers grown on non-polar faces of SiC were used as control samples for the function‐
alized graphene on Si-face. Atomic hydrogen was generated using a home-built
electrochemical setup, with current applied through a 10% H2SO4 acid solution. A 99.6% Pt
wire and exposed graphene (approximately a 4 mm diameter circular area) were used as the
anode and cathode, respectively. With this setup, under applied voltage, H+ cations are
attracted to the negatively charged graphene cathode electrostatically where they can be
reduced by addition of an electron, leading to current flow. Oxidation occurs at the Pt anode
during this process. A voltage <1.2 V was used to prevent the splitting of H2O which causes
the formation of H2 bubbles.

2.3.2. Diazonium coupling

The reduction of diazonium salts has been widely employed for grafting aryl groups to the
surface of sp2-hybridized carbon materials including glassy carbon, HOPG, and carbon
nanotubes. The sp2 atoms of graphene are prone to react with diazonium salts. Recently, this
type of chemistry has also been applied to chemically functionalize graphene in several
research groups, who also investigated the generated unique properties [32-36]. Haddon, et
al., are one of the several groups early reporting success in this study [32]. The surface
modification with nitrophenyl groups was achieved through the spontaneous reaction of the
diazonium salt (4-nitrophenyl diazonium tetrafluoroborate, denoted as 4-NPD) with the
graphene layer, as illustrated in Fig. 5. Intrinsically, the reaction is a result of spontaneous
electron transfer from the graphene layer and its substrate to the diazonium salt. The func‐
tionalization changes the electronic structure and transport properties of the epitaxial gra‐
phene from near-metallic to semiconducting. Following this work, later, the same group [33]
further proved that aryl-radical functionalization of epitaxial graphene not only changes the

Advances in Graphene Science170

electronic properties but leads to disordered magnetism in the sheet, which consists of a
mixture of ferromagnetic (ferromagnetic), superparamagnetic, and antiferromagnetic regions.

The diazonium coupling reaction of graphene is strongly dependent on graphene layers.
Strano, et al., found that single GNS are almost 10 times more reactive than bi- or multilayers
of graphene [6]. More interestingly, the reactivity of edges is at least two times higher than the
reactivity of the bulk single GNS. This suggestion is supported by the research by Lim [7] and
Sinitskii, et al [34].

Besides the aryl groups, through the diazonium reduction chemistry, more complicated
organic groups, e.g., polymers, were also reported to be chemically anchored onto graphene,
a strategy for fabricating graphene based polymer nanocomposites. Nutt, et al., reported
grafting of polystyrene chain on a single-layer GNS [35]. Grafting density and polystyrene
chain lengths are controlled by modulating the concentrations of diazonium compound and
the monomer of target polymer during the grafting reaction of the initiator and the succeeding
atomic transfer radical polymerization. Polystyrene chains grafted on the surface of single-
layer GNS exhibited remarkably confined relaxation behavior. An increase in the glass
transition temperature (Tg) of up to 18 °C is observed for high grafting density, low molecular
weight polymer-grafted graphene samples. The low grafting density, high molecular weight
sample shows an increase in Tg of ~9 °C, which is attributed to superior heat conduction
efficiency. The measured thermal conductivity for the polystyrene composite film with 2.0 wt
% single-layer GNS increases by a factor of 2.6 compared to that of the pure polystyrene.

Figure 4. A schematic diagram for the direct electrochemical reduction of single-layer graphene oxide (GO) and sub‐
sequent functionalization with glucose oxidase (J. Phys. Chem. C 2009, 113, 14071-14073.)
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For  practical  uses,  an easy-access  approach was developed to  functionalize  individually
dispersed,  highly  soluble,  and conductive  GNS by  diazonium reduction  chemistry  [36].
Typically, requisite amounts of GO and NMP were placed in a flask fitted with a condenser. The
mixture was treated within an ultrasonic bath for 1 h and then placed on a magnetic stirrer with
an oil bath. After the mixture was bubbled with nitrogen, a given amount of azide compounds
(e.g., Az-OH, Az-COOH, Az-NH2, Az-Br, Az-C16, Az-PEG, Az-PS) was added. The reaction
mixture was then heated and maintained around 160 °C in a nitrogen atmosphere under constant
stirring. After being cooled to room temperature, the mixture was separated by repeated
centrifugation and washed, affording the final product of functionalized graphenes.

2.3.3. Chemical functionalization of GO

Compared to graphene, there are many heterogeneous atoms or atom groups on GO, such as
OH, O, O-O, COOH, etc, which are covalently bonded to the C atoms (sp3) of graphene. These
groups are relatively more reactive than C atoms of GNS and therefore, are considered the
predominating sites to which the functional groups are bonded. In this section, we will
summarize the research aiming at chemically functionalizing GO. Noticeably, no matter how
complicated a functional group is, the functionalization generally takes place through typical
organic reactions, such as silanization, amidation, esterization, substitution, cycloaddition, etc.
The review of this part also follows this line. Such an approach may not be able to comprise
all the papers but is effective enough for the readers to understand the chemistry and therefore
to explore new methods for the functionalization of graphene.

Figure 5. Schematic diagram for the functionalization of graphene using diazonium reduction reaction (J. Amer.
Chem. Soc. 2009;131(4) 1336-1337.)

2.3.3.1. Silanization

R-O-Si bond in silane is very reactive toward protic group, i.e., OH. This chemistry has been
widely applied to anchor silane groups onto carbon surface. Introduction of silane into GO
has also succeeded. In 2010, Hou, et al., reported chemical functionalization of GNS with N-
(trimethoxysilylpropyl) ethylenediamine triacetic acid (EDTA) [37]. As described in Fig. 6, the
reaction is assumed to proceed through two steps: (1) hydrolysis of the trialkoxy groups of
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silane generates -Si-OH groups; and (2) the reaction between Si-OH and C-OH of graphene
links EDTA to the graphene surface through Si-O-C bond. One CH4 is released. The silanized
GO sheets were further reduced with hydrazine to produce graphene derivatives (EDTA-
graphene). The EDTA-graphene showed improved dispersion in water. A relatively simpler
method was developed with quaterthiophene molecules (T4-Si) functionalizing using micro‐
waves [38]. GO dispersed in dimethylformamide (DMF) were introduced in a microwave oven
reactor and irradiated at 80 °C (100 W) for 40 min. The chemical tethering to GO hinders T4-
T4 electronic interactions and aggregation.

2.3.3.2. Amidation

On GO, amidation proceeds mainly through the reaction between the -COOH group native to
GO and the -NH2 group of the functional molecule, or vice versa. Amidation is a most effective
way to chemically functionalize graphene, and is more widely employed than other methods.
Various -NH2 terminated functional groups have been anchored onto graphene [39-44]. The
most typical example is Xu’s study in 2009 [39]. They synthesized porphyrin-graphene
nanohybrid through 5-4 (aminophenyl)-10, 15, 20-triphenyl porphyrin (TPP) functionalization
of GO. The synthesis procedure is shown in Fig. 7. TPP-NH2, as the reaction precursor, was
first synthesized. GO was refluxed in SOCl2 in the presence of DMF at 70 ºC for 24 h under Ar
atmosphere. In the presence of triethylamine (Et3N), the above product was allowed to react
with TPP-NH2 in DMF at 130 ºC for 72 h under Ar. The product was isolated by filtration and
washed thoroughly. Attachment of TPP-NH2 significantly improves the solubility and
dispersion stability of the graphene-based material in organic solvents. In this donor-acceptor
nanohybrid, the fluorescence of photoexcited TPP-NH2 is effectively quenched by a possible
electron-transfer process.

2.3.3.3. Esterization

The presence of -COOH groups native to graphene renders functionalization of GO with
CH2OH-terminated functional groups feasible, i.e., esterization. There are a number of studies
addressing this process [45,46]. As a typical molecule that possesses CH2OH-terminated group,

Figure 6. Schematic diagram for the functionalization of graphene using silanization reaction (J. Phys. Chem. C
2009;114 (35), 14915-14921.)
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poly(3-hexylthiophene) (P3HT) has been employed to chemically modify GO [45]. End-
functionalized regioregular P3HT with methylene hydroxy groups was first synthesized. In a
typical experiment for the synthesis of the P3HT-grafted graphene, dried GO sample was
refluxed in thionyl chloride for 24 h, followed by the removal of excess thionyl chloride under
vacuum. CH2OH-terminated P3HT in THF was then added through a syringe to the thionyl
chloride treated GO under stirring, followed by the addition of triethylamine in nitrogen
atmosphere. After sonication, the reaction mixture was vigorously stirred, leading to a dark
suspension. The solid in the suspension was removed by centrifuging, and the solvent in the
clear solution thus prepared was partially removed by evaporation. It was further purified by
precipitating in methanol, filtering, and solvent-washing thoroughly to remove the excess
triethylamine.

This reaction also allows fabrication of more complicated graphene based nanocomposites.
Pham, et al., explored a facile strategy for covalent functionalization of GO with polyglycerol
and used the resultant composites as templates for anchoring magnetic nanoparticles [46].
Pristine graphite was firstly oxidized to obtain GO with hydroxyl functional groups. Then, the
covalent grafting of polyglycerol onto the surface of GO was carried out based on in situ ring-
opening polymerization of glycidol. For the construction of novel hybrid nanostructure, Fe-
core/Au-shell nanoparticles were functionalized using 4-mercaptophenylboronic acid through
the well-developed Au-S chemistry. Subsequently, magnetic nanoparticles were anchored on
the surface of polyglycerol-grafted graphene nanosheets via boroester bonds. The synthesized
novel hybrid nanostructures could be stably dispersed in water over 3 months.

Figure 7. Chemical functionalization of graphene using amidation reaction (Adv. Maters. 2009;21(4) 1275-1279.)

Advances in Graphene Science174

Figure 8. Chemical functionalization of graphene using cycloaddition reaction (ACS Nano 2010;4(6) 3527-3533.)

2.3.3.4. Substitution

Chloride atoms, either bonded to graphene or to functional group, can be substituted by OH
group, a reaction that is an alternative route for chemical functionalization. Shen, et al.,[47]
report a scalable, fast, and easy method for preparation of organophilic chemically function‐
alized GNS. The basic strategy involved the complete exfoliation of graphite oxide into GO
sheets, followed by reacting with 1-bromobutane. The resulting organic dispersions are
homogeneous, exhibit long-term stability, and are made up of graphene sheets a few hundred
nanometers large. Pramoda, et al., describes a new route to chemically bonded polymer-
graphene nanocomposites and the subsequent enhancement in thermal and mechanical
properties [48]. At first, the graphite oxide is functionalized with octadecylamine (ODA). The
ODA functionalized graphite oxides are reacted with methacryloyl chloride to incorporate
polymerizable -C=C- functionality at the nanographene platelet surfaces, which were subse‐
quently employed in in situ polymerization of methylmethacrylate to obtain covalently bonded
poly(methyl methacrylate) (PMMA)-graphene nanocomposites. The obtained nanocompo‐
sites show significant enhancement in thermal and mechanical properties compared with neat
PMMA. Even with 0.5 wt % graphene nanosheets, the Tg increased from 119 °C for neat PMMA
to 131 °C for PMMA-graphene nanocomposite, and the respective storage modulus increased
from 1.29 to 2 GPa.

2.3.3.5. Cycloaddition

Arynes are recognized as useful reactive intermediates during nucleophilic aromatic substi‐
tution in organic synthesis and are frequently used in a variety of reactions. To date, quite a
few attempts at aryne cycloaddition have been performed for carbon nanomaterials, demon‐
strating that fullerenes and derivatives can be successfully functionalized. Recently, chemical
modification of graphene by aryne cycloaddition has been reported by several groups. Zhong,
et al., developed a novel and convenient approach to chemically functionalize graphene by
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this reaction with benzene precursors [49]. Commercial GNS from the arc-discharge method
were used. 2-(Trimethylsilyl) phenyl triate was employed as the functional group. A typical
procedure for preparing aryne-modified graphene sheets is given in Fig. 8. On the basis of
weight loss, it is estimated that the degree of functionalization is approximately over 1
functional group per 17 carbon atoms. The resultant graphene shows remarkable solubility
and thermal stability. The functionalized graphene is stable at temperature high to 500 ºC. With
the similar reaction, chemical functionalizations using the 1,3-dipolar cycloaddition of
azomethine ylides and cyclopropanated malonate also succeeded[50,51].

Chemical process Organic group References

Diazonium coupling

Nitrophenyl [6,7, 32-34]

Polystyrene chain [35]

C16H34, Polyethylene glycol [36]

Silanization
EDTA [37]

Quaterthiophene [38]

Amidation

Porphyrin [39]

Zinc phthalocyanine [41]

Oligothiophene [40]

Poly(N-vinylcarbazole) [42]

2-amino-4,6-didodecylamino-1,3,5-Triazine [44]

Chitosan [43]

Etherization
poly(3-hexylthiophene) (P3HT) [45]

Polyglycerol [46]

Substitution
1-bromobutane [47]

Methacryloyl chloride [48]

Cycloaddition

2-(Trimethylsilyl) phenyl triate [49]

Azomethine ylides [50]

Cyclopropanated malonate [51]

Table 2. A summary of the chemical functionalization of graphene with organic groups

3. Chemically functionalized graphene for electrochemical energy
conversion and storage

Although a wide spectrum of functional groups (from single atoms to polymers) has been
chemically grown onto graphene, it is a fact that for EECS, only element doped graphene has
been widely investigated on EECS devices including FCs [16, 17, 29, 52-61], LIBs [14, 62-67]
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and supercapacitors [27, 68, 69]. The related studies are tabulated in Table 3. This is because
the covalent bonding with most of the organic groups frequently damages the inherent
properties of graphene, especially the electronic conductivity significantly, resulting in decline
in the electron transfer and hence decay of electrochemical performances. In this section, we
will comprehensively outline all the characteristic research in this area, emphasizing on FCs,
LIBs and then supercapacitors.

3.1. Fuel cells

A major impediment to the commercialization of proton exchange membrane fuel cells
(PEMFC) is the high cost and the stability of Pt-based electrocatalysts (Pt/C). Much effort is
focusing on seeking either new support materials to improve the distribution of Pt and hence
to lower its loading or non-noble metal electrocatalysts to decrease the cost. Nitrogen doped
carbon material is recognized as a good support for Pt based catalyst. The doped nitrogen
atoms not only provide the anchoring sites for the metal particles, but also act as chemically
active sites for catalytic reactions. Moreover, recent intense research has found that nitrogen-
doped carbon materials (especially, vertically aligned nitrogen-containing carbon nanotubes,
nitrogen doped ordered mesoporous graphitic carbon and silk-derived carbon (0.8% nitrogen
in the carbon network) could act as effective non-noble metal-free electrocatalysts. The real
active sites of nitrogen-doped carbon materials in such applications remain unclear, but the
doped nitrogen atoms are believed to (such as graphite-like, pyridine-like, pyrrole-like, and
quaternary nitrogen atoms, see Fig. 2) play a crucial role for oxygen reduction reaction
(hereafter denoted as ORR). Usually, the greater the extent of graphitization of the carbon
material, the longer the durability is. The existing data prove that N-graphene exhibit high
electrocatalytic activity and long-term operation stability for the ORR. Besides N doping, S-
graphene is also investigated for FCs application. The related research is reviewed in two
separate parts here.

3.1.1. Chemically functionalized graphene as a catalyst support

Wu, et al., reported identification of the nitrogen species on N-graphene layers and the
performance of Pt/NG (Pt/N-graphene) composite catalyst in direct methanol fuel cells
(DMFC) [16]. The N-graphene was synthesized through thermal-treatment of GO in ammonia
stream at various temperatures, offering various distributions of nitrogen species. In electro‐
chemical tests, Pt/NG, Pt/graphene and Pt/CB (carbon black, Vulcan XC 72) composites were
investigated in anodic half-cell reaction in DMFC. A Pt/NG-800 composite, for which the
graphene was treated in NH3 flow at 800 ºC, exhibits outstanding electrocatalytic activities for
methanol oxidation. The mass specific oxidation current for Pt/NG-300, Pt/G-300 and Pt/G-800
is 40, 41 and 34 mA mg−1, respectively. In sharp contrast, the methanol oxidation current of Pt/
NG-800 (135 mA mg−1) is three times higher than the other three composites and the commer‐
cial Pt/CB (27 mA mg−1). The higher methanol oxidation activity from Pt/NG-800 is assumed
to be associated with (1) the high dispersion state of the Pt nanoparticles facilitated by the
pyridinic nitrogen doped in the carbon network; and (2) higher conductivity as a result of
reduced defect sites by the higher temperature treatment. Ramaprabhu compared the activities
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focusing on seeking either new support materials to improve the distribution of Pt and hence
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carbon material is recognized as a good support for Pt based catalyst. The doped nitrogen
atoms not only provide the anchoring sites for the metal particles, but also act as chemically
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active sites of nitrogen-doped carbon materials in such applications remain unclear, but the
doped nitrogen atoms are believed to (such as graphite-like, pyridine-like, pyrrole-like, and
quaternary nitrogen atoms, see Fig. 2) play a crucial role for oxygen reduction reaction
(hereafter denoted as ORR). Usually, the greater the extent of graphitization of the carbon
material, the longer the durability is. The existing data prove that N-graphene exhibit high
electrocatalytic activity and long-term operation stability for the ORR. Besides N doping, S-
graphene is also investigated for FCs application. The related research is reviewed in two
separate parts here.

3.1.1. Chemically functionalized graphene as a catalyst support

Wu, et al., reported identification of the nitrogen species on N-graphene layers and the
performance of Pt/NG (Pt/N-graphene) composite catalyst in direct methanol fuel cells
(DMFC) [16]. The N-graphene was synthesized through thermal-treatment of GO in ammonia
stream at various temperatures, offering various distributions of nitrogen species. In electro‐
chemical tests, Pt/NG, Pt/graphene and Pt/CB (carbon black, Vulcan XC 72) composites were
investigated in anodic half-cell reaction in DMFC. A Pt/NG-800 composite, for which the
graphene was treated in NH3 flow at 800 ºC, exhibits outstanding electrocatalytic activities for
methanol oxidation. The mass specific oxidation current for Pt/NG-300, Pt/G-300 and Pt/G-800
is 40, 41 and 34 mA mg−1, respectively. In sharp contrast, the methanol oxidation current of Pt/
NG-800 (135 mA mg−1) is three times higher than the other three composites and the commer‐
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to be associated with (1) the high dispersion state of the Pt nanoparticles facilitated by the
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of Pt nanoparticles supported on graphene nanoplatelets and N-graphene nanoplatelets,
respectively, as catalysts for ORR in PEMFC [52]. Nitrogen plasma treatment created pyrrolic
nitrogen defects, which act as good anchoring sites for the deposition of platinum nanoparti‐
cles. Pt was dispersed over these support materials using the conventional chemical reduction
technique. A maximum power density of 440 mW cm-2 was obtained with the Pt loaded N-
graphene, and 390 mW cm-2 for the Pt loaded graphene nanoplatelets, respectively. The
improved performance of FCs with N-graphene as catalyst supports was attributed to the
increased electrical conductivity and the enhanced carbon-catalyst binding.

Enhanced electrochemical sensitivity of bimetal PtRh electrodes coated with N-graphene
(PtRh@N-graphene) was reported by Wang, et al [53]. Deposition of N-graphene onto the
surface of a metal electrode (PtRh alloy mesh) was performed by dipping the mesh into the
dispersion and withdrawing. The suspended GNS was thus deposited onto the surface of the
PtRh alloy mesh. The coating effectively improves the electron transfer kinetics. Nanoflower-
like N-graphene with pure sp2 hybridized carbon and designed nitrogen types was synthe‐
sized by a low temperature solvothermal process [54]. The product consists of many N-
graphene sheets with about 6-10 graphitic layers. The sheets are rich of pyridine-like and
quaternary nitrogen atoms, and possess high graphitized structure and ultra-micropores. As
such, electrochemical test showed that N-graphene has a much higher durability as a Pt
support for FCs than commercial carbon black (Vulcan XC-72).

A MnCo2O4/N-graphene hybrid material was developed as highly efficient ORR electrocata‐
lyst in alkaline conditions [55]. The covalent coupling between MnCo2O4 nanoparticles and N-
graphene sheets offers much higher activity and stronger durability than the physical mixture
of both components. At a same mass loading, the MnCo2O4/N-graphene hybrid can outperform
Pt/C in ORR current density at potential <0.75 V vs RHE. The stability is also superior to that
of the Pt/C. Semi-quantitatively, an optimum range of MnCo2O4 content between 65 and 80 wt
% was found to give similarly high ORR performance from carbon fiber paper measurements.
Out of this range, too low a MnCo2O4 content could lead to fewer ORR active sites in the
hybrids, while too high a MnCo2O4 content could result in aggregation of nanoparticles and
even free growth, which were less active than the nanoparticles directly grown on GNS.

3.1.2. Chemically functionalized graphene as a catalyst

3.1.2.1. Nitrogen-doped graphene

N-graphene as metal-free electrocatalyst for FCs is drawing rapidly increasing attention.
Plausible electrocatalytic activities were observed. Dai, et al., are the first group reporting the
use of N-graphene as metal-free catalysts for ORR [56]. N-graphene was synthesized by CVD
of methane in the presence of ammonia. For comparison, electrocatalytic selectivities of the N-
graphene electrode were tested against the electro-oxidation of various commonly used fuel
molecules, including hydrogen gas, glucose and methanol. The N-graphene electrode dem‐
onstrated a stronger and more stable amperometric response from the ORR than the Pt/C
catalyst does. The current remained unchanged after the addition of hydrogen gas, glucose,
and methanol. They ascribed the high selectivity of the N-graphene electrode and remarkably
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good tolerance to crossover effect to the much lower ORR potential than that required for
oxidation of the fuel molecules. Moreover, the N-graphene electrode was insensitive to CO,
but the Pt/C electrode was rapidly poisoned under the same conditions. Continuous potential
cycling test indicated that for the N-graphene electrode, no obvious decrease in current was
observed after 200000 continuous cycles between -1.0 and 0 V in air-saturated 0.1 M KOH.
Shao, et al., synthesized N-graphene by exposing graphene to nitrogen plasma and carried out
detailed studies on its electrochemical activities [17]. The N-graphene exhibits much higher
electrocatalytic activity toward ORR and H2O2 reduction than graphene does, and much higher
durability and selectivity than the Pt/C. The ORR kinetic currents for graphene, N-graphene
and Pt/C (ETek, 20 wt%) at -0.03 V (Hg/HgO) are ~1, 65 and 255 μA, respectively. The ORR
over-potential is greatly decreased on the N-graphene in comparison with graphene. After
accelerated degradation test, the N-graphene exhibits a slight increase in ORR activity;
however, Pt/C degraded by ~85%. Moreover, when performing in O2-saturated 0.1 M KOH,
no changes in surface chemistry of the N-graphene were observed. The ORR on N-graphene
is not influenced by the fuel molecules (e.g., methanol). Geng, et al., reported high ORR activity
and durability of N-graphene synthesized by the thermal treatment of graphene with ammonia
at different temperatures [57]. 2.8 at% nitrogen was introduced for the N-graphene (900 ºC),
which also exhibits a highest ORR activity in alkaline solution. The onset potentials for ORR
(EORR) of graphene, N-graphene (800), N-graphene (900), and N-graphene (1000) were 0.046,
0.184, 0.308, and 0.204 V, respectively. N-graphene (900) catalyst was assumed to effectively
promote the desired 4e− ORR activity in alkaline solution. Only quaternary type nitrogen
species plays the most important role for the ORR. In comparison to the commercial Pt/C
catalyst (4.85 μgPt cm−2), the electrochemical performance of the N-graphene (900) catalyst is
also better, as shown in Fig. 9. Besides the higher onset potential (0.308 V), oxygen-reduction
half-wave potential is 43 mV more positive on the N-graphene catalysts. Almost no change in
the voltammetric charge was found after 5000 cycles of the potential sweep for the N-graphene,
however, the current density for Pt/C dropped dramatically.

Figure 9. TEM image of nitrogen doped graphene and its electrochemical performance as a metal free catalyst for
ORR. (Energy & Environ. Sci. 2011;4(3) 760-764.)

ORR on N-graphene was also tested in acid media [58]. The mass activity of the N-graphene
catalyst (1234 mA g-1

catal) is about 35 times higher than that of the Vulcan carbon (35 mA g-1
catal).
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use of N-graphene as metal-free catalysts for ORR [56]. N-graphene was synthesized by CVD
of methane in the presence of ammonia. For comparison, electrocatalytic selectivities of the N-
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is not influenced by the fuel molecules (e.g., methanol). Geng, et al., reported high ORR activity
and durability of N-graphene synthesized by the thermal treatment of graphene with ammonia
at different temperatures [57]. 2.8 at% nitrogen was introduced for the N-graphene (900 ºC),
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(EORR) of graphene, N-graphene (800), N-graphene (900), and N-graphene (1000) were 0.046,
0.184, 0.308, and 0.204 V, respectively. N-graphene (900) catalyst was assumed to effectively
promote the desired 4e− ORR activity in alkaline solution. Only quaternary type nitrogen
species plays the most important role for the ORR. In comparison to the commercial Pt/C
catalyst (4.85 μgPt cm−2), the electrochemical performance of the N-graphene (900) catalyst is
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This activity is about 50% lower than that of Pt/C catalysts (2791 mA g-1
catal). High electric

conductivity, high surface area, large amount of edge sites and pyridinic N site in reduced
graphene sheets are assumed to make major contribution to the high ORR activity. Lee,
synthesized N-doped carbon nanosheets from pyrolysis of collagen at 800 °C, which possesses
a surface area of 695 m2 g-1 and nitrogen content of ~1% [59]. With the contribution of N-doped
structures, the carbon nanosheets showed a specific capacitance of 102 F g-1 at 25 mV s−1, and
80% capacitance retention in 0.5 M H2SO4 at 1000 mV s−1. In comparison with a commercial
electrocatalyst, 20% Pt on Vulcan XC-72, the carbon nanosheets display a positive shift in the
onset potential and superior electrocatalytic activity toward the ORR. The onset potential of
the ORR for the N-doped carbon nanosheets is 0.95 V (the commercial Pt electrocatalyst is 0.83
V). The significant catalytic activity toward the ORR of the N-doped carbon nanosheets is
assumed to mainly come from the contribution of pyridinic-N and quaternary-N, which
change the adsorption of the oxygen molecule on carbon materials from end-on to side-on
type, thus weakening the O-O bond to facilitate the ORR. On the other hand, Luo, et al., was
focused on exploring the contribution of different doped N atoms to the ORR reaction of the
N-graphene [60]. For this purpose, single layer graphene doped with pure pyridinic N was
synthesized by CVD of hydrogen and ethylene on Cu foils in the presence of ammonia. By
adjusting the flow rate of ammonia, the atomic ratio of N and C can be modulated from 0 to
16%. The pyridinic N efficiently changes the valence band structure of graphene, including
the increase in the density of π states near the Fermi level and the reduction of work function.
Interestingly, on the base of the 2e reduction mechanism of ORR on the resultant CNx graphene
revealed by rotating disk electrode voltammetry, they suggested that the pyridinic N may not
be an effective promoter for the ORR activity of carbon materials as previously expected.
Obviously, this question remains open for further investigation.

3.1.2.2. S-doped graphene

S-graphene  as  catalysts  for  PEMFC  was  first  reported  by  Mullen’s  group  [61].  The  S-
graphene was synthesized by annealing graphene in H2S at temperatures from 500 to 1000
°C.  S  exists  as  thiophene like  S  and oxidized S.  A highest  S  content  is  obtained in  the
sample  doped at  900  ºC (1.7%).  The electrocatalytic  activity  was  investigated via  RRDE
linear sweep voltammetry at a scan rate of 100 mV s-1 in O2 and Ar-saturated 0.1 M KOH
solution as well as O2-saturated 0.1 M KOH solution with 3M methanol. The S-graphene
sheets  exhibit  good  electrocatalytic  activity,  long  durability  and  high  selectivity  when
employed as  metal-free catalysts  for  ORR, depending on the annealing temperature.  As
the annealing temperature increases from 500 to 900 °C, the electron transfer number of S-
graphene slightly decreases from 3.5 to 3.2, a result of the reduction of the amount of sulfur
(from 1.7% to 1.2%), because the S-C bonds play a key role to affect the catalytic process
of S-graphene for the ORR. Moreover, the S-graphene and commercial Pt/C were further
compared  by  separately  introducing  O2  and  fuel  molecules  (e.g.,  methanol)  into  the
electrolyte to examine their possible selectivity and crossover effects via chronoamperomet‐
ric measurements. The S-graphene also outperforms the commercial Pt/C. Similarly, it was
reported that S-graphene through thermal treatment of graphene oxide (GO) and benzyl
disulfide (BDS) in Ar showed higher electrocatalytic activity than Pt/C catalysts do [29].
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3.2. Lithium ion batteries

The research on the application of chemically functionalized graphene to LIBs is also devel‐
oping rapidly. For LIBs, the functionalized graphene is used both as anode materials and as
doping composite. In both cases, improved lithium storage capacities were observed.

3.2.1. N-doped graphene as anode materials

In 2010, Reddy, et al., published the first paper about N-graphene for LIB application [62]. Few
layers of graphene and N-doped graphene films on Cu substrate were synthesized by CVD
technique using hexane and acetonitrile precursors, respectively. For the half cell measure‐
ments, an electrochemical test cell was assembled using the graphene/N-dgraphene as
working electrode, lithium metal foil as the counter/reference electrode and 1 M solution of
LiPF6 in 1:1 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) as
electrolyte. Through introduction of surface defects and pyridinic N atoms into the graphene
structure, intercalation of Li-ion in N-graphene electrode was obviously enhanced. Reversible
discharge capacity of N-graphene remains beyond 0.6 mAh cm-1 after 50 cycles, while that of
pristine graphene is ~0.48 mAh cm-1. Cho, et al., [63] deposited N-graphitic layers on silicon
nanowires by CVD for LIB anode. Graphite-like and pyridine-like structures were selectively
chosen for 3 and 10% N doping, respectively. Increasing the thickness of the undoped graphitic
layers from 20 to 50 nm led to an increase in the charge capacity from 800 to 1040 mAh g-1 after
45 cycles. Graphite-like 3% N-doping in the 50 nm-thick shell increases the charge capacity by
21% (i.e., to 1260 mAh g-1), while pyridine-like 10% N-doping in the 20 nm-thick shell increases
it by 36% (i.e., to 1090 mAh g-1). This suggests that both pyridine- and graphite-like structures
can be effective for lithium intercalation.

Figure 10. Electrochemical performances of nitrogen doped graphene as anode for LIBs (Electrochem. Comm.
2011;13(8) 822-825.)
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Figure 11. Electrochemical performances of nitrogen doped graphene as cathode for lithium oxygen batteries (Elec‐
trochem. Comm. 2011;18(1) 12-15.)

Powder based N-graphene with excellent lithium storage was also reported by Cui and Li
respectively [14, 64]. In Cui’s research, the N-graphene nanosheets were prepared by heat
treatment of graphite oxide under an ammonia atmosphere at 800 °C for 2 h. The doping level
is about 2% nitrogen, where the N binding configuration of the graphene includes 57.4%
pyridinic, 35.0% pyrrolic and 7.6% graphitic N atoms. The N-graphene nanosheets exhibited
a high reversible capacity (900 mAh g-1 at 42 mA g-1), excellent rate performance (250 mAh
g-1 at a current density of 2.1 A g-1), and significantly enhanced cycling stability. The doped
graphene in Li’s study was obtained by high-temperature annealing graphene in NH3.
Interestingly, the specific capacity of the doped graphene evidently increases with charge/
discharge cycles. As shown in Fig. 10, after 100 charge-discharge cycles, the specific capacity
was ~480 mAh g-1 for the N-graphene, while only 290 mAh g-1 for the undoped graphene. The
obtained significant improvement is attributed to the incorporated nitrogen to graphene
planes with a result of more structural defects during cycling, as indicated by Raman analysis.

N-graphene also indicates excellent performances when used as cathode for Li air batteries.
Sun’s research group fabricated nonaqueous lithium-oxygen battery with N-graphene
nanosheets as cathode materials, which delivered a discharge capacity of 11660 mAh g-1, as
shown in Fig. 11 [65]. This capacity is about 40% higher than that with the pristine GNS. The
excellent electrochemical performance of N-graphene is attributed to the defects and functional
groups as active sites introduced by nitrogen doping.

3.2.2. N-doped graphene as an electrode composite

Wang, et al., synthesized N-graphene-SnO2 sandwich papers as anode for LIBs through a
complicated procedure [66]. The materials show excellent electrochemical performances. The
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N-doped G-SnO2 paper delivered an initial reversible capacity of 918 mAh g−1, which is higher
than those obtained for both pure SnO2 nanoparticles (881 mAh g−1) and graphene paper (548
mAh g−1). Moreover, the N-doped G-SnO2 papers also exhibited enhanced rate capacities. The
specific capacity was maintained at values as high as 683 mAh g −1 and 619 mAh g−1 after the
current density was increased to 1000 mA g−1 and 2000 mA g−1, respectively. Even at a current
density of 5000 mA g−1, the material still delivered a capacity of 504 mAh g−1.

3.2.3. S-doped graphene as cathode for lithium oxygen batteries

Recently, Sun’s research group reported the use of S-graphene as cathode for lithium oxygen
batteries [67]. The S-doped graphene was obtained through pyrolysis of p-toluenesulfonic acid.
The initial discharge capacity of S-graphene electrode is about 4300 mAh g-1, which is lower
than that of the pristine graphene electrode (~8700 mAh g-1). However, the initial charge
capacity of the S-graphene electrode is about 4100 mAh g-1, but it is only ~170 mAh g-1 for the
undoped graphene electrode. Moreover, the discharge capacities in the second cycle of the S-
graphene and undoped graphene electrodes are 3500 and 220 mAh g-1, respectively. Impor‐
tantly, S-doping in graphene results in morphological change of reaction products from
nanoparticles to nanorod-like.

Guest functional group Electrochemical devices References

N atoms

Fuel cells [16,17,52-60]

Lithium ion batteries [14,62-66]

Supercapacitors [27,68,69]

B atoms Fuel cells [70]

S atoms
Fuel cells [29,61]

Lithium ion batteries [67]

Table 3. A summary of the functionalized graphene applied in EECS.

3.3. Supercapacitors

Although various carbon nanomaterials including activated carbon, carbon nanotubes and
graphene have demonstrated high-performance for supercapacitors, the capacitances they can
hold are still much lower than the demanded. It is a challenge to research and development
of qualified materials for high-performance supercapacitors. Application of N-graphene in
supercapacitors slightly falls behind FCs and LIBs [27,68,69]. The first report concerning N-
graphene for supercapacitor appeared in May 2011 by Hyung, et al., [68]. The N-graphene was
produced by a simple plasma treatment of graphene. The N-graphene supercapacitors gave
rise to a highest capacitance of ~280 F/gelectrode, which is about 4 times larger than those of
undoped graphene based counterparts. Moreover, the supercacapacitors also demonstrated
excellent cycle life (>200000), high power capability (a power density up to ~8 ×105 W kg-1 and
an energy density up to ~48 Wh kg-1), and compatibility with flexible substrates. In the same
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study, using local N-configuration mappings during plasma treatment along with side binding
energy calculated by density functional theory, they also articulated that the origin of the
improved capacitance is a certain N-configuration at basal planes. N-graphene nanosheets
with the nitrogen level as high as 10.13 at% were synthesized from GO and urea in a hydro‐
thermal process [27]. The N-graphene has a large surface area of 593 m2 g-1, and exhibits
excellent capacitive behaviors (326 F g-1, 0.2 A g-1), superior cycling stability (maintaining initial
capacity even) and high coulombic efficiency (99.58%) after 2000 cycles. An energy density of
25.02 Wh kg-1 could be achieved at power density of 7980 W kg-1 by a two-electrode symmetric
capacitor test. Both the N-content and the N-type are very significant for the capacitive
behaviors. In more detail, the pyridinic-N and pyrrolic-N play main roles for improving
pseudo-capacitance by the redox reaction, while quaternary-N could enhance the conductivity
of the materials which is favorable to the transport of electrons during the charge/discharge
process.

4. Conclusion

Chemical functionalization of graphene is one of the key subjects in graphene science and
technology, and has been extensively studied. The funtionalization proceeds mainly through
chemical atom doping, diazonium coupling, silanization, amidation, etherisation, substitution
and cycloaddition, etc. Various innovative properties have been brought about and therefore
the functionalized graphene exhibits potential application in a wide spectrum of fields. In
electrochemical energy storage and conversion, graphene doped with N, S and B has shown
plausible performances and has been widely investigated. Nitrogen doped graphene was used
either as a support for Pt or as a metal-free catalyst for fuel cells. Its application in lithium ion
batteries and supercapacitors also offers higher lithium storage capacities and rate capability
and higher capacitance. S doped graphene also results in improved oxygen reduction reaction
and lithium storage capacities for lithium oxygen batteries. This subject is still under rapid
development. B doped graphene also improved oxygen reduction reaction. However,
functionalized graphene with complicated organic molecules has yet been applied to this field
due to the lower electronic conductivity. An atomic understanding of interaction between
functional group and graphene, the change in the property of the functionalized graphene
during performance, etc., should be pursued in the future studies.
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Chapter 8

Graphene Oxide Based Surface
Plasmon Resonance Biosensors

Nan-Fu Chiu, Teng-Yi Huang and Hsin-Chih Lai

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56221

1. Introduction

Graphene oxide (GO), an amorphous insulatormaterial, has consists of a hexagonal ring based
carbon network having both sp2-hybridized carbon atoms and sp3-hybridizedcarbons bearing
hydroxyl andepoxide functional groups on either side of the sheet, whereas the sheet edges
are mostly decorated by carboxyl and carbonyl groups [1-6]. These unique properties hold
great promise for potential applications in many technological aspects such as nanoelectronics
[7-10], nanophotonics [11-16], and bio-sensors [9, 17-21], and nanocomposites [22, 23].

This chapter is intended to demonstrate a facile and effective method to construct GO sheets
onto the self-assembled monolayer (SAM) at Au films based surface plasmon resonance (SPR)
technique for proteins immunization and deoxyribonucleic acid (DNA) detection. The amine
functionalized grapheme oxide has demonstrated various applications. Given the high
number of functional groups in the GO, such as -OH, -COOH, and epoxides, compared to
those in Au electrode. The oxygen functional groups on graphene oxide surfaces, including
carboxylic acid groups at the edge and epoxy/hydroxyl groups on the basal plane can be
utilized to change the surface functionality of graphene oxide.

We introduced a novel and simple methods for fabricating high-sensitivity, high-resolution
GO based SPR biosensors that provide high accuracy and precision over relevant ranges of
analyte measurement. We used SPR technique todetect the binding phenomenonbetween
proteins and GO films. SPR is a surface-sensitive optical technique that very suitable for
monitoring of bio-molecular interactions occurring in very close vicinity to sensor surfaces. It
allows real-time and label-free detection of analysis by exploiting the interfacial refractive
index changes associated with any affinity binding interaction between a biomolecule
immobilized on a sensor surface and its biospecific partner in solution. Rapid and real-time
analysis without labeling, highly specific detection with extremely low detection limits

© 2015 Chiu et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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creating the unique potential for the application of SPR in biosensor. Owing to these powerful
advantages of GO-based SPR technique, many applications of GO-based biosensors in such
areas as molecular engineering, biomedical diagnostics, drug discovery, environmental
monitoring and food analysis.In this chapter, we report progresses in the following areas:

• Characterization of functionalized graphene oxide

• Characterization optical of graphene oxide sheets

• Graphene oxide based SPR biosensorstechnological

• Graphene oxide layer effect

• Biomolecular detection

This chapter addresses the preparation, characterization and potential biosensing applications
of graphene oxide-based SPR, which have beenparticularly relevant in our research group at
bio-plasmonic. Special attention will be dedicated to GO precursor as a building block for the
preparation of these nanocomposites. Interesting and promising applications for these
materials are also discussed.

2. Characterization of functionalized graphene oxide

The oxidized counterpart of graphene, functionalized graphene sheets, which is also called
graphene oxide (GO) sheets as shown at Fig. 1(a), usually has abundant functional groups
which are advantageous for biosensor applications [9, 17-21]. It has been used as a platform
for the detection of proteins [24] and DNA [25] by utilizing its good water dispensability, and
versatile surface modification. There have many method to evidencing the presence of –
COOH, –OH, and C=O groups at the edge of the GO sheet, like infrared spectroscopic,
extensive nuclear magnetic resonance, and electron diffraction.The basal plane of GO is
covered with mostly epoxide and –COOH groups as shown at Fig. 1(b). Semi-quantitative
study of the EDC/NHS activation of acid terminal groups at modified graphene oxide surfaces.
Thus, we use GO as a medium for the covalent binding reaction with proteins. It is expected
that forming the novel GO sheets will taking advantages of the striking properties of GO
[26-28]. Therefore, we can obtain hybrid material manipulation and new electrochemical
properties.

2.1. Characterization optical of graphene oxidesheets

The GO is synthesized by the oxidation of graphene, and its unique atomic and electronic
structure has been revealed toshow small sp2 carbon clusters that are isolated by the sp3 matrix
[29, 30]. GOsheets bearing carboxyl groups (-COOH) located atthe sheet edges andhydroxyl
(-OH) located at the sheet surface, these functional groups makes GO sheets have strongly
hydrophilic, which allows GOto readily swell and disperse in water[31].Unlike other conven‐
tional materials, the valence band and conduction band in graphene are smooth-sided cones
that meet at a point, called the Dirac point, and graphene has no energy band-gap and readily
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absorbs allphotons at any wavelength[32].Due to the adsorption of oxygen inthe form of epoxy,
carboxyl, hydroxyl, andether groups on graphemeoxide surface not only opens up the band
gap, but also provides anoption to tune the electronic, optical, andmechanical properties by
means of controlled oxidation [15].

The nonlinear optical properties andultrafast relaxation dynamics shows that the unique
atomic and electronic structure of GO leads to the emergence of variable absorption processes
under different input intensities, and the different absorption processes are distributed
between the sp2 clusters and the sp3 domains of GO [33]. Consequently, the nonlinear optical
properties of GO are determined by the combined action of the sp2 and the sp3domains.
Owingto theunique and large two-dimensional (2D) π-electron conjugation systems of
graphene, much like that in zero-dimensional (0D) fullerene and one-dimensional (1D) carbon
nanotubes (CNTs), we expect that GO would exhibit good nonlinear optical properties. Finally,
Zhibo Liu et al. [34] had demonstrated that graphene oxide has a large two photon absorption
coefficient.

Thus, we used ITO as substrate, attaching with graphene oxide by APTES, forming GO sheets
(0.275 mg/ml), and get multilayer GO sheets through layer by layer (LBL) technique [35]. In
Fig. 2., we observed that the relative transmittance fall down when GO layers rises. The result
here was corresponded to Liu’s [34] theory. The GO sheets that we used hasmany advantages
for optical sensing of biomolecules detection which compared with conventional immune
interactions.These advantages arise from the unique physical and chemical structure of GO.

2.2. Graphene oxide based SPR biosensors technological

The surface plasmon resonance (SPR) behavior of free electrons or plasma at the interface of
a metal-dielectric material has been widely studied [36–43]. Prism coupling between Kretsch‐
mann and Otto configurations has been used extensively to study the optical properties of
metallic thin films, including refractive index (n), extinction coefficient (k), thickness (d), and
roughness [44, 45]. Conventionally, SPR biosensors are used in biochemistry and biology to
detect molecular concentration, thickness, and specific chemistry analytes. In biochemistry,

Figure 1. (a) graphene oxide structure, (b) chemical modificationamine-reactive EDC/NHS esters can be created on
any carboxyl-containing molecule.
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creating the unique potential for the application of SPR in biosensor. Owing to these powerful
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monitoring and food analysis.In this chapter, we report progresses in the following areas:

• Characterization of functionalized graphene oxide

• Characterization optical of graphene oxide sheets

• Graphene oxide based SPR biosensorstechnological

• Graphene oxide layer effect

• Biomolecular detection
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analyte concentration is determined from the SPR angle shift by a biosensor operating in the
angular interrogation mode. The shift or difference between the initial and final values of the
SPR angles provides a quantitative measurement of the analyte concentration.

The SPR is another interesting field of research for rising applications of GO. SPR occurs when
radiant energy is coupled or transferred to electrons in a metal film. The wavelength of light
at which coupled occurs depends on the characteristics of the metal that is illuminated and the
optical properties of the surrounding environment. When there is a match or resonance
between the energy and wavenumber of the light photons and the electrons at the metal
surface, a transfer of energy occurs.

The electrons charge on a metal boundary can perform coherent fluctuations which are called
surface plasmon oscillations. Their existence has been demonstrated in plasma losses by fast
electrons at thin films experiments.The volume and surface plasma losses ofmaterial can be
identified in reflection experiments by varying the primary electron beamenergy and observ‐
ing the intensity variation of the energy loss peaks at a fixed scattering angle. The frequency
ωof these longitudinal oscillations is tied to its wave vector kx by a dispersion relation e(kx).
These charge fluctuations, which can be localized in the Zdirection within the Thomas-Fermi
screening length of about 1Å, are accompanied by a mixed transversal and longitudinal
electromagnetic field which disappears at | Z|→∞, Figure 3(a), and has its maximum in the
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surface  Z=0, typical for surface waves. This explains their sensitivity to surface properties.
Maxwell’s equations yield the retarded dispersion relation for the plane surface of a semi-
infinite metal (εm =εm

' + iεm
" ), adjacent to a medium dielectric , Fig. 3(b), has an interface metal

(εm =εd
' + iεd

")/dielectric (εm), on which electromagnetic fields propagates in the x direction.The
coupling of light into a metal surface produces a plasmon. The plasmon, in turn, generates an
electro-magnetic field that typically extends on the order of about 100 nm above and below
the metal surface and oscillates with optical frequencies [36, 46-48].

Figure 3. Schematic presentation of surface plasmons is constituted of resonantly oscillating surface charges at a met‐
al/dielectric interface and of the electromagnetic surface wave that originates from these surface charges. (a) Electric
field lines of a surface plasmon on a smooth surface and the electromagnetic field of SPs propagating on a surface in
the x direction. (b) The dispersion relation of non-radiative SP modes and radiative modes.

The most common approach to excitation of surface plasmons is by means of a prism coupler
and the attenuated total reflection method (ATR). There are two configurations of the ATR
method-Otto geometry [36, 37] and Kretschmann geometry [36, 38]. If light wave is reflected
at a metal surface covered with a dielectric medium (ε0>1) e.g., with a quartz prism, its
momentum becomes (εd ) instead of (ℏω / c) εp and its projection on the surface as shown in
Fig. 4(a). The plasmonic dispersion relation for SPs propagating on the interface (ℏω / c) can
thus be satisfied between the lines c, beyond which limit total reflection at an interface Ed / Em

takes place.

The grapheme oxide can provide new perspectives in SPR ways: (1) as a surface which directly
supports surface plasmons at visible range, (2) as a tunable propagation and excitation
platform whose optical properties can be tuned by an external electromagnetic field, and (3)
as an oxygen-functional groups coating for the existing plasmonic devices. These oxygen-
containing functional groups on graphene oxide not only opens up the band gap, but also
provides an option to tune the electronic, optical, and mechanical properties by means of
controlled oxidation [15, 16, 49-51].

The formation scheme of gold surface multilayer modification system for site-oriented
immobilization of GO sheets, GO is assembled on a gold film by a layer-by-layer technique
using a self-assembled linker monolayer. The GO modified electrode is represented as Au/
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field lines of a surface plasmon on a smooth surface and the electromagnetic field of SPs propagating on a surface in
the x direction. (b) The dispersion relation of non-radiative SP modes and radiative modes.

The most common approach to excitation of surface plasmons is by means of a prism coupler
and the attenuated total reflection method (ATR). There are two configurations of the ATR
method-Otto geometry [36, 37] and Kretschmann geometry [36, 38]. If light wave is reflected
at a metal surface covered with a dielectric medium (ε0>1) e.g., with a quartz prism, its
momentum becomes (εd ) instead of (ℏω / c) εp and its projection on the surface as shown in
Fig. 4(a). The plasmonic dispersion relation for SPs propagating on the interface (ℏω / c) can
thus be satisfied between the lines c, beyond which limit total reflection at an interface Ed / Em

takes place.

The grapheme oxide can provide new perspectives in SPR ways: (1) as a surface which directly
supports surface plasmons at visible range, (2) as a tunable propagation and excitation
platform whose optical properties can be tuned by an external electromagnetic field, and (3)
as an oxygen-functional groups coating for the existing plasmonic devices. These oxygen-
containing functional groups on graphene oxide not only opens up the band gap, but also
provides an option to tune the electronic, optical, and mechanical properties by means of
controlled oxidation [15, 16, 49-51].

The formation scheme of gold surface multilayer modification system for site-oriented
immobilization of GO sheets, GO is assembled on a gold film by a layer-by-layer technique
using a self-assembled linker monolayer. The GO modified electrode is represented as Au/
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linker/GO. Protein contains both amine group (–NH2) and carboxylic acid group (–COOH). It
is evident that GO possess a number of carboxylic acid group (–COOH) that can easily bind
with the free –NH2 terminals of the protein to result in a strong amide covalent linkage. Figure
4(b) shown schematic representation of the sensing configuration for the GO based SPR
immunoassay.

Figure 4. Excitation of surface plasmon in the (a) Kretschmann geometry and (b) functionalized graphene oxide based
SPR biosensing mechanisms.

When a light wave propagating in the prism is made incident on the metal film a part of the
light is reflected back into the prism and a part propagates in the metal in the form of an
inhomogeneous electromagnetic wave [36-38]. This inhomogeneous wave decays exponen‐
tially in the direction perpendicular to the prism-metal interface and is therefore referred as
to an evanescent wave. If the metal film is sufficiently thin (less than ~50nm), the evanescent
wave penetrates through the metal film and couples with a surface plasmon at the outer
boundary of the film [36]. In order for the coupling between the evanescent wave and the
surface plasmon to occur, the propagation constant of the evanescent wave and that of the
surface plasmon have to be equal (1) and (2):

Ep / Em (1)

kx = εp
ω
c sinθi (2)

The dispersion relation of free photos in a dielectric ksp = ω
c

εdεm

εd +εm
, and in a coupling prism

c / sinθi, compared to the dispersion relation for non-radiative surface plasmons at the metal/
dielectric interface as shown in Fig. 5.
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Figure 5. The ATR method: Dispersion relation of SPs for a prism/metal/air system  c / ℇ p sinθi, c is light line in vac‐

uum, εd = 1 is light line in the medium c / ℇ p. Since the light line εp lies to the right of the dispersion relation up to a

certain c / ℇ p, light can excite SPs of frequencies kx below the crossing point P, Q and R on the metal and dielectric
interface.

To excite the SPR, the layer needs to be thicker than this, but still thin enough for the field to
sample the dielectric half-space. For the appropriate metal film thickness the SPR can be excited
and the characteristic dip in the reflectance angle scan appears. This phenomenon is illustrated
in Fig. 6, which shows reflectance dips produced by the excitation of surface plasmons at the
different angle.

Figure 6. SPR curves with prism coupling in the Kretschmann configuration. (a) It demonstrates that the p-polariza‐
tion illumination has higher sensitivity than s-polarization. (b) TM reflectance as a function of angle of incidence using
the rigorous Fresnal reflection theory. Configuration: SF10 glass/Cr/Au/GO and five different dielectric layers air, Wa‐
ter, glucose 10%, glucose 20% and glucose 40%, respectively.
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2.3. Graphene oxide layer effect

It is a novel Au-SAM-GO sheets and taking advantages of the striking properties of both
grapheme oxide and Au film, fundamental understanding in hybrid material manipulation
and new biosensors properties can be obtained.The sensitivity of proteins immunization
detection was determined by GO sheets and compared with that of a conventional Au films.
We used bovine serum albumin (BSA) to binding with GO sheets and conventional Au films,
respectively. As the meanwhile, we also real-time detect the binding phenomenon by SPR
technique. The results shows that GO sheets for SPR biosensor offers a potentially powerful
assay, with a highly sensitive analysis, which can reach to 100 of pg/ml of BSA. However, the
conventional Au films can just reach to 10μg/ml of BSA. Therefore, the results described herein
that GO sheets are a promising approach towards highly sensitive for proteins immunization
detection.The sensitivity of TB detection in the DNA-based assay for the amplification of the
Insertion Sequence 6110 (IS6110) samples was determined by a GO/Au thin film andcompared
with that of a conventional Au/Cr chips. The results show that a GO/Au SPR offers a potentially
powerful assay, with a highly sensitive analysis, that may be applicable as an important tool
for bio-marker detection.

The GO solution was purchased from GRAPHENE SUPERMARKET. 1-Ethyl-3-(3-dimethy‐
laminopropyl) carbodiimide hydrochloride(EDC), bovine serum albumin(BSA) and 8-
Mercaptooctanoic acid(C8H16O2S; MOA)were purchased from Sigma-Aldrich (USA).
Cystaminedihydrochloride (Cys, 97+%), 1-Octadecanethiol (C18H37SH; ODT) and N-hydroxy‐
succinimide (NHS)were purchased from Alfa Aesar (USA). 10X Phosphate-buffered sal‐
ine(PBS) solution was purchased from UniRegion Bio-Tech (Taiwan).

a. Preparation of conventional Au film

Standard glass microscope slides (18 × 18 mm; High Precision Cover Glass, NO. 1.5H)
purchased from Superior Marienfeld (Germany), were used as base substrates.To remove any
contaminants, the glass substrates were subjected to ultrasonic cleaningby acetone, IPA,
anddeionized water for 5 min before deposition, respectively. The slides were finally dried
with nitrogen gas. The thin film grown on the glass substrates was shown in Fig.7. Cr and Au
films were deposited by an electron beam evaporator at a vacuum level of about 3 × 10-6 Torr.

Figure 7. Schematic diagram of the thin film structure (not drawn to scale) in Au/Cr
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b. Surface functionalization of conventional Au film (Au-MOA)

Prior tosurface functionalization, the gold-coated glass slide was washed with acetone, IPA,
anddeionized water for 3 min, respectively. After that,the gold-coated glass was rinsed with
deionized water with sonication. The assay developed was designed as a bio-affinity immo‐
bilization assay. Finally, the gold-coated slide was immersed into 1mM MOA solution at room
temperature for 24 h to form a self-assembled monolayer on the surface as shown in Fig.
8(a), we called conventional Au film.

c. Surface functionalization of GO sheets (Au-ODT-GO)

Prior tosurface functionalization, the gold-coated glass slide was washed with acetone, IPA,
and deionized water for 3 min, respectively. After that,the gold-coated glass was rinsed with
deionized water with sonication. The assay developed was designed as a bioaffinity immobi‐
lization assay. Finally, the gold-coated slide was immersed into an10mM 1-Octadecanethiol
(ODT) solution at room temperature for 24 h to form a self-assembled monolayer on the
surface. During the process, organosilane SAMs was formed on Au, we called Au-ODT film.
After the Au-ODT substrate was rinsed with ethanol and dried with N2, the substrate was
immersed into a GO solution for 5 h in order to adsorbing GO on the Au-ODT surface, forming
GO sheets as shown in Fig. 8(b).

d. Preparation of GO sheets

It is well known that C18H37SH (ODT) can form a stable SAM on Au substrate through the
formation of Au-S bond. As shown in Fig. 8(c), Au films modified with SAM of ODT were
prepared by immersing the films into ethanol solution of ODT (10 mM) for 24 h at room
temperature. The SAM films were then thoroughly rinsed with ethanol and dried with pure
N2 [52], forming GO sheets.

For adsorption of the GO onto the SAM films, the SAM films were immersed into GO solution,
0.275 mg/ml vs. 2 mg/ml for 5 h. The concentration of GO was adjusted to achieve films with
different surface coverage of GO. The films (denoted as GO sheets) were thoroughly rinsed
with deionized water to remove GO which unstable adsorbed onto the Au film surface and
then dried with pure N2 before use.

e. Optical characterization of GO sheets

Figure 9 shows digital microscopy image of bare Au film, Au-ODT film and different concen‐
tration of GO sheets. In Fig. 9(a) and 9(b), we cannot observe anything at the surface of the Au
film. However, in Fig. 9(c) and 9(d), we observed that GO sheet (2 mg/ml) has higher surface
density compared with lower concentration of GO sheet (0.275 mg/ml).

Fig. 10 shows relative transmittance spectra of bare Au film, Au-ODT film and different
concentration of GO sheets. The relative transmittance at 670 nm decreased following the
formation of Au-ODT film, the relative transmittance of GO sheets also lower than Au-ODT
film. Fig. 10(a) shows relative transmittance spectra of bare Au film, Au-ODT film and different
concentration of GO sheets. The value of transmittance decreased following the formation of
Au-ODT film, the relative transmittance of GO sheets also lower than Au-ODT film. It shows
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that higher concentration of GO sheet (2 mg/ml) have more opportunities to covalent binding
with the following biomolecules and improved the detection limit.

Figure 8. Scheme of (a) conventional Au film, (b) conventional Au film-BSA, (c) GO sheets (0.275 mg/ml & 2 mg/ml)
and (d) the GO sheets with BSA for the preparation of GO sheets-BSA conjugate through the activated functional
groups at the surface of GO sheets.
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As shown in Fig. 10(b), we used different films to observe the normalized reflectance intensity
and SPR angle. The results show that when the concentration of GO rise, both intensity and
SPR angle were risen, too.It demonstrated that GO solutions were successfullyadsorbed on
Au-ODT films surface.

Figure 10. (a) Relative transmittance spectra of bare Au film, Au-ODT film and GO sheets (0.275 mg/ml, 1 mg/ml, and
2 mg/ml) from 190 nm to 1100 nm(Inset: The relative transmittance at 504 nm); (b) Normalized reflectance intensity
of bare Au film, Au-ODT film and GO sheets (0.275 mg/ml, 1 mg/ml and 2 mg/ml).

f. Instruments and measurement

The transmission spectra were recorded using a Hitachi U-2900 Ultraviolet-vis (UV-vis)
spectrophotometer (Hitachi High-Tech worldwide, Japan) with wavelength in range of
190-1100 nm. The surface plasmon resonance (SPR) measurements were carried out using
BI-3000 (Biosensing Instrument, Tempe, AZ) with Kretschmann prism-coupling. These sample
devices were prepared to measure the intensities of reflected light at a fixed angle. We are able
to provide a real-time detection of immune interaction. The change in reflective intensity
wasrecorded as the difference in the lowest point of the SPR reflectivity curve.

2.4. Biomoleculardetection

2.4.1.Detection of proteins immunization using a graphene oxide sheets

Here, we report the GO sheets with BSA for the preparation of GO sheets-BSA conjugate
through the activated functional groups at the surface of GO sheets, and real-time observing
the binding phenomenon between GO sheets and BSA by SPR technique as shown in Fig.
8(d). When we analysis various type of proteins, serum albumins are the major soluble protein
constituents of the circulatory system and have many physiological functions, moreover, it can
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also serving as transporters for a variety of compounds. Especially, bovine serum albumin
(BSA) has been one of the most extensively studied proteins in this group of proteins, because
of its structural homology with human serum albumin (HSA) [53].

The whole preparation process contains two steps: firstly, carboxylic acid groups on GO sheets
are activated by N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC).
Stable active ester is formed in the presence of N-hydroxysuccinimide (NHS). Secondly, the
activation surface of GO sheets reacted with the amine groups of BSA, forming a strongly
covalent bond. This preparation process will cause no denaturing of the protein species and
guarantee the uniform attachment of BSA on GO sheets. In addition, the present method is
promising to be used for bridging other biological systems to GO sheets-based materials.

a. Principle of proteinbinding with GO sheets

It is know that there were abounding epoxy groups at the edge of the GO surface, like
carboxylic acid groups and hydroxyl groups [26, 27]. BSA proteins used in this study contains
60 amino moieties in lysine residues and 26 arginine moieties in guanidine side chains and 17
disulfide bonds with one free thiol in cysteine residues [54]. One of the universal methods for
connecting proteins to GO sheets surface is covalent binding. Activating agents as EDC/NHS
was usually used. After that, the amine groups (-NH2) of BSA and the carboxylic acid groups
(-COOH) of GO sheets on their surface will forming a strongly covalent bond.

b. GO sheets for protein biosensing by SPR technique

Figure 11 shows the SPR angle of conventional Au film and GO sheets (0.275 mg/ml vs. 2 mg/
ml) towards different concentration of BSA. Compared with conventional Au film, GO sheets
had higher sensitivity and lower detection limit.

The high BSA loading is attributed to the large surface area of GO and oxygen rich functional
groups on its surface. Thus, due to the higher surface density, GO sheet (2 mg/ml) is much
sensitive than GO sheet (0.275 mg/ml). The BSA detection limit of conventional Au film is 10
μg/ml of BSA. However, the GO sheet (2 mg/ml) can reach to 100 pg/ml of BSA.

Figure 12 shows SPR Angle of conventional Au film and GO sheets (0.275 mg/ml, 1 mg/ml
and2 mg/ml) towards different concentration of BSA. Compared with conventional Au film,
GO sheets have higher sensitivity and lower detection limit.The detection limit of conventional
Au film is 1μg/ml.However, the GO sheet (2 mg/ml) can reach to 100 pg/ml of BSA.The high
BSA loading is attributed to the large surface area of GO and functional groups on its surface.
Furthermore, owing to the high surface density, the sensitivity of GO sheet (2 mg/ml) was
superior to GO sheet (0.275 mg/ml).

c. Kinetic Analysis

Figure13 shows kinetic analysis for conventional Au film and GO sheets. Compared with
conventional Au film, GO sheets have higher association constant (KA) and lower dissociation
constant (KD), it demonstrated thatGO sheets weremuch more sensitive than conventional Au
films [55]. The value of KA also related to the concentration of GO sheets.

Graphene Oxide Based Surface Plasmon Resonance Biosensors
http://dx.doi.org/10.5772/56221

203



As shown in Fig. 10(b), we used different films to observe the normalized reflectance intensity
and SPR angle. The results show that when the concentration of GO rise, both intensity and
SPR angle were risen, too.It demonstrated that GO solutions were successfullyadsorbed on
Au-ODT films surface.

Figure 10. (a) Relative transmittance spectra of bare Au film, Au-ODT film and GO sheets (0.275 mg/ml, 1 mg/ml, and
2 mg/ml) from 190 nm to 1100 nm(Inset: The relative transmittance at 504 nm); (b) Normalized reflectance intensity
of bare Au film, Au-ODT film and GO sheets (0.275 mg/ml, 1 mg/ml and 2 mg/ml).

f. Instruments and measurement

The transmission spectra were recorded using a Hitachi U-2900 Ultraviolet-vis (UV-vis)
spectrophotometer (Hitachi High-Tech worldwide, Japan) with wavelength in range of
190-1100 nm. The surface plasmon resonance (SPR) measurements were carried out using
BI-3000 (Biosensing Instrument, Tempe, AZ) with Kretschmann prism-coupling. These sample
devices were prepared to measure the intensities of reflected light at a fixed angle. We are able
to provide a real-time detection of immune interaction. The change in reflective intensity
wasrecorded as the difference in the lowest point of the SPR reflectivity curve.

2.4. Biomoleculardetection

2.4.1.Detection of proteins immunization using a graphene oxide sheets

Here, we report the GO sheets with BSA for the preparation of GO sheets-BSA conjugate
through the activated functional groups at the surface of GO sheets, and real-time observing
the binding phenomenon between GO sheets and BSA by SPR technique as shown in Fig.
8(d). When we analysis various type of proteins, serum albumins are the major soluble protein
constituents of the circulatory system and have many physiological functions, moreover, it can

Advances in Graphene Science202

also serving as transporters for a variety of compounds. Especially, bovine serum albumin
(BSA) has been one of the most extensively studied proteins in this group of proteins, because
of its structural homology with human serum albumin (HSA) [53].

The whole preparation process contains two steps: firstly, carboxylic acid groups on GO sheets
are activated by N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC).
Stable active ester is formed in the presence of N-hydroxysuccinimide (NHS). Secondly, the
activation surface of GO sheets reacted with the amine groups of BSA, forming a strongly
covalent bond. This preparation process will cause no denaturing of the protein species and
guarantee the uniform attachment of BSA on GO sheets. In addition, the present method is
promising to be used for bridging other biological systems to GO sheets-based materials.

a. Principle of proteinbinding with GO sheets

It is know that there were abounding epoxy groups at the edge of the GO surface, like
carboxylic acid groups and hydroxyl groups [26, 27]. BSA proteins used in this study contains
60 amino moieties in lysine residues and 26 arginine moieties in guanidine side chains and 17
disulfide bonds with one free thiol in cysteine residues [54]. One of the universal methods for
connecting proteins to GO sheets surface is covalent binding. Activating agents as EDC/NHS
was usually used. After that, the amine groups (-NH2) of BSA and the carboxylic acid groups
(-COOH) of GO sheets on their surface will forming a strongly covalent bond.

b. GO sheets for protein biosensing by SPR technique

Figure 11 shows the SPR angle of conventional Au film and GO sheets (0.275 mg/ml vs. 2 mg/
ml) towards different concentration of BSA. Compared with conventional Au film, GO sheets
had higher sensitivity and lower detection limit.

The high BSA loading is attributed to the large surface area of GO and oxygen rich functional
groups on its surface. Thus, due to the higher surface density, GO sheet (2 mg/ml) is much
sensitive than GO sheet (0.275 mg/ml). The BSA detection limit of conventional Au film is 10
μg/ml of BSA. However, the GO sheet (2 mg/ml) can reach to 100 pg/ml of BSA.

Figure 12 shows SPR Angle of conventional Au film and GO sheets (0.275 mg/ml, 1 mg/ml
and2 mg/ml) towards different concentration of BSA. Compared with conventional Au film,
GO sheets have higher sensitivity and lower detection limit.The detection limit of conventional
Au film is 1μg/ml.However, the GO sheet (2 mg/ml) can reach to 100 pg/ml of BSA.The high
BSA loading is attributed to the large surface area of GO and functional groups on its surface.
Furthermore, owing to the high surface density, the sensitivity of GO sheet (2 mg/ml) was
superior to GO sheet (0.275 mg/ml).

c. Kinetic Analysis

Figure13 shows kinetic analysis for conventional Au film and GO sheets. Compared with
conventional Au film, GO sheets have higher association constant (KA) and lower dissociation
constant (KD), it demonstrated thatGO sheets weremuch more sensitive than conventional Au
films [55]. The value of KA also related to the concentration of GO sheets.

Graphene Oxide Based Surface Plasmon Resonance Biosensors
http://dx.doi.org/10.5772/56221

203



Figure 11. SPR Angle of (a)conventional Au film, (b) GO sheet (0.275 mg/ml) and (c) GO sheet (2 mg/ml) with various
concentration of BSA. It shows high sensitivity of GO sheets SPR biosensor.

Advances in Graphene Science204

-250

0

250

500

750

1000

1250

1500

1750

Au-MOA(1 mM)-BSA
Au-ODT(10 mM)-GO(0.275 mg/ml)-BSA

100 g/ml10 g/ml1 g/ml100ng/ml10 ng/ml1 ng/ml

SP
R

 A
ng

le
 (m

D
eg

)

Concentration of BSA

Au-ODT(10 mM)-GO(2 mg/ml)-BSA

100 pg/ml

Figure 12. SPR Angle of conventional Au film (Au-MOA) and GO sheets with different concentration of BSA.

Figure 13. Kinetic analysis of conventional Au film and GO sheets.

Graphene Oxide Based Surface Plasmon Resonance Biosensors
http://dx.doi.org/10.5772/56221

205



Figure 11. SPR Angle of (a)conventional Au film, (b) GO sheet (0.275 mg/ml) and (c) GO sheet (2 mg/ml) with various
concentration of BSA. It shows high sensitivity of GO sheets SPR biosensor.

Advances in Graphene Science204

-250

0

250

500

750

1000

1250

1500

1750

Au-MOA(1 mM)-BSA
Au-ODT(10 mM)-GO(0.275 mg/ml)-BSA

100 g/ml10 g/ml1 g/ml100ng/ml10 ng/ml1 ng/ml

SP
R

 A
ng

le
 (m

D
eg

)

Concentration of BSA

Au-ODT(10 mM)-GO(2 mg/ml)-BSA

100 pg/ml

Figure 12. SPR Angle of conventional Au film (Au-MOA) and GO sheets with different concentration of BSA.

Figure 13. Kinetic analysis of conventional Au film and GO sheets.

Graphene Oxide Based Surface Plasmon Resonance Biosensors
http://dx.doi.org/10.5772/56221

205



2.4.2. Detection of Deoxyribonucleic Acid (DNA) using a graphene oxide sheets

Human tuberculosis bacillus (TB) is a highly contagious bacterial infection that is passed from
person to person through droplets in the air. Infection is caused by the bacteria multiplying
inside the body, causing tissue and organ damage. The infection of TB-virus often is more
difficult to diagnose since the patient does not have the normal signs and symptoms associated
with pulmonary TB. Therefore, development of a rapid diagnosis of the viral agent will be
important for prevention of TB-viral infection and spreading.According to the estimation of
WHO [56], in 2010, there were 8.8 million (range, 8.5–9.2 million)incident cases of TB, 1.1
million (range, 0.9–1.2 million)deaths from TB among HIV-negative people and an additional
0.35 million (range, 0.32–0.39 million) deaths from HIV-associated TB.Between 1990 and2010,
prevalence rates were halved, mortality rates fell by almost 80% and TB incidence rates fell by
3.4% per year.

Development the rapid and efficient diagnosis of infectious pulmonary TB is one of the crucial
issues in the global fight to control this disease [57, 58]. TB is one of the most important chronic
infectious diseases that cause millions of deaths annually.Traditional TB diagnostic techniques
include smear microscopy and Mycobacterial culture and nucleic acid diagnosis. However
these techniques are not suitablefor mass screening for some disadvantages: smear microsco‐
pyis low sensitivity (105 bacteria/ml), Mycobacterial culture need 30day bacteria culture, and
nucleic acid diagnosis is too expensive [53, 57-60]. In addition, the PCR-based [56, 57] assays
are among the most promising and attractive methods compared to the routine methods.
However, the long reaction time of traditional PCRamplification and the high costof thermal
cycler are still major issues for such a screening application.Therefore, it is important to
develop a rapid and accurate diagnostic device.

In 2000, Notormi et al. [57] reported a technique for the amplification of nucleic acid has been
described, named loop-mediated isothermal amplification (LAMP). The LAMP is advantages
as compared to the conventional PCR-based methods.In the LAMP methodare labeling the
fluorescent primers method, the so called “Fluo-LAMP” method. It needs using UV irradiation
requirements for Loop-amp fluorescent detection reagent. Due to the advantage of Fluo-LAMP
reaction are efficient amplication of the target DNA and proceeding at constant temperature,
we want integrated SPR-LAMP (surface plasmon resonance) technique to develop a without
fluorescent primers and high-sensitivitydetection devices.

We demonstrate the interfacing of graphene with biological molecules to build a novel SPR-
LAMP device and a TB DNA-hybridization device with excellent sensitivity. It is evident that
graphene possess a number of reactive functional groups that can easily bind with the free-
NH2 terminals of the enzyme or protein to result in a strong amide covalent linkage [61-65].
As a result, in this work, we employ graphene as an electrode material for glucose biosensing.
SPR biosensors based on immobilize biomolecules are suitablefor a highly specific, sensitive,
and rapid analysis of various biological species in vivo and in vitro.

The synthesis and investigation of the graphene oxide (GO) material properties of these stiff
materials have been undertaken, although little has been done to explore GO and reduction
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graphene oxide (rGO) in the analysis ofbiomolecules. Herein us studies the ability of water-
soluble GO and rGO as a biochip for the sensitiveand high selective detection of TB-DNA.A
new SPR-LAMP for TBdevice based on a GO material, which allowed immobilizing gold (Au)
film onto the TB DNA antigens detection, was constructed. Figure 14 shows a schematic of a
SPR-LAMP chips using graphene sheets with assay DNA format. Most important of all, we
combined with the surface plasmon resonance to real-time monitoring the thickness of single
layer GO.Surface roughness and specificity of the SPR sensor systems were also evaluated.This
dispersion also facilitated the intimate mixing of the graphene oxide sheets with matrix
polymers, providing a novel synthesis route to make GO-DNA nanocomposites. In the
development of GO-DNA based biosensors, self-assembled monolayers (SAMs) or ordered
structures of thiolated DNA on a gold surface can be achieved via use of spacer molecules
between DNA and the thiol moiety, since DNA is known to form a disordered formless
globular structure.

Figure 14. Schematic illustration of the SPR-LAMP detection chips for angle change of the TB DNA-GO binding. The
experiments were compared with GO-linked immunosorbent assay, a conventional immunological method. GO-based
SPR showed more advantages in providing label-free and real-time detection. Additionally, the high sensitivity and
specificity for the detection of TBinfection showed its potential for future development of biosensor for TB DNA diag‐
nosis.

Graphene Oxide Based Surface Plasmon Resonance Biosensors
http://dx.doi.org/10.5772/56221

207



2.4.2. Detection of Deoxyribonucleic Acid (DNA) using a graphene oxide sheets

Human tuberculosis bacillus (TB) is a highly contagious bacterial infection that is passed from
person to person through droplets in the air. Infection is caused by the bacteria multiplying
inside the body, causing tissue and organ damage. The infection of TB-virus often is more
difficult to diagnose since the patient does not have the normal signs and symptoms associated
with pulmonary TB. Therefore, development of a rapid diagnosis of the viral agent will be
important for prevention of TB-viral infection and spreading.According to the estimation of
WHO [56], in 2010, there were 8.8 million (range, 8.5–9.2 million)incident cases of TB, 1.1
million (range, 0.9–1.2 million)deaths from TB among HIV-negative people and an additional
0.35 million (range, 0.32–0.39 million) deaths from HIV-associated TB.Between 1990 and2010,
prevalence rates were halved, mortality rates fell by almost 80% and TB incidence rates fell by
3.4% per year.

Development the rapid and efficient diagnosis of infectious pulmonary TB is one of the crucial
issues in the global fight to control this disease [57, 58]. TB is one of the most important chronic
infectious diseases that cause millions of deaths annually.Traditional TB diagnostic techniques
include smear microscopy and Mycobacterial culture and nucleic acid diagnosis. However
these techniques are not suitablefor mass screening for some disadvantages: smear microsco‐
pyis low sensitivity (105 bacteria/ml), Mycobacterial culture need 30day bacteria culture, and
nucleic acid diagnosis is too expensive [53, 57-60]. In addition, the PCR-based [56, 57] assays
are among the most promising and attractive methods compared to the routine methods.
However, the long reaction time of traditional PCRamplification and the high costof thermal
cycler are still major issues for such a screening application.Therefore, it is important to
develop a rapid and accurate diagnostic device.

In 2000, Notormi et al. [57] reported a technique for the amplification of nucleic acid has been
described, named loop-mediated isothermal amplification (LAMP). The LAMP is advantages
as compared to the conventional PCR-based methods.In the LAMP methodare labeling the
fluorescent primers method, the so called “Fluo-LAMP” method. It needs using UV irradiation
requirements for Loop-amp fluorescent detection reagent. Due to the advantage of Fluo-LAMP
reaction are efficient amplication of the target DNA and proceeding at constant temperature,
we want integrated SPR-LAMP (surface plasmon resonance) technique to develop a without
fluorescent primers and high-sensitivitydetection devices.

We demonstrate the interfacing of graphene with biological molecules to build a novel SPR-
LAMP device and a TB DNA-hybridization device with excellent sensitivity. It is evident that
graphene possess a number of reactive functional groups that can easily bind with the free-
NH2 terminals of the enzyme or protein to result in a strong amide covalent linkage [61-65].
As a result, in this work, we employ graphene as an electrode material for glucose biosensing.
SPR biosensors based on immobilize biomolecules are suitablefor a highly specific, sensitive,
and rapid analysis of various biological species in vivo and in vitro.

The synthesis and investigation of the graphene oxide (GO) material properties of these stiff
materials have been undertaken, although little has been done to explore GO and reduction

Advances in Graphene Science206

graphene oxide (rGO) in the analysis ofbiomolecules. Herein us studies the ability of water-
soluble GO and rGO as a biochip for the sensitiveand high selective detection of TB-DNA.A
new SPR-LAMP for TBdevice based on a GO material, which allowed immobilizing gold (Au)
film onto the TB DNA antigens detection, was constructed. Figure 14 shows a schematic of a
SPR-LAMP chips using graphene sheets with assay DNA format. Most important of all, we
combined with the surface plasmon resonance to real-time monitoring the thickness of single
layer GO.Surface roughness and specificity of the SPR sensor systems were also evaluated.This
dispersion also facilitated the intimate mixing of the graphene oxide sheets with matrix
polymers, providing a novel synthesis route to make GO-DNA nanocomposites. In the
development of GO-DNA based biosensors, self-assembled monolayers (SAMs) or ordered
structures of thiolated DNA on a gold surface can be achieved via use of spacer molecules
between DNA and the thiol moiety, since DNA is known to form a disordered formless
globular structure.

Figure 14. Schematic illustration of the SPR-LAMP detection chips for angle change of the TB DNA-GO binding. The
experiments were compared with GO-linked immunosorbent assay, a conventional immunological method. GO-based
SPR showed more advantages in providing label-free and real-time detection. Additionally, the high sensitivity and
specificity for the detection of TBinfection showed its potential for future development of biosensor for TB DNA diag‐
nosis.

Graphene Oxide Based Surface Plasmon Resonance Biosensors
http://dx.doi.org/10.5772/56221

207



a. Preparation of primers for TB-LAMP reaction

In the experiments, LAMP reactions are performed at a fixed temperature(60-65 °C) heatde‐
naturation and rapid cooling were applied to aDNA sample containing the target sequence
(IS6110)and the four specific primers [57, 58]. We use sensitive LAMP-based assay for the
detection of Mycobacterium tuberculosis complex (MTBC), based on the amplification of the
Insertion sequence 6110 (IS6110). IS 6110 is specific for the members, and first report on a LAMP
assay for detection of MTBC in which IS6110 is used as a target sequence [57, 58]. The IS6110-
specific LAMP primers were designed according to the general criteria described by Notomi
et al. [57] and Aryan et al. [58]. Total volume of sample concentrations of LAMP DNA product
assay was 50 μl, as shown in table 1.

b. GO sheets forTB-DNAbiosensing by SPR technique

For the SPR-LAMP analyses, we prepared threedevicesin 10X dilution of LAMP DNA
productas shownin Fig.15. The purpose of combination SPR-LAMP technology is that it has
excellent ability for surface analysis, high sensitivity for oxygen refractive coefficient, and the
ability for real-time detection, so it is a new kind of electrode materials with potential appli‐
cations in electrochemical sensing and SPR biosensing.We can get the best structure for –
COOH groups of GO which have great biocompatible and binding properties. The surface
functionalization of GO is covalent functionalization with TB DNA. After NaOH injected, the
baseline didn’t decrease. It shows the strongly covalent bonding between Au-Cys-GO surface
and TB DNA. However, GO is compatible with DNA molecule. Table 2.shows the performance
comparisons of the resolution for the three devices.

This measurement results shown, the SPR angle shift of TB DNA was measured for evidence
of the adsorption of TB-DNA on GO. We demonstrated the GO sheets for the detection of TB
DNA.

Comparison of the detection limits at the SPR signal and agarose gel electrophoresis of the
LAMP product assays. We analyzed three different concentrations of LAMP products for 1X,
25X and 100X dilution. In the Au-Cys-Go device, the SPR real-time resonance angle was
measured. The experimental results shown in Fig. 16(a) illustrate the performance of Au-Cys-

Table 1. Detection and confirmation of TB-LAMP reaction assay
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Go devices in TB DNA solutions of dilution percentages(deionized water), 1X, 25X and 100X
for 1102.499, 85.335 and 23.564 mDeg of SPR angle shift. Following the validation of LAMP
reaction, the amplified products elongated to a length of several kbp and when generated they
showed complex cauliflower-like structures. We demonstrated that the positive sample
reveals many bands of different sizes afteragarose gel electrophoresis (Fig. 16b). Comparison
of the detection limits, the SPR-LAMP has high-performance and simple, rapid an advanta‐
geous position.

Figure 15. SPR real-time monitoring of the response of the three devices in LAMP product of TB DNA solutions.

Type of chips SPR shift angle for 10X TB DNA

Au-GO 15.646 mDeg

Au-linker 5.418 mDeg

Au-rGO 2.312 mDeg

Table 2. Resonance angle shift at different SPR devices
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reveals many bands of different sizes afteragarose gel electrophoresis (Fig. 16b). Comparison
of the detection limits, the SPR-LAMP has high-performance and simple, rapid an advanta‐
geous position.

Figure 15. SPR real-time monitoring of the response of the three devices in LAMP product of TB DNA solutions.

Type of chips SPR shift angle for 10X TB DNA

Au-GO 15.646 mDeg

Au-linker 5.418 mDeg

Au-rGO 2.312 mDeg

Table 2. Resonance angle shift at different SPR devices
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Figure 16. Comparison of the detection limits at the (a) SPR signal and (b) agarose gel electrophoresis of the LAMP
product assays. Restriction enzyme analysis of the MTBC-LAMP products. Aliquots of 2.5ul LAMP products were elec‐
trophoresed in 2% agarose gels (1×TBE) and then stained with SYBR Green I dye for verification by fluorescent imager.
M: 100 bp DNA ladder; 1: TB LAMP reaction (positive control) for 1X; 2: B LAMP reaction (positive control) for 25X; 2: B
LAMP reaction (positive control) for 100X.

3. Conclusions

A SPR biosensor of high sensitivity and good detection limit with the employment of a
GO functionalized Au-ODT composite (GO sheets) has been successfully demonstrated in
this work. The linear range was dramatically improved. We observed a detection limit of
pg/ml using the proposed GO sheets, whereas the conventional Au film can just reach to
μg/ml. Although this work only reported the detection of BSA in vitro, it is likely that the
method  based  on  the  GO  sheets  will  ultimately  apply  in  vivo  and  on-line  detection.
Therefore, the results described herein that GO sheets are a promising approach towards
highly sensitive for diseases with immunization detection. The covalent functionalization
of –COOH group utilizes the strong interactions between the graphene oxide and DNA
molecules.  We demonstrated the GO sheets for the detection of TB DNA. However,  the
techniques have a high sensitivity. For the practical measurement and mass production in
the future, we designed a low-cost, simple, rapid and convenient SPR-LAMP for TB chip.
This  work  can  reduce  human  operation  errors  and  make  measurement  more  easily.
Moreover,  the  SPR-LAMP  sensing  technique  is  useful  for  preventive  medicine  and
personalized medicine. Therefore, another mission to attempt here is to commercialize SPR-
LAMP chip and detection platform. The optimization of GO capture layer has been done
by using protein BSA and TB DNA with measurable results.
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1. Introduction

Recent years have witnessed considerable interest devoted to the electronic properties of
graphene [1-3]. Graphene, a one-atom-thick sheet of carbon atoms arranged in a honeycomb
crystal, exhibits unique properties like high thermal conductivity, high electron mobility and
optical transparency, and has the potential for use in nano-electronic and optoelectronic
devices. With the size of these devices shrinking through integration, thermal management
assumes increasingly high priority, prompting the study of thermoelectric effects in graphene
systems.

The thermoelectric (TE) effect refers to phenomena by which either a temperature difference
creates an electric potential or an electric potential creates a temperature difference. An
interesting transport property, thermoelectric power (TEP) has been a source of information
to physicists for over a century [4]. TE devices are used as generators and coolers to convert
thermal energy into electrical energy or vice versa. The potential of a material for TE applications
— solid state refrigeration and power generation — generally is determined in large part by
a measure of the material’s TE figure of merit, ZT=S2σT/κ, where S is the thermoelectric power
(also called Seebeck coefficient), σ the electrical conductivity, and κ the thermal conductivity
of the material. Efficient TE energy conversion, therefore, requires materials that have an
enhanced power factor S2σ and reduced κ [4, 5]. The state of art TE materials possess a value
ZT ~1, at room temperature [4, 5]. There is no well-defined theoretical limit to ZT. Values of
ZT ~ 2-3 would make TE refrigeration competitive with vapour compression refrigeration
systems [4, 5]. Even a modest increase in value of ZT would, therefore, provide important
opportunities for applications [6]. Recent studies indicate that ZT could be increased nearly
fourfold, by optimizing the potential of graphene systems [7].

The interest in the TEP of a material system stems not only from its relation to ZT but also
due to its sensitivity to the composition and structure of the system and to the external
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fields. The TE effect has been able to shed much light on the interaction of electrons and
phonons, impurities and other defects. Further, the three transport parameters S, σ and κ
are  not  independent  of  each  other.  The  Seebeck  coefficient,  for  instance,  is  partially
determined by the electrical conductivity. This provides a challenge for theoreticians and
experimentalists alike to search for ways to increase its value. An optimization, say, of the
Seebeck coefficient for any material will involve understanding and appropriately modify‐
ing its electronic properties. Conventional thermocouples, made from metal or metal alloys,
generate Seebeck voltages typically tens of microvolts per Kelvin [8, 9]. Those made from
semiconductors with tailored material properties [10] and geometry [11, 12] possess voltages
of a few hundreds of microvolts per Kelvin. One of the objectives, therefore, of studies in
TEs has been to search for materials  with optimized electronic band structures [13]  and
thermal properties [14, 15]. Much of the recent renewed interest in TEs has been stimulat‐
ed by the prospect that graphene, with its unique electrical and thermal properties, could
provide increased figure of merit.

Ever since its discovery, great interest has been evinced in the electronic properties of graphene
[1-3]. Graphene also exhibits interesting TE effects. For instance, compared to elemental
semiconductors, it has higher TEP and can be made to change sign by varying the gate bias
[16-18]. The unique properties, including high mechanical stiffness and strength, coupled with
high electrical and thermal conductivity, make graphene an exciting prospect for a host of
future applications in nanoelectronics, thermal management and energy storage devices (For
reviews on graphene physics, see [2] and[3]). Technical advances have now made possible the
realization of tailor-made 2D graphene systems, such as single-layer graphene (SLG), bilayer
graphene (BLG), graphene nanoribbon (GNR), graphene dots, graphene superlattices and
defected graphene. Most of the experimental and theoretical work has concerned the electrical
and thermal conductivity of such systems. (For a review on recent progress in graphene
research, see [19]). However, in the recent past, a good amount of literature has accumulated
on the TE properties of graphene systems, and a coherent picture is just emerging into
understanding TE effect in graphene.

The present work addresses one of the important components of TE transport in graphene,
namely, TEP, also referred to, simply, as thermopower. TEP has been a powerful tool for
probing carrier transport in metals and semiconductors [8-12]. Being sensitive to the compo‐
sition and structure of a system, it is known to provide information complementary to that of
resistivity (or conductivity), which alone is inadequate, say, in distinguishing different
scattering mechanisms operative in a system.

In this chapter, we review the literature on TEP in graphene systems and present its under‐
standing using the semi-classical Boltzmann transport theory. In Section 1, the electronic
structures and phonon dispersion relations for SLG, BLG and GNR systems are described. In
the next section, besides a survey of the experimental work, the basic theory of TEP in 2D
systems is given, and its relation with other TE transport coefficients is discussed. In Section
3, the diffusion contribution to TEP of graphene systems is discussed. Section 4 deals with the
phonon-drag contribution to TEP. An analysis of the experimental data, in terms of the
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diffusion and drag components, is also presented. This is followed by a summary of the
chapter.

1.1. Graphene systems

A single-layer graphene,  commonly referred to simply as graphene, is  one of the recent
nanomaterials. It is a monolayer of graphite with a thickness of 0.34 nm, consisting of carbon
atoms in the sp2 hybridization state, with the three nearest-neighbour carbon atoms in the
honeycomb lattice forming σ bonds. The carriers in graphene are confined in this 2D layer
[2, 3].

The 2D honeycomb structure of graphene lattice with two equivalent lattice sites, A and B
(Figure 1.(a)), can be thought of as a triangular lattice with a basis of two atoms per unit cell,
with 2D lattice vectors a1 = (a/2)(3, √3) and a2 = (a/2)(3, -√3), where a = 0.142 nm is the C-C
distance. The inequivalent corners K = (2π/a)(1/3, 1/3√3) and K’ = (2π/a)(1/3, -1/3√3) of the
Brillouin zone are called Dirac points. The existence of the two Dirac points, K and K’, where
the Dirac cones for electrons and holes touch each other in momentum space (Figure 1.(b)),
gives rise to a valley degeneracy, gv = 2. Graphene is a zero band-gap semiconductor with linear
long-wavelength energy dispersion for both electrons and holes in the conduction and valence
bands. The two equivalent lattice sites make carrier transport interesting giving rise to the
‘chirality’ in its carrier dynamics [3]. The thermoelectric transport properties of graphene,
discussed in this chapter, follow from the linear low-energy dispersion and the chiral character
of the bands.

Figure 1. (a) Graphene honeycomb lattice and the Brillouin zone. The two sublattices are shown in different colours.
(b) Graphene band structure. An enlargement close to the K and K’ point shows Dirac cones. (from [2]) (c) Typical con‐
figuration for gated graphene.

Gapless graphene has a charge neutrality point (CNP), that is, the Dirac point, where its
character changes from being electron- like to being hole-like. For pure graphene the Fermi
surface is at the Dirac point. The system with no free carriers at T = 0 K and EF at the Dirac
point is called intrinsic graphene. It has a completely filled valence band and an empty
conduction band. However, any infinitesimal doping, as also any finite temperature, with
electrons present in the conduction band, makes the system ‘extrinsic’. It is possible experi‐
mentally, by varying the external gate voltage, to tune the system from being electron-like to
being hole-like, with the system going through its intrinsic nature at the CNP [3]. In the case
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of a gapped system with an insulating region in between, one may not access the intrinsic
nature of graphene.

The electronic properties of graphene depend on the number of layers. Generally, the graphene
community distinguishes between single-layer, bilayer and few-layer graphene, the latter of
which refers to graphene with a layer number less than ten. Bilayer graphene (BLG) consists
of two graphene monolayers weakly coupled by interlayer carbon hopping, which depends
on the manner of stacking of the two layers with respect to each other; typically they are
arranged in A-B stacking arrangement. The bilayer structure, with the various electronic
hopping energy parameters γi, is shown in Figure 2.(a). The low energy, long wavelength
electronic structure of BLG for A-B stacking of the two layers is depicted in Table 1. It may be
noted that unbiased BLG is gapless. However, by applying an external voltage, a semicon‐
ducting gap can be induced in the otherwise zero-gap band structure [3].

In order to improve applicability, graphene needs to acquire a bandgap. This can be achieved
by appropriate patterning of the graphene sheet into nanoribbons. A graphene nanoribbon
(GNR) is a quasi-one-dimensional (Q1D) system that confines the graphene electrons in a thin
strip of (large) length L and a finite (small, a few nm) width W. Figure 2. (b) shows a honeycomb
lattice of a GNR having zigzag edges along the x-direction and armchair edges along the y-
direction. The resulting confinement gap, Eg, depends on the chirality of the edges (armchair
or zigzag) and the width of the ribbon. Choosing a GNR to be macroscopically large say along
the y-direction but finite along the x-direction, gives a GNR with armchair edges (AGNR), and,
conversely, a GNR chosen with width along y-direction gives a zigzag terminated GNR
(ZGNR). A ZGNR is metallic in nature, whereas an AGNR can be metallic or semiconducting,
with Eg inversely proportional to W [3, 20].

One of the strategies adopted to achieve higher mobility in graphene samples is to improve
the substrate quality or eliminate the substrate altogether by suspending graphene over a
trench. Improved growth techniques have enabled obtaining graphene as a suspended
membrane, supported only by a scaffold or bridging micrometer-scale gaps schematic of which
is shown in Figure 2.(c). Suspended graphene (SG), shows great promise for use in nanoelec‐
tronic devices. With most of the impurities limiting electron transport sticking to the graphene
sheet and not buried in the substrate, a large reduction in carrier scattering is reported [21] in
current-annealed SG samples. However, unlike supported graphene, only a small gate voltage
(Vg ~ 5 V) can be applied to a SG sample before it could buckle and bind to the bottom of the
trench. Despite limited carrier densities, Bolotin et al [22] report a mobility of 1.7x105 cm2V-1s-1

in ultra-clean SG with ns ~ 2x1015 m-2. The electronic properties of SG can be affected by strain.
The layer(s) may be under strain either due to the electrostatic force arising from the gate or
as a result of micro-fabrication, or even by applying strain in a controlled way. Recent studies
suggest that strain can be used to engineer graphene electronic states [23] and hence the
transport properties.

In the following, the thermoelectric property of TEP will be reviewed with regard to the three
systems, namely SLG, BLG and AGNR.
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Figure 2. Lattice structure of (a) BLG, and (b) GNR. (from [2]). (c) Schematic of suspended SLG.

1.2. Electronic structures

1.2.1. Single layer graphene

The transport characteristics of a material are intimately related to the energy band structure.
The carriers in the graphene lattice are free to move in two dimensions. In the carrier transport
of graphene, the carriers — electrons and holes — close to the Dirac points are of importance.
Their transport is described by a Dirac-like equation for massless particles [2, 3]:

 ( )  E ( )Fi v r rs y y- ×Ñ =h (1)

where σ = (σx, σy) is the vector of Pauli matrices in 2D and ψ(r) includes a 2D plane wave and
a spinor (graphene pseudospin) function. In the continuum limit Eq. (1) corresponds to the
effective low energy Dirac Hamiltonian

H (k )=ℏvF ( 0 kx − iky

kx + iky 0
) = ℏvF σ⋅k (2)

The electronic band structure of the energy (E) versus wavevector (k) relation for the graphene
carriers is given by the solution of (1). The solution of (1) has been calculated in the tight-
binding model up to the next-nearest neighbor approximation [24]. The carrier wavefunctions,
energy eigenvalues, the density of states and the low-energy (close to the CNP, K) band
structure for SLG are given in Table 1 [2].

Being interested mostly in understanding electron transport for small energies and relatively
small carrier concentrations, only the low-k, linear dispersion aspects of the band structure are
considered close to the K and K’ points where the Dirac cones for electrons and holes touch
each other (see Figure 1.b). SLG is thus a zero band-gap semiconductor with a linear, long-
wavelength (k << 2π/a) energy dispersion for both electrons (in the conduction band) and holes
(in the valence band) with the conduction and valence bands intersecting at k = 0 [2, 3]:
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in ultra-clean SG with ns ~ 2x1015 m-2. The electronic properties of SG can be affected by strain.
The layer(s) may be under strain either due to the electrostatic force arising from the gate or
as a result of micro-fabrication, or even by applying strain in a controlled way. Recent studies
suggest that strain can be used to engineer graphene electronic states [23] and hence the
transport properties.

In the following, the thermoelectric property of TEP will be reviewed with regard to the three
systems, namely SLG, BLG and AGNR.
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Figure 2. Lattice structure of (a) BLG, and (b) GNR. (from [2]). (c) Schematic of suspended SLG.

1.2. Electronic structures

1.2.1. Single layer graphene

The transport characteristics of a material are intimately related to the energy band structure.
The carriers in the graphene lattice are free to move in two dimensions. In the carrier transport
of graphene, the carriers — electrons and holes — close to the Dirac points are of importance.
Their transport is described by a Dirac-like equation for massless particles [2, 3]:

 ( )  E ( )Fi v r rs y y- ×Ñ =h (1)

where σ = (σx, σy) is the vector of Pauli matrices in 2D and ψ(r) includes a 2D plane wave and
a spinor (graphene pseudospin) function. In the continuum limit Eq. (1) corresponds to the
effective low energy Dirac Hamiltonian

H (k )=ℏvF ( 0 kx − iky

kx + iky 0
) = ℏvF σ⋅k (2)

The electronic band structure of the energy (E) versus wavevector (k) relation for the graphene
carriers is given by the solution of (1). The solution of (1) has been calculated in the tight-
binding model up to the next-nearest neighbor approximation [24]. The carrier wavefunctions,
energy eigenvalues, the density of states and the low-energy (close to the CNP, K) band
structure for SLG are given in Table 1 [2].

Being interested mostly in understanding electron transport for small energies and relatively
small carrier concentrations, only the low-k, linear dispersion aspects of the band structure are
considered close to the K and K’ points where the Dirac cones for electrons and holes touch
each other (see Figure 1.b). SLG is thus a zero band-gap semiconductor with a linear, long-
wavelength (k << 2π/a) energy dispersion for both electrons (in the conduction band) and holes
(in the valence band) with the conduction and valence bands intersecting at k = 0 [2, 3]:
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  k FE s v k= h (3)

Here, s = +1 (-1) corresponds to the conduction (valence) band, k = ikx+jky denotes the carrier
wavevector measured from the relevant Dirac point, and vF = 3ta/2ħ, a constant, is called the
graphene (Fermi) velocity; with the nearest-neighbor hopping amplitude, t ~ 2.5 eV, vF ~ 106

ms-1.The linearity of the dispersion relation signifies that the effective mass of charge carriers
vanishes, and hence the interaction between electrons or holes and the 2D crystalline lattice is
weak, and the charge carriers can propagate without collisions through graphene. Graphene
can, therefore, be modeled as a 2D gas of massless fermions [3].

1.2.2. Bilayer graphene

The effective Hamiltonian for a BLG, in the low energy, long-wavelength regime is [3]
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where m is the effective mass of the carriers. The electron wavefunctions and energy eigen
values around the K and K’ points at the corners of graphene Brillouin zone are given in Table
1 [25]. The BLG electronic structure, consisting of two branches, depends on the electrostatic
potential, V, between the two layers. It controls an effective band-gap opening near Dirac point.
For V=0, BLG is a gapless semiconductor with parabolic dispersion. The low-field electron
transport is discussed with respect to the lowest branch.

1.2.3. Graphene nanoribbon

The spectrum of GNRs depends on the nature of their edges. The low-energy electronic states
of GNRs near the two non-equivalent Dirac points (K and K’) can be described by the 4x4 Dirac
equation and using the appropriate boundary conditions. The effective Hamiltonian for a GNR
is [26]
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where γ (=√3ta/2 = ħvF/√3) is a band parameter. The expressions for the electron wave functions,
energy eigenvalues, density of states and the band structures for a AGNR (the system consid‐
ered here) derived from admixing the states in the K and K′ valleys and satisfying hard wall
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boundary conditions, are given in Table 1 [26, 27]. The confinement of electrons to a Q1D
system gives rise to the subband structure with an energy gap at the Dirac point.

1.3. Phonon dispersion relations

Vibrations in the 2D graphene lattice are characterized by two types of acoustic phonons:
those  vibrating  in  the  plane  of  layer  with  linear  longitudinal  and  transverse  acoustic
branches (LA and TA),  and those vibrating out of the plane of the layer – the so-called
flexural phonons (ZA) [1-3].

The low-energy in-plane phonons have the usual linear dispersion relation

q sv qw = (6)

where, q=(qx, qy) is the 2D phonon wavevector, and vs denotes the velocity of the in-plane
phonons of mode s (≡ L, T). The group velocities vL = ~13.6x103ms-1 and vT = ~21.3x103ms-1 are
larger than those in silicon.
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Meanings of symbols (Table 1.):

L : Length of graphene system; W : Width of graphene system; r ≡ (x, y) : 2D electron position vector; k ≡ (kx, ky) : 2D
electron wavevector

vF - Fermi velocity; m - Effective mass; θk = tan-1(kx/ky).

En = ± n πħvF/3W : AGNR subband energy; subband index, n=1, 2, 4, 5, 7, 8....; Eg= 2πħvF/3W – Band gap

kn = ± nπ/3W : electron transverse wave vector; ΔK=4π/3a, a – lattice constant; θn,ky
= tan-1(kn/ky).

Table 1. Electron wavefunctions, energy eigenvalues, density of states and band structures of graphene systems [2,
25, 27]
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Here, s = +1 (-1) corresponds to the conduction (valence) band, k = ikx+jky denotes the carrier
wavevector measured from the relevant Dirac point, and vF = 3ta/2ħ, a constant, is called the
graphene (Fermi) velocity; with the nearest-neighbor hopping amplitude, t ~ 2.5 eV, vF ~ 106

ms-1.The linearity of the dispersion relation signifies that the effective mass of charge carriers
vanishes, and hence the interaction between electrons or holes and the 2D crystalline lattice is
weak, and the charge carriers can propagate without collisions through graphene. Graphene
can, therefore, be modeled as a 2D gas of massless fermions [3].

1.2.2. Bilayer graphene

The effective Hamiltonian for a BLG, in the low energy, long-wavelength regime is [3]
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where m is the effective mass of the carriers. The electron wavefunctions and energy eigen
values around the K and K’ points at the corners of graphene Brillouin zone are given in Table
1 [25]. The BLG electronic structure, consisting of two branches, depends on the electrostatic
potential, V, between the two layers. It controls an effective band-gap opening near Dirac point.
For V=0, BLG is a gapless semiconductor with parabolic dispersion. The low-field electron
transport is discussed with respect to the lowest branch.

1.2.3. Graphene nanoribbon

The spectrum of GNRs depends on the nature of their edges. The low-energy electronic states
of GNRs near the two non-equivalent Dirac points (K and K’) can be described by the 4x4 Dirac
equation and using the appropriate boundary conditions. The effective Hamiltonian for a GNR
is [26]
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where γ (=√3ta/2 = ħvF/√3) is a band parameter. The expressions for the electron wave functions,
energy eigenvalues, density of states and the band structures for a AGNR (the system consid‐
ered here) derived from admixing the states in the K and K′ valleys and satisfying hard wall
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boundary conditions, are given in Table 1 [26, 27]. The confinement of electrons to a Q1D
system gives rise to the subband structure with an energy gap at the Dirac point.

1.3. Phonon dispersion relations

Vibrations in the 2D graphene lattice are characterized by two types of acoustic phonons:
those  vibrating  in  the  plane  of  layer  with  linear  longitudinal  and  transverse  acoustic
branches (LA and TA),  and those vibrating out of the plane of the layer – the so-called
flexural phonons (ZA) [1-3].

The low-energy in-plane phonons have the usual linear dispersion relation

q sv qw = (6)

where, q=(qx, qy) is the 2D phonon wavevector, and vs denotes the velocity of the in-plane
phonons of mode s (≡ L, T). The group velocities vL = ~13.6x103ms-1 and vT = ~21.3x103ms-1 are
larger than those in silicon.
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Meanings of symbols (Table 1.):

L : Length of graphene system; W : Width of graphene system; r ≡ (x, y) : 2D electron position vector; k ≡ (kx, ky) : 2D
electron wavevector

vF - Fermi velocity; m - Effective mass; θk = tan-1(kx/ky).

En = ± n πħvF/3W : AGNR subband energy; subband index, n=1, 2, 4, 5, 7, 8....; Eg= 2πħvF/3W – Band gap

kn = ± nπ/3W : electron transverse wave vector; ΔK=4π/3a, a – lattice constant; θn,ky
= tan-1(kn/ky).

Table 1. Electron wavefunctions, energy eigenvalues, density of states and band structures of graphene systems [2,
25, 27]
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The acoustic flexural phonons (FPs) are described by an approximately quadratic dispersion
relation [1, 28]:

2
q qw a» (7)

with α =  κ /ρ  , κ being bending rigidity and ρ the mass density. Eq.(7) is applicable to the
free-standing membranes as in suspended graphene (SG).

The existence and possible modification of the ZA modes, as in the case of SG membrane under
tension, are known to lead to the unusual thermal transport in graphene [15]. For slowly
varying finite in-plane stresses, the dispersion relation of the FPs is anisotropic. Assuming
uniaxial strain ū, the effective dispersion relation of FPs, in the isotropic approximation, may
be expressed as as [28]:

2 2 2
q Lq q uvw a= + (8)

The quadratic dispersion relation (8) of FPs becomes linear at long wavelengths [28].

2. Thermoelectric power – Basics

Thomas Johann Seebeck observed that a conductor generates a voltage when subjected to a
temperature gradient. This phenomenon is called Seebeck effect, and can be expressed as [4,
5, 8, 9, 11]

V S T= D (9)

where V is thermoelectric voltage, ΔT is temperature difference, and S is the Seebeck coefficient
(see Figure 3). The Seebeck coefficient is also called thermoelectric power. One may define an
‘absolute’ thermopower characteristic of a particular material.
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The quadratic dispersion relation (8) of FPs becomes linear at long wavelengths [28]. 
 
 

2.  Thermoelectric power – basics  

Thomas Johann Seebeck observed that a conductor generates a voltage when subjected to a temperature gradient. This 
phenomenon is called Seebeck effect, and can be expressed as [4,5,8,9,11] 

V = S ΔT ,        (9) 

where V is thermoelectric voltage, ΔT is temperature difference, and S is the Seebeck coefficient (see Figure 3). The Seebeck 
coefficient is also called thermoelectric power (TEP). One may define an ‘absolute’ thermopower characteristic of a particular 
material.   
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Figure 3. Seebeck effect. Material A cooled at one end (in blue color) with low temperature T and heated at the other
end (red color) at higher temperature T+ΔT, results in a voltage difference as a function of temperature difference
(ΔT)

On the other hand, Jean Charles Peltier discovered that when an external voltage is applied,
the resulting current flow is associated with a heat flow. The Peltier effect is thus the reverse
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of the Seebeck effect — it refers to the temperature difference induced by voltage gradient. A
third thermoelectric phenomenon, called the Thomson effect after its discoverer, William
Thomson, is the reversible evolution (or absorption) of heat in a homogeneous conductor that
carries an electric current and in which a temperature gradient is also maintained.

The three effects are related to thermal transport, and the coefficients are interrelated. The TEP
is relatively easily measured and most of the available results are about this coefficient.
Focusing attention, therefore, on TEP, we give below, in brief, the basic theory of TEP which
serves as a basis for description of TEP in graphene systems. Also discussed below is the
relation of TEP with other transport coefficients.

2.1. Definition and general relations

The thermoelectric effect is due to the interdependence of potential and temperature gradient
in a system where no electric current flows. The absolute TEP, S, which is a unique physical
property of a material is defined by the relation [29, 30]

S T= ÑE (10)

under open-circuit conditions, where E is the effective (that is, measured) electric field
produced by the temperature gradient ∇ T. Since E and ∇ T are vector quantities, S is generally,
a tensor.

There are, in general, two contributions to the TEP of the system, namely, the electron-diffusion
TEP and the phonon-drag TEP. They will be described later in 2.1.2.

2.1.1. Transport coefficients and thermopower

One can write an expression for the thermoelectric power, S, in terms of the fundamental
transport tensors. The equations for the electric current density J and the heat current density
U, in the presence of a weak electric field and a small temperature gradient, may be written as
[8, 9, 11, 12, 29, 30]
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(11)

where the coefficients, Lij, are, in general, tensors. In order to relate the coefficients to the
experimentally measured quantities, such as TEP, it is usual to invert Eq. (11) and write
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the resulting current flow is associated with a heat flow. The Peltier effect is thus the reverse
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of the Seebeck effect — it refers to the temperature difference induced by voltage gradient. A
third thermoelectric phenomenon, called the Thomson effect after its discoverer, William
Thomson, is the reversible evolution (or absorption) of heat in a homogeneous conductor that
carries an electric current and in which a temperature gradient is also maintained.

The three effects are related to thermal transport, and the coefficients are interrelated. The TEP
is relatively easily measured and most of the available results are about this coefficient.
Focusing attention, therefore, on TEP, we give below, in brief, the basic theory of TEP which
serves as a basis for description of TEP in graphene systems. Also discussed below is the
relation of TEP with other transport coefficients.

2.1. Definition and general relations

The thermoelectric effect is due to the interdependence of potential and temperature gradient
in a system where no electric current flows. The absolute TEP, S, which is a unique physical
property of a material is defined by the relation [29, 30]

S T= ÑE (10)

under open-circuit conditions, where E is the effective (that is, measured) electric field
produced by the temperature gradient ∇ T. Since E and ∇ T are vector quantities, S is generally,
a tensor.

There are, in general, two contributions to the TEP of the system, namely, the electron-diffusion
TEP and the phonon-drag TEP. They will be described later in 2.1.2.

2.1.1. Transport coefficients and thermopower

One can write an expression for the thermoelectric power, S, in terms of the fundamental
transport tensors. The equations for the electric current density J and the heat current density
U, in the presence of a weak electric field and a small temperature gradient, may be written as
[8, 9, 11, 12, 29, 30]
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are the electrical resistivity, the thermopower, the Peltier and the thermal conductivity ten‐
sors, respectively; σ is the electrical conductivity tensor. The coefficients in Eq. (11) are not
independent. The Onsager relations say that L11 and L12 are symmetric and [11]

12 21 –  /  TL L T= (14)

with the superscript (T) meaning the transpose. The TEP, S, determined under open circuit
conditions (that is, with J = 0), is given by Eq. (13b) and can also be expressed as

( ) 1
11 21 /    /  S L L T T-

= = P (15)

This is known as the second Kelvin relation.

There are two approaches to the evaluation of TEP, S. One can evaluate S directly from the
defining relation (10). In this method, usually referred to as the ‘Q’ approach [9], we need to
consider the effect of the electric field and the temperature gradient, simultaneously. One can
eliminate the necessity of incorporating a spatially varying temperature in the theory of
thermoelectric phenomena by using the Kelvin relation (15), which provides a convenient way
of calculating TEP. Instead of a direct calculation of S, we may first determine the Peltier
coefficient Π from the solution of an electric conduction problem assuming the temperature
gradient to be zero. Imposing the isothermal condition ( ∇ T = 0), Eq. (11) give

 (a)
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 . (b)s
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S is, then, easily obtained using Kelvin’s relation:

( )1
21   / /TS Ls r-= = P = =U J U E (17)
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This method of computing S from Π, advocated by Herring [31] is, usually, known as the Π-
approach.

2.1.2. Diffusion and Phonon-drag thermopower

As mentioned earlier, there are two contributions to the thermopower, S, of a system. They
are the diffusion TEP and the phonon-drag TEP. In the presence of a temperature gradient the
electrons diffuse through the specimen interacting with a random distribution of scattering
centres that are assumed to exist in thermal equilibrium at the local temperature T. The heat
flux, Ud, carried by the electrons yields the electron-diffusion thermopower, Sd.

When the assumption of the phonon system being in equilibrium is lifted (which is true,
especially, at low temperatures) an additional contribution to S appears — the phonon-drag
TEP. The principle of phonon-drag is simple. The phonon flux occurring under the tempera‐
ture gradient will now less readily dissipate its energy and momentum to the lattice than to
the electrons via the phonon-electron interaction. There is a net additional momentum
imparted to the electrons moving down the temperature gradient. The phonon current thus
‘drags’ electrons with it and extra electrons tend to pile up at the cold end over and above those
electrons which are there as a result of the diffusion processes [8, 9, 11, 29, 30]. The heat flux,
Ug, carried by the phonon system yields the phonon-drag TEP, Sg.

The total heat current density U, therefore, consists of two parts:

d g= +U U U (18)

and, correlatively, the total TEP, S, can be expressed as

d gS S S= + (19)

The treatment presented here is quite general and is applicable to graphene systems.

One can make a simplistic estimate of the magnitude of the diffusion thermopower [11]. It
follows from Eq.(16a) that the Peltier coefficient Π, being the ratio of the rate of heat flow to
the electrical current, is just the heat per unit charge. For a non-degenerate electron gas, the
thermal energy per carrier will be ~ kBT, so that Π ~ ± kBT/|e| and, from Eq. (15), S ~ ± kB/|e|
~ 86 μV/K. This suggests that S is a measure of the ratio of the average entropy to the charge.
For the degenerate case, the average thermal energy will be reduced by ~ kBT/EF, so that

( )( )| ~   / /|B B FS k e k T E± (20)

Eq.(20) suggests a linear temperature dependence, usually observed in degenerate systems at
higher temperatures when the phonon-drag is unimportant.
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are the diffusion TEP and the phonon-drag TEP. In the presence of a temperature gradient the
electrons diffuse through the specimen interacting with a random distribution of scattering
centres that are assumed to exist in thermal equilibrium at the local temperature T. The heat
flux, Ud, carried by the electrons yields the electron-diffusion thermopower, Sd.

When the assumption of the phonon system being in equilibrium is lifted (which is true,
especially, at low temperatures) an additional contribution to S appears — the phonon-drag
TEP. The principle of phonon-drag is simple. The phonon flux occurring under the tempera‐
ture gradient will now less readily dissipate its energy and momentum to the lattice than to
the electrons via the phonon-electron interaction. There is a net additional momentum
imparted to the electrons moving down the temperature gradient. The phonon current thus
‘drags’ electrons with it and extra electrons tend to pile up at the cold end over and above those
electrons which are there as a result of the diffusion processes [8, 9, 11, 29, 30]. The heat flux,
Ug, carried by the phonon system yields the phonon-drag TEP, Sg.

The total heat current density U, therefore, consists of two parts:

d g= +U U U (18)

and, correlatively, the total TEP, S, can be expressed as

d gS S S= + (19)

The treatment presented here is quite general and is applicable to graphene systems.

One can make a simplistic estimate of the magnitude of the diffusion thermopower [11]. It
follows from Eq.(16a) that the Peltier coefficient Π, being the ratio of the rate of heat flow to
the electrical current, is just the heat per unit charge. For a non-degenerate electron gas, the
thermal energy per carrier will be ~ kBT, so that Π ~ ± kBT/|e| and, from Eq. (15), S ~ ± kB/|e|
~ 86 μV/K. This suggests that S is a measure of the ratio of the average entropy to the charge.
For the degenerate case, the average thermal energy will be reduced by ~ kBT/EF, so that
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Eq.(20) suggests a linear temperature dependence, usually observed in degenerate systems at
higher temperatures when the phonon-drag is unimportant.
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2.2. Survey of experimental work

Fundamentally related to the electrical conductivity of a material, the TE transport coefficients
are also determined by the band structure and scattering mechanisms operative, and can offer
unique information complementary to the electrical transport coefficients. The minimal
conductivity at the Dirac point is characteristic of graphene [1-3]. Away from the Dirac point,
the electron concentration dependence of conductivity depends on the nature of the scatterers.
At low temperatures, the conductivity of graphene is limited by scattering off impurities and
disorder which depend on the sample preparation. In the absence of extrinsic scattering
sources, phonons constitute an intrinsic source of scattering [3].

Measurements of the thermoelectric properties of graphene have helped elucidate details
of the unique electronic structure of the ambipolar nature of graphene, which cannot be
probed by conductivity measurements alone. Table 2 lists the recent experimental investiga‐
tions made with regard to the thermoelectric properties of graphene. Here, we primarily
review the  measurements  made  in  the  absence  of  an  applied  magnetic  field.  The  pres‐
ence of a magnetic field is expected to reveal some more interesting important features, as
in conventional 2DEG [11, 16-18, 32].

Figure 4. (a) Conductivity and (b) TEP of a graphene sample as function of Vg for T=300 K (square), 150 K (circle), 80 K
(up triangle), 40 K (down triangle), and 10 K (diamond). Upper inset: SEM image of a typical device, the scale bar is 2
μm. Lower inset: TEP values taken at Vg = - 30 V (square) and -5 V (circle). Dashed lines are linear fits to the data. (from
[16])
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Figure 5. (a) Vth vs Vg for three different temperatures. The 16 K data (red circle) were multiplied by a factor of 5. The
dashed lines are the fits described by │Sxx│~1/√│Vg-VD│. (b) 1/Vth

2 vs Vg plot for the same data shown in (a). The
shaded area is for │Vg-VD│< 10 V. Green dashed lines are the best power-law fits with exponent ~0.95. (c) Vg de‐
pendence of longitudinal Seebeck coefficient Sxx at different temperatures (11–255 K) and zero magnetic field. (d) T
dependence of Sxx at different gate voltages. The inset is the T dependence of β = Sxx√│n2D│ at Vg= 0 V for low tem‐
peratures. (from [17])

The TE effect of Dirac electrons has been initially experimentally investigated in graphene
samples mechanically exfoliated on~300 nm SiO2/Si substrates [16-18]. The number of layers
in graphene samples can be identified by optical contrast of the samples cross correlated with
scanning probe studies and Raman spectroscopy. A controlled temperature difference ∆T is
applied to the sample by a heater and the resulting thermally induced voltage ∆V is measured
by the voltage probes to acquire the TEP, S = - ∆V/∆T. In a typical set up (Figure 1.c) the
underlying degenerately doped silicon substrate acts as a gate electrode for modulating the
graphene carrier density. The TEP of graphene can be modulated by the gate voltage, Vg. The
nonexistence of a gap in the graphene carrier dispersion as in SLG leads to a direct transition
between electron-like transport to hole-like transport as the gate voltage is tuned through the
charge neutral Dirac point.

Zuev et al [16] measured simultaneously the conductance and TEP of different SLG samples.
Figure 4 shows the measured electrical conductivity and TEP as a function of applied gate
voltage Vg over a temperature range of 10-300 K. The conductivity becomes minimum at the
CNP, corresponding to Vg=VD, where the Dirac point VD= 0 V for the device (shown in figure
4). They observe a change in sign of the TEP across the CNP (VD=0 V) as the majority carrier
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density changed from electrons to holes. The linear temperature dependence of TEP shown
(inset) for two values of Vg, far away from the CNP suggested that the mechanism for ther‐
moelectric generation is diffusive TEP, with the phonon-drag component not present.

Wei et al [17] reported similar experimental results and showed that TE transport is uniquely
sensitive to the electronic band structure. Away from the Dirac point, the magnitude of the
thermovoltage, Vth, decreases, scaling approximately with │Vg-VD│-1/2; the dependence is
more noticeable in the linear dependence of Vth

-2 on Vg (see Figure 5.(b). The divergence of the
Seebeck coefficient Sxx as ns

-1/2, it may be noted, is a direct manifestation of the linear dispersion
of Dirac particles in graphene. Because, assuming the energy dependence as σ ~ Eα, for
conductivity of such a highly doped 2D system, the Mott relation [11] yields Sxx ~ -│Vg-
VD│-1/2. This is in contrast to conventional 2D systems with a quadratic dispersion relation, for
which Sxx ~ ns

-1. Measurements of Sxx on a different device with VD ~ 33 V, have indicated (see
Figure 5. (c)) electron-hole asymmetry. On the hole side Sxx decreases with decreasing Vg,
whereas on the electron side Sxx remains flat. Further, Sxx is found to follow different T
dependence for different Vg; Sxx is nearly straight on the hole side, whereas, on the electron
side, it remains nonlinear in T except at very low temperatures (see Figure 5.(d)). Wei et al
attribute the departure from the linear T dependence on the electron side to the asymmetric
nature of the band of impurity states, which in the impurity scattering model, can be highly
asymmetric near Dirac point [33]. This observation brings out the anomalous TE transport in
graphene, which may be used as a sensitive probe for impurity bands near the Dirac point.

Figure 6. Curves of TEP, S=−Sxx vs Vg in sample J10 (left inset) in zero magnetic field at selected T. The curves are anti‐
symmetric about the Dirac point which occurs at the offset voltage V0=15.5 V. The peak value Sm (right inset) is nomi‐
nally linear in T from 25 to 300 K. (from [18])
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Sample Measurements Value Ref.

Single Layer Graphene (SLG)

Mechanical exfoliation on

300nm SiO2 substrate;

μ ~ 1–7 x103 cm2/Vs

Gate-dependent conductance and TEP measured simultaneously in zero

and non-zero magnetic fields, in linear response regime (∆T<<T); T

(10-300K);

Sxx(B) and Sxy(B) quantized

~ 80 μV/K

@ RT
[16]

Mechanical exfoliation on 300

nm SiO2 substrate;

μ ~ 3 x103 cm2/Vs

Gate voltage (Vg) and temperature dependent TEP measured in zero &

applied magnetic fields;

S(T) different for different Vg, Sxx diverges near CNP as ns -½;

Oscillating dependence of both Sxx & Sxy on ns @ low T

At T=255 K,

Sxx ~ 39 μV/K;

Sxy~ 50 μV/K

@ B=8 T, @ CNP

[17]

Exfoliation on 300 nm SiO2/Si

substrate

Vgdependent TEP in zero and non-zero magnetic fields;

Sm
peak(T) is linear

Sxx & Syx show strong quantum oscillations as functions of Vg.

~ 100 μV/K

@ RT
[18]

Exfoliated & supported on SiO2;

W:1.5–3.2; L: 9.5–12.5 μm;

G1:3.2 μm parallel to 1.5 μm

G2:2.4μm

μ =20x103cm2/Vs;

Temperature dependence of TEP

S(T) curve fitted using theoretical model [35].

G1, G2:

~ 80 μV/K @ RT
[34]

Exfoliated from Kish graphite/

HOPG;

μ ~ 1.5 – 13 x103 cm2/Vs;

ni =3.3x1016 m-2

Vgdependence of TEP for 100<T<295 K

Effect of charged impurities on the TEP near the Dirac point

High μ sample: Mott relation fails near CNP;

high T effects obtain agreement

Low μ sample: Mott relation holds for all Vg;

charged impurities induce high residual ns

~ 60 μV/K

@ 295 K
[36]

Epitaxial on C-face of SiC hole-

doped:

ns ~ 1012 cm-2;

μ ~ 20x103 cm2/Vs @ 4 K

Temperature dependence of TEP

Sxx(T) nonlinear: AT+BT2;

Sxx(B) shows quantum oscillations in (1/B);

Sign change observed for Syx, suppression of Sxx peak

~ 55 μV/K

@ 230 K
[41]

Exfoliated on SiO2/Si using e-

beam lithography;

μ ~ 4.56 – 12.9 x 103 cm2/Vs

Vg dependence of TEP of device for three mobility states

Sxx peak increases with mobility;

Effect of carier mobility on S(B)

~ 50 – 75 μV/K, @ 150

K
[32]

Fabricated on SiO2/Si with e-

beam lithography;

μ ~ 12.9 x 103 cm2/Vs

Low-T longitudinal and Hall resistivities (Rxx, Rxy) and Seebeck and Nernst

coefficients (Sxxand Sxy) in quantizing magnetic fields, B.

Sxx
peak ~ 10 μV/K @ 20

K
[39]

Suspended Cu-CVD SLG
The T dependence

of TEP for 50 < T < 300 K
9 μV/K @300 K [45]

Few atomic layer thick, cm size

sample CVD grown on Si/

SiO2/Ni substrates

ρ ~ 3x10-5 Ωcm

The T dependence of TEP for 75 < T < 300 K 10 μV/K @300 K [46]

Bilayer Graphene (BLG)

Mechanical exfoliation on 300

nm SiO2/Si substrate;

Sxx as function of Vg and T for 15< T <300 K

Syx(T) dependence on disorder

|Sm| ~ 95 μV/K

@ 300 K
[51]
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density changed from electrons to holes. The linear temperature dependence of TEP shown
(inset) for two values of Vg, far away from the CNP suggested that the mechanism for ther‐
moelectric generation is diffusive TEP, with the phonon-drag component not present.

Wei et al [17] reported similar experimental results and showed that TE transport is uniquely
sensitive to the electronic band structure. Away from the Dirac point, the magnitude of the
thermovoltage, Vth, decreases, scaling approximately with │Vg-VD│-1/2; the dependence is
more noticeable in the linear dependence of Vth

-2 on Vg (see Figure 5.(b). The divergence of the
Seebeck coefficient Sxx as ns

-1/2, it may be noted, is a direct manifestation of the linear dispersion
of Dirac particles in graphene. Because, assuming the energy dependence as σ ~ Eα, for
conductivity of such a highly doped 2D system, the Mott relation [11] yields Sxx ~ -│Vg-
VD│-1/2. This is in contrast to conventional 2D systems with a quadratic dispersion relation, for
which Sxx ~ ns

-1. Measurements of Sxx on a different device with VD ~ 33 V, have indicated (see
Figure 5. (c)) electron-hole asymmetry. On the hole side Sxx decreases with decreasing Vg,
whereas on the electron side Sxx remains flat. Further, Sxx is found to follow different T
dependence for different Vg; Sxx is nearly straight on the hole side, whereas, on the electron
side, it remains nonlinear in T except at very low temperatures (see Figure 5.(d)). Wei et al
attribute the departure from the linear T dependence on the electron side to the asymmetric
nature of the band of impurity states, which in the impurity scattering model, can be highly
asymmetric near Dirac point [33]. This observation brings out the anomalous TE transport in
graphene, which may be used as a sensitive probe for impurity bands near the Dirac point.

Figure 6. Curves of TEP, S=−Sxx vs Vg in sample J10 (left inset) in zero magnetic field at selected T. The curves are anti‐
symmetric about the Dirac point which occurs at the offset voltage V0=15.5 V. The peak value Sm (right inset) is nomi‐
nally linear in T from 25 to 300 K. (from [18])
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Sample Measurements Value Ref.

Single Layer Graphene (SLG)

Mechanical exfoliation on

300nm SiO2 substrate;

μ ~ 1–7 x103 cm2/Vs

Gate-dependent conductance and TEP measured simultaneously in zero

and non-zero magnetic fields, in linear response regime (∆T<<T); T

(10-300K);

Sxx(B) and Sxy(B) quantized

~ 80 μV/K

@ RT
[16]

Mechanical exfoliation on 300

nm SiO2 substrate;

μ ~ 3 x103 cm2/Vs

Gate voltage (Vg) and temperature dependent TEP measured in zero &

applied magnetic fields;

S(T) different for different Vg, Sxx diverges near CNP as ns -½;

Oscillating dependence of both Sxx & Sxy on ns @ low T

At T=255 K,

Sxx ~ 39 μV/K;

Sxy~ 50 μV/K

@ B=8 T, @ CNP

[17]

Exfoliation on 300 nm SiO2/Si

substrate

Vgdependent TEP in zero and non-zero magnetic fields;

Sm
peak(T) is linear

Sxx & Syx show strong quantum oscillations as functions of Vg.

~ 100 μV/K

@ RT
[18]

Exfoliated & supported on SiO2;

W:1.5–3.2; L: 9.5–12.5 μm;

G1:3.2 μm parallel to 1.5 μm

G2:2.4μm

μ =20x103cm2/Vs;

Temperature dependence of TEP

S(T) curve fitted using theoretical model [35].

G1, G2:

~ 80 μV/K @ RT
[34]

Exfoliated from Kish graphite/

HOPG;

μ ~ 1.5 – 13 x103 cm2/Vs;

ni =3.3x1016 m-2

Vgdependence of TEP for 100<T<295 K

Effect of charged impurities on the TEP near the Dirac point

High μ sample: Mott relation fails near CNP;

high T effects obtain agreement

Low μ sample: Mott relation holds for all Vg;

charged impurities induce high residual ns

~ 60 μV/K

@ 295 K
[36]

Epitaxial on C-face of SiC hole-

doped:

ns ~ 1012 cm-2;

μ ~ 20x103 cm2/Vs @ 4 K

Temperature dependence of TEP

Sxx(T) nonlinear: AT+BT2;

Sxx(B) shows quantum oscillations in (1/B);

Sign change observed for Syx, suppression of Sxx peak

~ 55 μV/K

@ 230 K
[41]

Exfoliated on SiO2/Si using e-

beam lithography;

μ ~ 4.56 – 12.9 x 103 cm2/Vs

Vg dependence of TEP of device for three mobility states

Sxx peak increases with mobility;

Effect of carier mobility on S(B)

~ 50 – 75 μV/K, @ 150

K
[32]

Fabricated on SiO2/Si with e-

beam lithography;

μ ~ 12.9 x 103 cm2/Vs

Low-T longitudinal and Hall resistivities (Rxx, Rxy) and Seebeck and Nernst

coefficients (Sxxand Sxy) in quantizing magnetic fields, B.

Sxx
peak ~ 10 μV/K @ 20

K
[39]

Suspended Cu-CVD SLG
The T dependence

of TEP for 50 < T < 300 K
9 μV/K @300 K [45]

Few atomic layer thick, cm size

sample CVD grown on Si/

SiO2/Ni substrates

ρ ~ 3x10-5 Ωcm

The T dependence of TEP for 75 < T < 300 K 10 μV/K @300 K [46]

Bilayer Graphene (BLG)

Mechanical exfoliation on 300

nm SiO2/Si substrate;

Sxx as function of Vg and T for 15< T <300 K

Syx(T) dependence on disorder

|Sm| ~ 95 μV/K

@ 300 K
[51]
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Sample Measurements Value Ref.

μ ~ 2.6 x 103 cm2/Vs

Mechanical exfoliation on 300

nm SiO2/Si substrate;

μ ~ 2 – 4 x103 cm2/Vs

Vg dependence of TEP measured in BLG for various T

S α T for large ns, low T; Deviation from Mott relation for low ns @ large

T;

Oscillations in Sxx(B) and Sxy (B) with ns observed for high B

~ 100 μV/K

@ 250 K
[49]

Mechanical exfoliation on 300

nm SiO2/Si substrate;

μ ~ 2 – 3 x103 cm2/Vs

Electric field tuning of TEP in Dual-Gated BLG demonstrated – originates

from band-gap opening; Enhanced TEP;

Sm
peak ~ 180 μV/K

@ 250 K
[52]

Single Layer-Multi Layer Graphene (SLG-MLG)

S-BLG transistor;

Mechanical exfoliation of

graphene sheets onto 90 nm

SiO2/Si wafer;

SLG/BLG identified by optical

contrast & Raman

Optoelectronic response of S-BLG interface junction using photocurrent

microscopy as function of Vg

(Photocurrent is by photo-TE effect)

~ 6 μV/K

@ 12 K
[53]

SLG - TLG

epitaxial on 6H-SiC
TEP (over 300 – 550 K) as function of environment composition

p: 10 μV/K

n: -20 μV/K

(annealed @ 500K)

[54]

SLG–MLG

CVD on Cu

Layer-dependence of the graphene Seebeck coefficient is peculiar &

unexpected, that exceptionally increases with increasing thickness

Gas flow induced voltage in MLG is not proportional to S

~ 30 μV/K (SLG)

– 54 μV/K (HLG) @ RT
[55]

Few Layer Graphene (FLG)

FLG

Pristine:

on SiO2/Si substrate,

t ~5nm with possible structural

defects;

Treated: ACN, TPA attachments

Temperature dependence of TEP

Power Factor Enhancement for Few-Layered Graphene Films

by Molecular Attachments

TEP increased ~ 4.5 times

Results supported by simulations based on Kubo’s formula

Pristine:

~ 40 μV/K

Treated:

180 μV/K;

300< T <575 K

[56]

FLG

On SiO2/Si substrate;

SLG & rGO

Temperature dependence of TEP

Enhanced TEP of films with Oxygen Plasma Treatment

Treatment generates disorders which open the π-π* gap leading to

enhancement of TEP and reduction in σ

FLG:

Pristine:~80 μV/K

Treated:~ 700 μV/K

@575 K;

SLG: p @low T & n @

high T;

S~ - 40 to 50 μV/K

[57]

Table 2. Measurements of thermopower in graphene

Checkelsky and Ong [18] have also reported measurements of TEP, S, and Nernst, Syx, signals
in graphene in non-zero and zero magnetic fields. In the absence of a magnetic field, they
observe, besides the change in sign of S with Vg, a nominally linear-in-T dependence of the
peak value Sm from ~20 K to 300 K (see Figure 6).
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Seol et al [34], in their study of the thermal properties of graphene, have reported measurements
of electrical conductivity, TEP and thermal conductivity of SLG flakes. They obtain room-
temperature values of ~ - 80 μV/K for the Seebeck coefficient (S). They fit their data on the
temperature dependence of S using the semiclassical theoretical model of Hwang et al [35],
which assumes screened charged impurity scattering to dominate the electron transport. The
temperature-dependent screening is found to produce a T dependence of S not captured in
Mott formula.

With a view to investigate the effect of charged impurities on the TEP of graphene near the
Dirac point, Wang and Shi [36] have measured both TEP and electrical conductivity of SLG
samples with varying degree of disorders as characterized by carrier mobilities ranging from
1.5 – 13.0 x 103 cm2/Vs, and examined the validity of the Mott relation as the low-density region
near the Dirac point is approached. The four-point geometry they employed allowed them to
measure the graphene resistivity properly by excluding the contact resistance and ensuring
that both σ and Vth come from the same locations where the local temperatures are measured.
They find that at higher temperatures, the Mott relation holds for low-mobility samples but
fails in the vicinity of the Dirac point in high-mobility samples; however, below 100 K the
deviation is insignificant even in the highest mobility sample. The reason for such a behaviour
could be that, in the case of high-mobility graphene, the carrier density near the CNP can be
so low that kBT << EF no longer holds. It may be noted that the Mott relation is only an
approximation for degenerate electron systems when T is far below the Fermi temperature. In
low-mobility samples, on the other hand, the charged impurities are many and could induce
relatively high residual carrier density near CNP so that TF >> T and the Mott relation holds at
all gate voltages. Wang and Shi suggest that, by properly taking account of the high-temper‐
ature effects, the Boltzmann transport theory can satisfactorily explain the experimental data
on Seebeck coefficient in low-density electron systems near CNP.

In their recent measurements, shown in Figure (7), Shi and co-workers [32] have investigated
the carrier mobility-dependence of TE transport properties of SLG in zero and non-zero
magnetic fields. In the absence of magnetic field, they find that, with increase in mobility, the
maximum value of Sxx increases, and exhibits an increasingly diverging trend accompanied
by a sharper peak- to-dip transition around Dirac point. They find that the peak-to-dip width
is related to the width of the minimum conductivity plateau, which is broader for the low-
mobility state, and is known to be associated with disorder in graphene. Further, Sxx is found
to converge to the same values at high gate voltages on either side of CNP, for all mobility
values. This suggests that the effective carrier density is much greater than the charge density
fluctuations induced by charged impurities near the Dirac point.

The magnetic field dependence of TEP has also been studied [16-18, 32]. In a magnetic field,
carriers diffusing under the temperature gradient experience a Lorentz force, resulting in a
non-zero transverse voltage. In the quantum Hall regime at a high magnetic field, the curves
of S vs Vg show pronounced oscillations reflecting Landau quantization of the Dirac states. The
peaks in S are aligned with those in conductance. The TEP and Nernst signals, which show
quantized behaviour, are in agreement with the generalized Mott relation, except for strong
deviations near the CNP. A Nernst signal, Sxy ~ 50 μV/K at 8 T is observed near the Dirac point
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Sample Measurements Value Ref.

μ ~ 2.6 x 103 cm2/Vs

Mechanical exfoliation on 300

nm SiO2/Si substrate;

μ ~ 2 – 4 x103 cm2/Vs

Vg dependence of TEP measured in BLG for various T

S α T for large ns, low T; Deviation from Mott relation for low ns @ large

T;

Oscillations in Sxx(B) and Sxy (B) with ns observed for high B

~ 100 μV/K

@ 250 K
[49]

Mechanical exfoliation on 300

nm SiO2/Si substrate;

μ ~ 2 – 3 x103 cm2/Vs

Electric field tuning of TEP in Dual-Gated BLG demonstrated – originates

from band-gap opening; Enhanced TEP;

Sm
peak ~ 180 μV/K

@ 250 K
[52]

Single Layer-Multi Layer Graphene (SLG-MLG)

S-BLG transistor;

Mechanical exfoliation of

graphene sheets onto 90 nm

SiO2/Si wafer;

SLG/BLG identified by optical

contrast & Raman

Optoelectronic response of S-BLG interface junction using photocurrent

microscopy as function of Vg

(Photocurrent is by photo-TE effect)

~ 6 μV/K

@ 12 K
[53]

SLG - TLG

epitaxial on 6H-SiC
TEP (over 300 – 550 K) as function of environment composition

p: 10 μV/K

n: -20 μV/K

(annealed @ 500K)

[54]

SLG–MLG

CVD on Cu

Layer-dependence of the graphene Seebeck coefficient is peculiar &

unexpected, that exceptionally increases with increasing thickness

Gas flow induced voltage in MLG is not proportional to S

~ 30 μV/K (SLG)

– 54 μV/K (HLG) @ RT
[55]

Few Layer Graphene (FLG)

FLG

Pristine:

on SiO2/Si substrate,

t ~5nm with possible structural

defects;

Treated: ACN, TPA attachments

Temperature dependence of TEP

Power Factor Enhancement for Few-Layered Graphene Films

by Molecular Attachments

TEP increased ~ 4.5 times

Results supported by simulations based on Kubo’s formula

Pristine:

~ 40 μV/K

Treated:

180 μV/K;

300< T <575 K

[56]

FLG

On SiO2/Si substrate;

SLG & rGO

Temperature dependence of TEP

Enhanced TEP of films with Oxygen Plasma Treatment

Treatment generates disorders which open the π-π* gap leading to

enhancement of TEP and reduction in σ

FLG:

Pristine:~80 μV/K

Treated:~ 700 μV/K

@575 K;

SLG: p @low T & n @

high T;

S~ - 40 to 50 μV/K

[57]

Table 2. Measurements of thermopower in graphene

Checkelsky and Ong [18] have also reported measurements of TEP, S, and Nernst, Syx, signals
in graphene in non-zero and zero magnetic fields. In the absence of a magnetic field, they
observe, besides the change in sign of S with Vg, a nominally linear-in-T dependence of the
peak value Sm from ~20 K to 300 K (see Figure 6).

Advances in Graphene Science232

Seol et al [34], in their study of the thermal properties of graphene, have reported measurements
of electrical conductivity, TEP and thermal conductivity of SLG flakes. They obtain room-
temperature values of ~ - 80 μV/K for the Seebeck coefficient (S). They fit their data on the
temperature dependence of S using the semiclassical theoretical model of Hwang et al [35],
which assumes screened charged impurity scattering to dominate the electron transport. The
temperature-dependent screening is found to produce a T dependence of S not captured in
Mott formula.

With a view to investigate the effect of charged impurities on the TEP of graphene near the
Dirac point, Wang and Shi [36] have measured both TEP and electrical conductivity of SLG
samples with varying degree of disorders as characterized by carrier mobilities ranging from
1.5 – 13.0 x 103 cm2/Vs, and examined the validity of the Mott relation as the low-density region
near the Dirac point is approached. The four-point geometry they employed allowed them to
measure the graphene resistivity properly by excluding the contact resistance and ensuring
that both σ and Vth come from the same locations where the local temperatures are measured.
They find that at higher temperatures, the Mott relation holds for low-mobility samples but
fails in the vicinity of the Dirac point in high-mobility samples; however, below 100 K the
deviation is insignificant even in the highest mobility sample. The reason for such a behaviour
could be that, in the case of high-mobility graphene, the carrier density near the CNP can be
so low that kBT << EF no longer holds. It may be noted that the Mott relation is only an
approximation for degenerate electron systems when T is far below the Fermi temperature. In
low-mobility samples, on the other hand, the charged impurities are many and could induce
relatively high residual carrier density near CNP so that TF >> T and the Mott relation holds at
all gate voltages. Wang and Shi suggest that, by properly taking account of the high-temper‐
ature effects, the Boltzmann transport theory can satisfactorily explain the experimental data
on Seebeck coefficient in low-density electron systems near CNP.

In their recent measurements, shown in Figure (7), Shi and co-workers [32] have investigated
the carrier mobility-dependence of TE transport properties of SLG in zero and non-zero
magnetic fields. In the absence of magnetic field, they find that, with increase in mobility, the
maximum value of Sxx increases, and exhibits an increasingly diverging trend accompanied
by a sharper peak- to-dip transition around Dirac point. They find that the peak-to-dip width
is related to the width of the minimum conductivity plateau, which is broader for the low-
mobility state, and is known to be associated with disorder in graphene. Further, Sxx is found
to converge to the same values at high gate voltages on either side of CNP, for all mobility
values. This suggests that the effective carrier density is much greater than the charge density
fluctuations induced by charged impurities near the Dirac point.

The magnetic field dependence of TEP has also been studied [16-18, 32]. In a magnetic field,
carriers diffusing under the temperature gradient experience a Lorentz force, resulting in a
non-zero transverse voltage. In the quantum Hall regime at a high magnetic field, the curves
of S vs Vg show pronounced oscillations reflecting Landau quantization of the Dirac states. The
peaks in S are aligned with those in conductance. The TEP and Nernst signals, which show
quantized behaviour, are in agreement with the generalized Mott relation, except for strong
deviations near the CNP. A Nernst signal, Sxy ~ 50 μV/K at 8 T is observed near the Dirac point
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(n = 0 LL). Such an enhancement of the Nernst signal is predicted in conventional 2D electron
systems, and depends on the disorder strength [37, 38]. However, the observed large Nernst
peak and the strong suppression of S at n=0 LL are inconsistent with the flat-top profiles
calculated for a 2D system with quadratic dispersion. Shi and co-workers [32, 39] have
investigated the dependence of the magneto-TE transport properties of graphene on electrical
transport. They find, by independently varying the magnetic field and carrier density, that the
derivative relation between Sxx and Sxy, discovered in conventional 2DEG systems, holds for
graphene for high LLs except near the Dirac point, where different mechanisms such as carrier
localization may be responsible.

Samples grown by different methods throw light on the different characteristics of TEP in
graphene systems. The main graphene production techniques include dry and wet exfoliation,
photo-exfoliation, growth on SiC, CVD, MBE and chemical synthesis (for a recent review see
[40]). Although initially graphene samples have been mechanically exfoliated, with a view to
investigate the TE characteristics further, the samples have been produced by other methods
as well.

Wu et al [41] have investigated the TE response of relatively high-mobility (~ 20 x 103 cm2/Vs
at 4 K) SLG grown epitaxially on SiC substrates. For a carrier (hole) density of 1 x 1012 cm-2,
away from the Dirac point, the temperature dependence of TEP displays a deviation from the
Mott relation. The data is found to obtain a least square fit to AT+BT2, where A and B are
temperature independent constants. The additional quadratic dependence instead of the
otherwise linear dependence reflects the importance of the screening effect. The dielectric
constant of SiC being a factor of 2 higher than that of SiO2, the effect of screening is expected
to be stronger in epitaxial graphene. Hwang et al [35] have shown that when the screening
effect and its temperature dependence are taken into account, a quadratic correction to the TEP
appears. In high magnetic fields, in the quantum Hall regime, a suppression of Sxx is observed

Figure 7. Gate voltage dependence of (a) Electrical conductivity, σ, and (b) Seebeck coefficient, Sxx, of device A at 150
K with three hole mobility values 12900, 8500 and 4560 cm2V-1s-1. Inset of (b) shows SEM image of the device. (from
[32])
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even for the high mobility sample used. A study [42] finds TEP to be universal in the presence
of disorder. The role of disorder needs to be investigated further.

Kim and co-workers [43] report measurement of TEP on graphene samples deposited on hexa-
boron nitride substrates where drastic suppression of disorder is achieved. Their results show
that at high temperatures where the inelastic scattering rate due to electron-electron (e-e)
interactions is higher than the elastic scattering rate by disorders, the measured TEP exhibits
an enhancement compared to the expected TEP from the Mott relation.

Graphene structures grown epitaxially on metal surfaces could reach sizes up to a micrometer
with few defects. They can also be formed on the surface of SiC with the quality and number
of layers in the samples depending on the SiC face used for their growth.

Figure 8. Temperature dependence of TEP measured in CVD-graphene samples of (a) Xu et al [45], and (b) Babichev et
al [46]. Insets: (a) TE voltage as a function of applied Joule heat. (b) Upper-left: dependence of the TEP voltage on the
applied temperature difference. Lower-right: a schematic view of device used in TEP measurements.(from [45, 46])

The carbon-terminated surface can produce few layers with low mobility whereas the silicon-
terminated surface can give many layers with higher mobility [40]. Chemically exfoliating
graphene is another method of preparing good quality and large amount of few-layer
graphene sheets [44].

There exist a few reports of measurements of TEP of CVD-grown graphene [45, 46]. Figure 8
shows the observed temperature dependences. Other investigations have demonstrated the
TEP of CVD-grown graphene to be a sensitive probe to the surface charge doping from the
environment and the device concept promises use in gas/chemical sensing [47]. An initially
degassed n-type graphene sample, upon exposure to gases, was found to become p-doped or
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(n = 0 LL). Such an enhancement of the Nernst signal is predicted in conventional 2D electron
systems, and depends on the disorder strength [37, 38]. However, the observed large Nernst
peak and the strong suppression of S at n=0 LL are inconsistent with the flat-top profiles
calculated for a 2D system with quadratic dispersion. Shi and co-workers [32, 39] have
investigated the dependence of the magneto-TE transport properties of graphene on electrical
transport. They find, by independently varying the magnetic field and carrier density, that the
derivative relation between Sxx and Sxy, discovered in conventional 2DEG systems, holds for
graphene for high LLs except near the Dirac point, where different mechanisms such as carrier
localization may be responsible.

Samples grown by different methods throw light on the different characteristics of TEP in
graphene systems. The main graphene production techniques include dry and wet exfoliation,
photo-exfoliation, growth on SiC, CVD, MBE and chemical synthesis (for a recent review see
[40]). Although initially graphene samples have been mechanically exfoliated, with a view to
investigate the TE characteristics further, the samples have been produced by other methods
as well.

Wu et al [41] have investigated the TE response of relatively high-mobility (~ 20 x 103 cm2/Vs
at 4 K) SLG grown epitaxially on SiC substrates. For a carrier (hole) density of 1 x 1012 cm-2,
away from the Dirac point, the temperature dependence of TEP displays a deviation from the
Mott relation. The data is found to obtain a least square fit to AT+BT2, where A and B are
temperature independent constants. The additional quadratic dependence instead of the
otherwise linear dependence reflects the importance of the screening effect. The dielectric
constant of SiC being a factor of 2 higher than that of SiO2, the effect of screening is expected
to be stronger in epitaxial graphene. Hwang et al [35] have shown that when the screening
effect and its temperature dependence are taken into account, a quadratic correction to the TEP
appears. In high magnetic fields, in the quantum Hall regime, a suppression of Sxx is observed

Figure 7. Gate voltage dependence of (a) Electrical conductivity, σ, and (b) Seebeck coefficient, Sxx, of device A at 150
K with three hole mobility values 12900, 8500 and 4560 cm2V-1s-1. Inset of (b) shows SEM image of the device. (from
[32])
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even for the high mobility sample used. A study [42] finds TEP to be universal in the presence
of disorder. The role of disorder needs to be investigated further.

Kim and co-workers [43] report measurement of TEP on graphene samples deposited on hexa-
boron nitride substrates where drastic suppression of disorder is achieved. Their results show
that at high temperatures where the inelastic scattering rate due to electron-electron (e-e)
interactions is higher than the elastic scattering rate by disorders, the measured TEP exhibits
an enhancement compared to the expected TEP from the Mott relation.

Graphene structures grown epitaxially on metal surfaces could reach sizes up to a micrometer
with few defects. They can also be formed on the surface of SiC with the quality and number
of layers in the samples depending on the SiC face used for their growth.

Figure 8. Temperature dependence of TEP measured in CVD-graphene samples of (a) Xu et al [45], and (b) Babichev et
al [46]. Insets: (a) TE voltage as a function of applied Joule heat. (b) Upper-left: dependence of the TEP voltage on the
applied temperature difference. Lower-right: a schematic view of device used in TEP measurements.(from [45, 46])

The carbon-terminated surface can produce few layers with low mobility whereas the silicon-
terminated surface can give many layers with higher mobility [40]. Chemically exfoliating
graphene is another method of preparing good quality and large amount of few-layer
graphene sheets [44].

There exist a few reports of measurements of TEP of CVD-grown graphene [45, 46]. Figure 8
shows the observed temperature dependences. Other investigations have demonstrated the
TEP of CVD-grown graphene to be a sensitive probe to the surface charge doping from the
environment and the device concept promises use in gas/chemical sensing [47]. An initially
degassed n-type graphene sample, upon exposure to gases, was found to become p-doped or
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further n-doped during exposure depending on the properties of the ambient gases as
evidenced by a monotonic change in sign of TEP.

In a graphene sample, the substrate on which the graphene layer is exfoliated, affects the
morphology of the graphene specimen and is a source of impurities. In a suspended graphene
(SG) sample, on the other hand, the substrate is etched away so that the graphene is suspended
over a trench approximately 100 nm deep, with most of the impurities sticking to the graphene
sheet [48]. Annealed SG samples showed both ballistic and diffusive carrier transport prop‐
erties with carrier mobilities more than 2x104 cm2/Vs. The warping of the layers can be avoided
with the use of a top gate [21].

In the case of BLG, Nam et al [49] have measured the TEP, Sxx, for 30<T< 250 K and for different
charge-carrier densities. As in SLG, [16-18] the ambipolar nature of the carriers manifests itself
as the sign change in Figure 9.(a) at the CNP. Their low-T result of TEP is found to follow the
semi-classical Mott formula, and for high carrier densities TEP shows a linear-in-T dependence
implying a weak electron-phonon interaction and negligible phonon-drag effect in BLG. For
a low carrier density, a deviation from the Mott relation along with a saturating tendency of
TEP, is observed at higher temperatures (See Figure 9.(b)) and is attributed to the low Fermi
temperature in the BLG.

There do not seem to be till date any reports on measurements of TEP of graphene nanoribbons.

In the following sections, we discuss, based on the Boltzmann formalism, the present theoret‐
ical understanding of the observed phenomena, in terms of the diffusion and phonon-drag
contributions. An analysis of measured TEP is usually done by separating the two contribu‐
tions by making use of their characteristic temperature dependences at lower temperatures
[11]. Often, in literature, the diffusion component, Sd, for a degenerate system, is assumed to
vary linearly with temperature. It may be seen from Eq. (36) that the Mott relation suggests
such linear temperature dependence, provided the energy dependence of relaxation time does
not vary with temperature, though its magnitude will. Sd, thus, reflects the energy dependence

Figure 9. TEP as a function of (a) backgate voltage VBG for T=30, 50, 70, 140, 170 and 250 K, and (b) temperature T for
VBG=-15 V. Inset in (a): optical image of a typical device. (from [49])
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of a scattering mechanism and is determined not only by the magnitude of scattering, but also
by details concerning the distribution of the scatterers and their type. The phonon-drag
component, Sg, on the other hand, unlike Sd, depends only on the electron-acoustic phonon
coupling strength. Its low-temperature dependence is expected, as in conventional 2D systems,
to display a characteristic peak, which exhibits the role of phonon scattering mechanisms. Since
the effect of electron-phonon coupling in determining the resistivity of graphene is observed
to be weak [50], especially at low temperatures, the phonon drag component has often been
assumed to be absent, and an analysis of TEP, for the range of temperatures (10<T<300 K)
investigated in the experiments on graphene, is given based on the diffusion component.

3. Diffusion thermopower

Diffusion thermopower, Sd, is known to provide unique information complementary to the
electrical transport coefficients in metals and semiconductors [8-12]. The TE transport coeffi‐
cients, defined above and related to electrical transport, are determined by the band structure
and scattering mechanisms operative in a system. Sd can, therefore, be a sensitive and powerful
tool to probe and elucidate details of the thermoelectric transport and understand the carrier
transport mechanisms of graphene that cannot be probed by electrical conductivity alone.

In this review, we adopt the Boltzmann approach, found to be robust especially for transport
in graphene far away from the Dirac point [58]. We give here, in brief, the basic theory of TEP
and the expressions used in the present analysis of Sd in graphene systems.

3.1. Basic formalism – Boltzmann approach

Low field transport  in  many of  the  systems is  often described by the  Boltzmann trans‐
port  equation  (BTE)  [59-61].  This  semi-classical  Boltzmann  approach  is  known  to  be
appropriate for structures in which the potentials vary slowly on both the spatial scale of
the electron thermal wavelength and the temporal  scale of  the scattering processes.  The
conventional  theory  of  charge  carrier  transport  in  2D  semiconductors  is  based  on  this
formalism,  and  the  TE  coefficients  are  commonly  obtained  by  solving  the  BTE  in  the
relaxation time approximation [11].

In the regime of large chemical potential, the nature of transport of the massless Dirac fermions
through a 2D graphene membrane may be accessed by the Boltzmann formalism [3] and one
may write an expression for TEP in graphene systems in terms of the fundamental transport
coefficients.

3.1.1. Transport coefficients in graphene systems

We consider a graphene system of length L, and width W to be a 2D homogeneous system of
charge carriers, with a density ns induced by an external gate bias Vg. In the presence of a
temperature gradient ∇T applied along the plane of the graphene layer(s), Eq. (12), for the
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of a scattering mechanism and is determined not only by the magnitude of scattering, but also
by details concerning the distribution of the scatterers and their type. The phonon-drag
component, Sg, on the other hand, unlike Sd, depends only on the electron-acoustic phonon
coupling strength. Its low-temperature dependence is expected, as in conventional 2D systems,
to display a characteristic peak, which exhibits the role of phonon scattering mechanisms. Since
the effect of electron-phonon coupling in determining the resistivity of graphene is observed
to be weak [50], especially at low temperatures, the phonon drag component has often been
assumed to be absent, and an analysis of TEP, for the range of temperatures (10<T<300 K)
investigated in the experiments on graphene, is given based on the diffusion component.

3. Diffusion thermopower

Diffusion thermopower, Sd, is known to provide unique information complementary to the
electrical transport coefficients in metals and semiconductors [8-12]. The TE transport coeffi‐
cients, defined above and related to electrical transport, are determined by the band structure
and scattering mechanisms operative in a system. Sd can, therefore, be a sensitive and powerful
tool to probe and elucidate details of the thermoelectric transport and understand the carrier
transport mechanisms of graphene that cannot be probed by electrical conductivity alone.

In this review, we adopt the Boltzmann approach, found to be robust especially for transport
in graphene far away from the Dirac point [58]. We give here, in brief, the basic theory of TEP
and the expressions used in the present analysis of Sd in graphene systems.

3.1. Basic formalism – Boltzmann approach

Low field transport  in  many of  the  systems is  often described by the  Boltzmann trans‐
port  equation  (BTE)  [59-61].  This  semi-classical  Boltzmann  approach  is  known  to  be
appropriate for structures in which the potentials vary slowly on both the spatial scale of
the electron thermal wavelength and the temporal  scale of  the scattering processes.  The
conventional  theory  of  charge  carrier  transport  in  2D  semiconductors  is  based  on  this
formalism,  and  the  TE  coefficients  are  commonly  obtained  by  solving  the  BTE  in  the
relaxation time approximation [11].

In the regime of large chemical potential, the nature of transport of the massless Dirac fermions
through a 2D graphene membrane may be accessed by the Boltzmann formalism [3] and one
may write an expression for TEP in graphene systems in terms of the fundamental transport
coefficients.

3.1.1. Transport coefficients in graphene systems

We consider a graphene system of length L, and width W to be a 2D homogeneous system of
charge carriers, with a density ns induced by an external gate bias Vg. In the presence of a
temperature gradient ∇T applied along the plane of the graphene layer(s), Eq. (12), for the
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effective electric field, E, and the heat current density, U, under open circuit conditions (J = 0),
reduce to

 S T= ÑE (21)

and

( ) Tk= -ÑU (22)

The electric current density, and heat current density, can be evaluated by solving the
Boltzmann transport equation in the relaxation time approximation. Assuming the electric
field to be weak and the displacement of the distribution function from thermal equilibrium
to be small, the electron distribution function f (Ek ) can be written as [29, 30]

( ) ( ) ( )æ ö¶é ù-æ ö ç ÷
= + × - -ê úç ÷ ç ÷¶ê úè øë û ç ÷
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where, vk is the velocity of the electrons in state k, τ(Ek) is the electron momentum relaxation
time, f 0(Ek ) is the equilibrium Fermi-Dirac distribution function and EF is the Fermi energy
which is determined by the carrier density

0( )  ( ) s k k kn E f E dEr= ò (24)

with ρ(Ek) denoting the density of states of the system.

In Eqs. (11a) and (11b), the current densities J and U, can be evaluated from the expressions:

( ) ( )Ek= å kv  J
k

g g / A t e f  s v (25)

and

( ) ( )( ) Ek-= å kv      U k F
k

E Eg  g / A t f  s v (26)

Here, gv and gs denote the valley and spin degeneracies, A=LW is the area of the surface and
‘t’ the layer thickness of the graphene system. Using Eqs.(21) – (23), J and U can be expressed
as [29]
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In the absence of temperature gradient ( ∇T = 0), Eq. (27) gives electrical conductivity as

σ =  e 2 K11 (30)

From Eqs. (21), (22), (27) and (28), one obtains expressions for the diffusion contribution to

thermopower, Sd, and for electronic thermal conductivity, κe as
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respectively. Equation (31) may be expressed as [11]

Sd =
1

eT ( Ekτ(Ek )
τ(Ek ) −EF ) (33)
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In the absence of temperature gradient ( ∇T = 0), Eq. (27) gives electrical conductivity as

σ =  e 2 K11 (30)

From Eqs. (21), (22), (27) and (28), one obtains expressions for the diffusion contribution to

thermopower, Sd, and for electronic thermal conductivity, κe as
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with F (Ek ) =
∫F (Ek ) Ek ( - ∂ f 0 / ∂ Ek )d Ek

∫Ek ( - ∂ f 0 / ∂ Ek )d Ek

Equations (30) – (33) show that evaluation of the transport coefficients requires a knowledge
of the relaxation time(s), τ(Ek). Note that the overall contribution to Sd and κe, from the various
scattering mechanisms operative in the system, can be evaluated assuming the overall
relaxation time τ(Ek) to be given by Matthiessen’s rule [11, 29, 30]:

( ) ( )1 1 , k j j kE Et t- -= S (34)

where the sum is over all the relevant scattering mechanisms, j.

Often in literature, limiting forms of Sd are used in the analysis of data. In the degenerate limit
a good approximation to Eq. (32)is the well-known Mott expression [11, 29, 30]:
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where, σ(Ek), is the energy dependent conductivity. If the energy dependence of relaxation
time is taken as τ(E) ~ Ep, Eq. (35) can be more simply expressed for the three graphene systems,
as [35, 62-65]
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where the first term reflects the scattering mechanisms. The parameter p can also be expressed
in the form

p =
EF
τ(EF )

dτ(Ek )
d Ek Ek =EF

. (37)

Eq. (37) brings out the feature that Sd is determined by not only the magnitude of scattering
but also by the energy dependence of τ(Ek) at Ek= EF. It may be noted that provided the energy
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dependence of τ(Ek) does not vary with temperature (though its magnitude will), Sd will be a
linear function of temperature.

A solution of the Boltzmann equation in the relaxation time approximation may be applied
exactly when the important collision processes are all elastic [30, 59-61]. It is also applicable
when the inelastic processes include non-polar optic and intervalley phonon scattering. If polar
optic phonon scattering is also important, the method is applicable only at high temperatures.
Solutions of Boltzmann equation when polar optic phonon scattering is dominant may be
obtained by applying variational or numerical methods.

3.2. Scattering mechanisms

Central to understanding the TE transport properties of graphene, are the mechanisms causing
the scattering of the charge carriers. A better understanding, therefore, of the relative impor‐
tance of the operative scattering mechanisms, which varies with temperature and carrier
concentrations in graphene, enables useful improvements in the transport properties of
graphene for various possible TE applications.

Scattering in graphene which could contribute to carrier transport may result from both
intrinsic and extrinsic sources. The extrinsic sources may be vacancies, surface roughness
arising from rippling of the graphene sheet, disorder, which can create electron-hole puddles,
and charged impurities, known to be the main scattering mechanism in graphene. Apart from
the graphene layers, the substrates may also be a source of impurities. Besides, there are
additional scattering sources such as neutral point defects [1, 3]. In principle, the limitation
due to the extrinsic scattering mechanisms can be reduced by improved growth/fabrication
techniques.

In the absence of extrinsic scattering sources, phonons, which constitute an intrinsic source of
scattering in a system, limit carrier mobility at finite temperatures [59-61]. Phonon scattering
may be due to intravalley acoustic and optical phonons which induce the electronic transitions
within a single valley, and intervalley phonon scattering that induces electronic transitions
between different valleys [3]. The intravalley acoustic phonon scattering, induced by low
energy phonons and considered an elastic process, gives a quantitatively small contribution
in graphene even at room temperature due to the high Fermi temperature of graphene. Shishir
et al [66] in their calculations of mobility and resistivity, respectively, including contributions
of optical phonon scattering, found that the effect of optical phonons cannot be neglected. The
role of remote interface polar optical phonons in the substrate in graphene transport also seems
to be important.

In the case of SG, the intrinsic scattering mechanisms limiting electron transport in SG layers
are due to in-plane and out-of-plane (flexural) acoustic phonons. Recent investigations of
electron and phonon transport in SG indicate that in the free standing case (absence of strain)
the major contribution to resistivity and thermal conductance is from acoustic flexural
phonons, and this intrinsic limitation can be reduced by the effect of strain [28, 67].
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A solution of the Boltzmann equation in the relaxation time approximation may be applied
exactly when the important collision processes are all elastic [30, 59-61]. It is also applicable
when the inelastic processes include non-polar optic and intervalley phonon scattering. If polar
optic phonon scattering is also important, the method is applicable only at high temperatures.
Solutions of Boltzmann equation when polar optic phonon scattering is dominant may be
obtained by applying variational or numerical methods.

3.2. Scattering mechanisms

Central to understanding the TE transport properties of graphene, are the mechanisms causing
the scattering of the charge carriers. A better understanding, therefore, of the relative impor‐
tance of the operative scattering mechanisms, which varies with temperature and carrier
concentrations in graphene, enables useful improvements in the transport properties of
graphene for various possible TE applications.

Scattering in graphene which could contribute to carrier transport may result from both
intrinsic and extrinsic sources. The extrinsic sources may be vacancies, surface roughness
arising from rippling of the graphene sheet, disorder, which can create electron-hole puddles,
and charged impurities, known to be the main scattering mechanism in graphene. Apart from
the graphene layers, the substrates may also be a source of impurities. Besides, there are
additional scattering sources such as neutral point defects [1, 3]. In principle, the limitation
due to the extrinsic scattering mechanisms can be reduced by improved growth/fabrication
techniques.

In the absence of extrinsic scattering sources, phonons, which constitute an intrinsic source of
scattering in a system, limit carrier mobility at finite temperatures [59-61]. Phonon scattering
may be due to intravalley acoustic and optical phonons which induce the electronic transitions
within a single valley, and intervalley phonon scattering that induces electronic transitions
between different valleys [3]. The intravalley acoustic phonon scattering, induced by low
energy phonons and considered an elastic process, gives a quantitatively small contribution
in graphene even at room temperature due to the high Fermi temperature of graphene. Shishir
et al [66] in their calculations of mobility and resistivity, respectively, including contributions
of optical phonon scattering, found that the effect of optical phonons cannot be neglected. The
role of remote interface polar optical phonons in the substrate in graphene transport also seems
to be important.

In the case of SG, the intrinsic scattering mechanisms limiting electron transport in SG layers
are due to in-plane and out-of-plane (flexural) acoustic phonons. Recent investigations of
electron and phonon transport in SG indicate that in the free standing case (absence of strain)
the major contribution to resistivity and thermal conductance is from acoustic flexural
phonons, and this intrinsic limitation can be reduced by the effect of strain [28, 67].
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Evaluation of the transport coefficients requires the knowledge of the relaxation times of the
scattering mechanisms. In the following, we give the expressions for the momentum relaxation
times of the extrinsic and intrinsic scattering mechanisms.

3.2.1. Relaxation times

The expressions for the momentum relaxation times for the various scatterings in graphene
systems may be expressed as [3]

1
τj(Ek ) =

2π
ℏ ∑

k ′
∑
q

|Cj(q)| 2F (θ)(1 - cos(θ))Δ(Ek , Ek ′) (38)

where ‘θ’ is the angle between initial (k) and final states (k’), and |Cj(q)|2 is the matrix element
for the interaction of electrons with the scattering source, ‘j’. The form factor, F(θ), due to the
overlap of the wavefunctions and arising due to the chiral nature of the graphene carriers, is

given by [3, 27] F (θ)=
1
2 (1 + cos(θ))SLG, F (θ)=

1
2 (1 + cos(2θ))BLG,

F (θ)=
1
2 (1 + cos(θn,ky

- θn ′,k ′
y
)) AGNR

The overall momentum relaxation time τ(Ek) can be taken to be given by Matthiessen’s rule
(Eq.(34)). The factor ∆(Ek, Ek’) in Eq. (38) is given, for elastic scatterings, by
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In eq.(39b), θ(x) is the unit-step function and the first (second) term corresponds to the
absorption (emission) of a phonon of wavevector q and energy ħωq. The phonon distribution
Nq is, for low fields, given by the equilibrium Bose distribution, Nq

0 = (exp(ħωq/kBT)-1)-1. At high
temperatures, in the equipartition (EP) regime, where ħωq << kBT, one may consider scattering
of electrons from acoustic phonons to be quasi-elastic and with Nq ~ kBT/ħωq, the factor ∆(E,
E’) in Eq.(38) becomes (39c). Often, in literature, expressions for electron–acoustic phonon
relaxation times obtained in the EP approximation are used in the analysis of transport
properties [3].

In the 2D material of graphene at low temperatures, an understanding of electron-phonon
interaction is important both from basic physics and technology points of view [3]. In typical
conductors, electrons are scattered by phonons producing a finite temperature-dependent
resistivity ρ(T) [59-61]. Recent investigations [68] of resistivity of graphene show that there is
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a change in temperature dependence of resistivity from ρ(T) ~ T, in the high temperature limit,
to ρ(T) ~ T4, at low temperatures, reflecting the 2D nature of the electrons and the acoustic
phonons in graphene. At low enough temperatures, recent theoretical studies [69] of the
phonon-induced graphene resistivity have shown that, the resistivity eventually goes as ρ(T)
~ T6, for screened phonon scattering. At such low temperatures the major contribution to this
resistivity is from in-plane acoustic phonons [50, 70]. The crossover between the two distinct
regimes can be described by the characteristic Bloch-Gruneisen (BG) temperature defined as
TBG = 2ħvskF/kB, where vs is the velocity of sound and kF = (πns)½ is the Fermi wavevector [68].
The electrostatic tunability of the chemical potential, EF = ħvFkF, in graphene allows for a wide
range of control of TBG; for graphene with ns = 1 x1015 m-2, TBG ~ 17 K for LA modes.

The expressions for the momentum relaxation rates for in-plane and flexural acoustic phonon,
non-polar optical phonon, surface polar optical phonon and for roughness, impurity and
vacancy scatterings in the graphene systems are given in Table 3.

Suspended graphene (SG) allows for the investigation of the intrinsic properties of the material,
unperturbed by the presence of a substrate. It has been realized that mechanical deformations
of graphene sheets affect the electronic properties. This is of special relevance for strain-
engineering aimed at controlling the electronic properties of graphene by suitably engineering
the deformations ([67] and references therein). Employing the semi-classical Boltzmann
transport formalism, Mariani and Oppen [67] and Ochoa et al [28], have studied electron-
phonon contribution to resistivity in free-standing SLG and BLG and discussed the role of
strain in SG. Restricting to the regime of T >>TBG, and assuming the phonons to couple to
electrons through a screened scalar deformation potential (constant g) and a vector potential
(β) associated with the changes in bond length between carbon atoms, they have given
expressions for the momentum relaxation rates in SG for both free-standing and strained layer
cases (see Table 3).

3.3. Diffusion thermopower in graphene systems

Besides the experimental investigations (see Table 1.), the TEP of graphene has also attracted
much theoretical attention. The theoretical investigations made to understand the experimen‐
tal results have so far been mostly on the basis of the diffusion TEP, ignoring the drag
component.

The following features of TEP, first observed in SLG samples by Zuev et al [16], Wei et al [17]
and Chekelsky and Ong [18], are found to be characteristic of graphene. The measured TEP
reaches a value ~ 100 μV/K at room temperature. The sign of TEP changes across the charge
neutrality point (CNP) as the majority carriers change from electrons to holes. Away from the
CNP, the TEP shows a ns

-1/2 dependence on the carrier density ns. At low temperatures, it
exhibits a linear temperature dependence, in consonance with the Mott formula Eq.(36). For
higher temperatures, a deviation from Mott formula is observed. Measurements on high
mobility graphene samples [51], show that Mott relation fails near the Dirac point. In the case
of FLG samples, Li et al [55] find that TEP depends on the number of layers, increasing with
increase in thickness and reaching a peak value for six layers.
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Evaluation of the transport coefficients requires the knowledge of the relaxation times of the
scattering mechanisms. In the following, we give the expressions for the momentum relaxation
times of the extrinsic and intrinsic scattering mechanisms.
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given by [3, 27] F (θ)=
1
2 (1 + cos(θ))SLG, F (θ)=

1
2 (1 + cos(2θ))BLG,

F (θ)=
1
2 (1 + cos(θn,ky

- θn ′,k ′
y
)) AGNR

The overall momentum relaxation time τ(Ek) can be taken to be given by Matthiessen’s rule
(Eq.(34)). The factor ∆(Ek, Ek’) in Eq. (38) is given, for elastic scatterings, by

( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
( )

( )

0 0

0

(a)

1 ( 1) 1
, (b)

1

(c)

In the case of phonons,
q k q k k q q k q k k q q

k k
k

N f E E E N f E E E E
E E

f E

d

w d w w d w q w

¢ ¢

¢ ¢
¢

¢

D = -

é ù é ù- + - + + + - - - - -ë û ë ûD =
é ù-ë û

D =

h h h h h

h

k k k k

B
k k

q

 E ,E E E

 

2k T
 E ,E

ω

(39)

In eq.(39b), θ(x) is the unit-step function and the first (second) term corresponds to the
absorption (emission) of a phonon of wavevector q and energy ħωq. The phonon distribution
Nq is, for low fields, given by the equilibrium Bose distribution, Nq

0 = (exp(ħωq/kBT)-1)-1. At high
temperatures, in the equipartition (EP) regime, where ħωq << kBT, one may consider scattering
of electrons from acoustic phonons to be quasi-elastic and with Nq ~ kBT/ħωq, the factor ∆(E,
E’) in Eq.(38) becomes (39c). Often, in literature, expressions for electron–acoustic phonon
relaxation times obtained in the EP approximation are used in the analysis of transport
properties [3].

In the 2D material of graphene at low temperatures, an understanding of electron-phonon
interaction is important both from basic physics and technology points of view [3]. In typical
conductors, electrons are scattered by phonons producing a finite temperature-dependent
resistivity ρ(T) [59-61]. Recent investigations [68] of resistivity of graphene show that there is
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a change in temperature dependence of resistivity from ρ(T) ~ T, in the high temperature limit,
to ρ(T) ~ T4, at low temperatures, reflecting the 2D nature of the electrons and the acoustic
phonons in graphene. At low enough temperatures, recent theoretical studies [69] of the
phonon-induced graphene resistivity have shown that, the resistivity eventually goes as ρ(T)
~ T6, for screened phonon scattering. At such low temperatures the major contribution to this
resistivity is from in-plane acoustic phonons [50, 70]. The crossover between the two distinct
regimes can be described by the characteristic Bloch-Gruneisen (BG) temperature defined as
TBG = 2ħvskF/kB, where vs is the velocity of sound and kF = (πns)½ is the Fermi wavevector [68].
The electrostatic tunability of the chemical potential, EF = ħvFkF, in graphene allows for a wide
range of control of TBG; for graphene with ns = 1 x1015 m-2, TBG ~ 17 K for LA modes.

The expressions for the momentum relaxation rates for in-plane and flexural acoustic phonon,
non-polar optical phonon, surface polar optical phonon and for roughness, impurity and
vacancy scatterings in the graphene systems are given in Table 3.

Suspended graphene (SG) allows for the investigation of the intrinsic properties of the material,
unperturbed by the presence of a substrate. It has been realized that mechanical deformations
of graphene sheets affect the electronic properties. This is of special relevance for strain-
engineering aimed at controlling the electronic properties of graphene by suitably engineering
the deformations ([67] and references therein). Employing the semi-classical Boltzmann
transport formalism, Mariani and Oppen [67] and Ochoa et al [28], have studied electron-
phonon contribution to resistivity in free-standing SLG and BLG and discussed the role of
strain in SG. Restricting to the regime of T >>TBG, and assuming the phonons to couple to
electrons through a screened scalar deformation potential (constant g) and a vector potential
(β) associated with the changes in bond length between carbon atoms, they have given
expressions for the momentum relaxation rates in SG for both free-standing and strained layer
cases (see Table 3).

3.3. Diffusion thermopower in graphene systems

Besides the experimental investigations (see Table 1.), the TEP of graphene has also attracted
much theoretical attention. The theoretical investigations made to understand the experimen‐
tal results have so far been mostly on the basis of the diffusion TEP, ignoring the drag
component.

The following features of TEP, first observed in SLG samples by Zuev et al [16], Wei et al [17]
and Chekelsky and Ong [18], are found to be characteristic of graphene. The measured TEP
reaches a value ~ 100 μV/K at room temperature. The sign of TEP changes across the charge
neutrality point (CNP) as the majority carriers change from electrons to holes. Away from the
CNP, the TEP shows a ns

-1/2 dependence on the carrier density ns. At low temperatures, it
exhibits a linear temperature dependence, in consonance with the Mott formula Eq.(36). For
higher temperatures, a deviation from Mott formula is observed. Measurements on high
mobility graphene samples [51], show that Mott relation fails near the Dirac point. In the case
of FLG samples, Li et al [55] find that TEP depends on the number of layers, increasing with
increase in thickness and reaching a peak value for six layers.
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In the presence of a quantizing magnetic field, the TEP of graphene exhibits additional
interesting effects [16-18, 32]; however, these do not form the content of the present review.
The theoretical studies of Sd of graphene systems, in the absence of magnetic fields, based on
the semi-classical Boltzmann formalism are briefed below; the drag component is discussed
in the next section.

3.3.1. Diffusion thermopower in SLG

Much of the theoretical investigations of diffusion TEP in graphene has been made on SLG
with interest being devoted mostly to the TEP at higher temperatures (10<T<300K).

Using a phenomenological theory for transport in graphene, close to Dirac point, based on the
semiclassical Boltzman approach Peres and coworkers [72, 76] have obtained an expression
for diffusion TEP including the scattering mechanism involving midgap states arising from
local point defects in the form of vacancies, cracks, boundaries, impurities in the substrate or
in corrugated graphene. They find that this mechanism leads to a similar k dependence as
charged impurities, and show that the dependence of Sd on the particle density is different
from that of the conventional 2DEG and of graphene sheet with only charged impurities in the
substrate.

Lofwander and Fogelstrom [33], have presented calculations for the linear response to
electrical and thermal forces in graphene for the case of strong impurity scattering in the self-
consistent t-matrix approximation. At low temperatures, the electronic contribution to TEP is
found to be linear in T with slope proportional to the inverse of the impurity density and the
impurity strength, so that TEP could provide information about impurities in graphene.
Further, for moderately large impurity strengths, a non-linear temperature dependence is
obtained and S ~ 100 μV/K.

Figure 10. Hole TEP for different energy dependent scattering times, τ ~ Em. Dashed lines show corresponding Mott
variations.(from [35])
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the semi-classical Boltzmann formalism are briefed below; the drag component is discussed
in the next section.
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*Expressions for SG are for T>>TBG

Meanings of symbols (Table 3.):

vL – Longitudinal sound velocity; vT – Transverse sound velocity; ρ - mass density

Dac - Acoustic phonon deformation potential constant; Dop - Optical phonon deformation potential constant

Nq – Bose-Einstein distribution function with wave vector q

Δ - rms height; Λ - Correlation length for interface roughness; ni - Density of charged impurities in the sample;

nvac - Number of vacancies of radius Ro; γi = D (EF ) e 2 / 2 ε εo; ε – permeability of substrate

g - Screened deformation potential constant;β = ∂ log t / ∂ log a, a - Distance between nearest carbon atoms

ωc =  α qc
2 - Infrared cutoff frequency; ℜn(γ) = ∫
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∞

dx x3 / (γ 2x 2 + 1) exp( γ 2x 4 + x 2) − 1
 n

d - distance between graphene and substrate ; F 2 = (ℏωs / 2Aε0) 1 / (εs
∞ + 1) − 1 / (εs

0 + 1) ; ћωs - energy of SPPs
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0) - high (low) frequency substrate dielectric constant,
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Figure 11. Temperature variation of TEP, S (= Sd + Sg) calculated using balance equation method for ns=2.16×1016 m−2

(black curve) and 3.6×1015 m−2 (red curve), corresponding, respectively, to Vg = −30 V (black squares) and −5 V (red
dots ) of the experimental data of [16]. (from [77])

Kubakaddi [62] in his study of TEP at low temperatures, has given Mott formula Eq.(36a) for
Sd, and predicted the ns

-1/2 and linear-in-T dependences. Sd is found to be relatively dominant
for T < 2 K and T >10 K (see Figure (19)).

Motivated by the experiments of [16], [17] and [18], Hwang et al [35] have developed, in the
linear response approximation, a theory for the thermopower of graphene, ignoring the drag
component. Incorporating the energy dependence of various transport times, they elucidate
the comparative importance of scattering mechanisms in graphene. They find that a reasonable
explanation for the measured TEP [16-18] can be given by the scattering by random screened
charged impurities located in the graphene environment. The density dependence shows the
expected ns

-1/2 behaviour at high densities. Figure 10 shows the temperature dependence of
their calculated TEP for different scattering-time energy-dependence exponents (m). At high
temperatures, the TEP is independent of T and approaches a limiting value. Further, the Mott
formula is found to apply well, for T ≤ 0.2TF and high carrier densities, but fail in the low-
density limit, where electron-hole puddles may dominate and an effective-medium theory
may be required.

Considering scattering of electrons by both impurities and phonons, Bao et al [77] have stud‐
ied the behaviour of Sd away from CNP. Within the framework of balance equation ap‐
proach, they obtain an expression for Sd, which in the limit of large concentrations is shown
to reduce to Mott formula. Comparing their calculations of TEP, S (=Sd+Sg) with the data of
Zuev et al [16] for two values of gate voltage (see Figure 11), they find that for T > 10 K, Sd

plays an essential role and the TEP shows a linear dependence on T.

Vaidya et al [63] have studied Sd for 30<T<300 K, using Eq.(33) and considering the electrons
to be scattered not only by phonons [50, 66] but also other disorder-related scattering mecha‐
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Figure 11. Temperature variation of TEP, S (= Sd + Sg) calculated using balance equation method for ns=2.16×1016 m−2

(black curve) and 3.6×1015 m−2 (red curve), corresponding, respectively, to Vg = −30 V (black squares) and −5 V (red
dots ) of the experimental data of [16]. (from [77])

Kubakaddi [62] in his study of TEP at low temperatures, has given Mott formula Eq.(36a) for
Sd, and predicted the ns

-1/2 and linear-in-T dependences. Sd is found to be relatively dominant
for T < 2 K and T >10 K (see Figure (19)).

Motivated by the experiments of [16], [17] and [18], Hwang et al [35] have developed, in the
linear response approximation, a theory for the thermopower of graphene, ignoring the drag
component. Incorporating the energy dependence of various transport times, they elucidate
the comparative importance of scattering mechanisms in graphene. They find that a reasonable
explanation for the measured TEP [16-18] can be given by the scattering by random screened
charged impurities located in the graphene environment. The density dependence shows the
expected ns

-1/2 behaviour at high densities. Figure 10 shows the temperature dependence of
their calculated TEP for different scattering-time energy-dependence exponents (m). At high
temperatures, the TEP is independent of T and approaches a limiting value. Further, the Mott
formula is found to apply well, for T ≤ 0.2TF and high carrier densities, but fail in the low-
density limit, where electron-hole puddles may dominate and an effective-medium theory
may be required.

Considering scattering of electrons by both impurities and phonons, Bao et al [77] have stud‐
ied the behaviour of Sd away from CNP. Within the framework of balance equation ap‐
proach, they obtain an expression for Sd, which in the limit of large concentrations is shown
to reduce to Mott formula. Comparing their calculations of TEP, S (=Sd+Sg) with the data of
Zuev et al [16] for two values of gate voltage (see Figure 11), they find that for T > 10 K, Sd

plays an essential role and the TEP shows a linear dependence on T.

Vaidya et al [63] have studied Sd for 30<T<300 K, using Eq.(33) and considering the electrons
to be scattered not only by phonons [50, 66] but also other disorder-related scattering mecha‐
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nisms namely, charged impurities via long-range Coulomb interaction [72], the vacancies [72]
in the system and surface roughness [66] arising from the rippling of the graphene sheet
deposited on oxidized Si substrate (see Figure (12)). Sd is found to increase almost linearly with
temperature, determined mainly by vacancy and impurity scatterings. In the case of the
scattering of electrons by non-polar optical phonons via deformation potential coupling,
although the emission of optical phonons is possible only if the kinetic energy of carriers
exceeds ħωLO, this mechanism could become important for higher energy carriers. For ns =
2×1016 m−2, a value realized in the sample of Zuev et al [16], EF =135 meV, and the onset of optical
phonon emission is only a few kBT times greater than EF. A departure from linear T-dependence
due to optical phonons is noticed (Figure 12a) and, as a function of carrier concentration, a
change in the sign of |Sd | is observed. Their analysis, assuming Sg to be negligible, obtains a
fit with S(T) data of Zuev et al (Figure 12b).

The effect of electron-phonon scattering processes on TEP of extrinsic graphene has been
studied by Munoz [78]. From a variational solution of the Boltzmann equation, he obtained
analytical expressions for the transport coefficients and the leading contribution to phonon-
limited TEP. Figure 13 represents his results of temperature dependence of TEP at different
electronic densities. At lower temperatures (T<~60 K), TEP is found to show a linear in T
dependence (see inset of Figure 13) and to reproduce the ns

-1/2 dependence with carrier density,
in agreement with reported experimental data [17].

Figure 12. Temperature dependence of the Sd calculated using Eq. (33) for SLG with ns = 2x 1016 m−2. (a) Dashed, dot‐
ted, dash-dotted, short-dashed and dash-double-dotted curves represent individual contributions from impurities, va‐
cancies, acoustic phonons, surface roughness and optical phonons, respectively. Curve 1 represents the overall
contribution. Curve 2 represents the variation of Sd according to the Mott expression (36a). (b) Comparison of calcula‐
tions (curves) with the experimental data of [16] (dots). Curves 1 and 2 represent calculations using Eqs. (33) and (36a)
respectively. (from [63])

The distinctive features observed in the energy dependence of the relaxation times τ(Ek) of the
scattering mechanisms in graphene are clearly exhibited in the case of the intrinsic acoustic
phonon scattering in the Bloch-Gruneissen (BG) regime, where acoustic phonon scattering
dominates and phonon energies are approximately of the order of thermal energy (ħωq ~ kBT).
In their experimental study of the resistivity of graphene, Efetov and Kim [68] have demon‐
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strated that the transition from higher temperature into the BG regime is reflected by a change
in the character of electron scattering by acoustic lattice vibrations. With a view to examine the
influence of the changed character of electron scattering on Sd, Sankeshwar et al [71] first study
the behaviour of acoustic phonon limited scattering rates, τ-1(Ek) in SLG for T < TBG. For a
graphene sample with ns=1016m-2, TBG ~60 K. Figure 14.(a) shows the strong influence this
change has on the energy dependence of the unscreened electron-phonon interaction momen‐
tum relaxation times, τBG

-1 around E = EF. The sharp decrease in τBG
-1 at E = EF for T = 4.2K is

due to the factor Δ(Ek , Ek ′) in Eq. (38), governing probability occupation factors of electrons

and phonons. With increase in the temperature from 4.2K to 77K to 300 K, the extent of the dip
in τBG

-1 at EF is seen to decrease and gradually disappear at higher temperatures, as also the
difference between the magnitudes of the rates τBG

-1 and τEP
-1, the momentum relaxation time

in the EP approximation.

In their investigation of the temperature dependence of Sd in the BG regime, Sankeshwar et
al have shown that, corresponding to the transition into BG regime, Sd exhibits a non-linear
temperature dependence (dotted curve in Figure 14. (b)) before becoming linear at very low
temperatures [71]. Such dependence is also exhibited in conventional 2D systems [79]. The
minimum value of |Sd| occurs around T= TBG and a change in the sign of |Sd| is also noticed
(dotted curve in Figure 14. (b)). On the other hand, the variation of |Sd| in EP regime, calculated
using Eq. (31), (38) and (39c) is found to be almost linear for T > TBG, eventually merging with
|Sd| at higher temperatures [71].

Figure 13. Temperature dependence of TEP at different electronic densities, n. Inset: Comparison with data of [17] at
corresponding hole densities.(from [78]).
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The distinctive features observed in the energy dependence of the relaxation times τ(Ek) of the
scattering mechanisms in graphene are clearly exhibited in the case of the intrinsic acoustic
phonon scattering in the Bloch-Gruneissen (BG) regime, where acoustic phonon scattering
dominates and phonon energies are approximately of the order of thermal energy (ħωq ~ kBT).
In their experimental study of the resistivity of graphene, Efetov and Kim [68] have demon‐
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strated that the transition from higher temperature into the BG regime is reflected by a change
in the character of electron scattering by acoustic lattice vibrations. With a view to examine the
influence of the changed character of electron scattering on Sd, Sankeshwar et al [71] first study
the behaviour of acoustic phonon limited scattering rates, τ-1(Ek) in SLG for T < TBG. For a
graphene sample with ns=1016m-2, TBG ~60 K. Figure 14.(a) shows the strong influence this
change has on the energy dependence of the unscreened electron-phonon interaction momen‐
tum relaxation times, τBG

-1 around E = EF. The sharp decrease in τBG
-1 at E = EF for T = 4.2K is

due to the factor Δ(Ek , Ek ′) in Eq. (38), governing probability occupation factors of electrons

and phonons. With increase in the temperature from 4.2K to 77K to 300 K, the extent of the dip
in τBG

-1 at EF is seen to decrease and gradually disappear at higher temperatures, as also the
difference between the magnitudes of the rates τBG

-1 and τEP
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in the EP approximation.

In their investigation of the temperature dependence of Sd in the BG regime, Sankeshwar et
al have shown that, corresponding to the transition into BG regime, Sd exhibits a non-linear
temperature dependence (dotted curve in Figure 14. (b)) before becoming linear at very low
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corresponding hole densities.(from [78]).
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The influence that Sd can have on the behavior of total TEP, S (= Sd+Sg), is illustrated in Figure
14.(b). The dashed curve depicts Sg, calculated in phonon-boundary scattering limit with τp=
Λ / vs for ns = 1 x 1016 m-2 and phonon mean free path, Λ=100 nm, and curve 1 represents S. Here,
Sg being small for T < 25 K, the overall TEP, S, exhibits the nonlinear temperature dependence
of Sd in the BG regime (T < 60K), whereas for higher temperatures, is influenced by Sg. A
comparison of curve 1 with curves 2 (Λ =500 nm) and 3 (Λ =1000 nm), shows that an increase
in Λ leads to not only an increase in magnitude of S but also a change in its behavior in the BG
regime. It is seen from Figure 14.(b) that the non-linear structure of S, exhibited due to Sd for
smaller Λ, is masked by Sg for larger Λ. The electrostatic tunability of the chemical potential,
EF = ħvFkF, in graphene allows for a wide range of control of TBG and could therefore, with proper
control of Sg, allow the non-linear behavior of Sd to be observed. Figure 14.(c) shows comparison
of the calculations for Λ =200 nm, with experimental data of Wei et al [17]. The deviation from
data for higher temperatures suggests possible influence of other electron and phonon
scattering mechanisms operative in real systems [33, 80], and calls for more detailed investi‐
gations.

Mariani and Oppen [67] and Ochoa et al [28], in their investigations of the resistivity of
suspended SLG and BLG, have studied the effect of strain. They show that in the absence of
strain, the FPs dominate the phonon contribution to resistivity, whereas in the presence of
strain, the contribution due to FPs is suppressed and the in-plane phonon modes become
dominant. These features seen in the scattering rates get reflected in the TE properties [81,
82]. Vaidya et al [81] have investigated the acoustic phonon limited Sd of suspended SLG,
considering contributions from both in-plane and flexural acoustic phonons. Restricting their
analysis to scattering in SG with high electron densities, in EP regime (60 < T < 300 K), they
study the role of strain in influencing the total TEP, S.Figure 15.(a) shows the temperature
dependence of TEP of a SG with ns = 1 x 1016 m-2 [81]. The dominant contribution to S is from
the phonon drag component, Sg for T < 90K, in the absence as well as presence of strain.
However, for higher temperatures (T > 150 K) the contribution from Sd becomes important.
The effect of strain, which is known to suppress the electron-FP interaction [28], is found to
suppress Sd and to alter its behavior, the effect being larger at higher temperatures. The total
diffusion TEP due to both in-plane (I) and flexural (F) phonons is calculated taking the overall
momentum relaxation rates to be given by Mattheissen’s rule: τns

-1 =  τI
-1 + τF

-1, for non-strained

SG, and τs
-1 =  τI

-1 + τF , str
-1 , for strained SG. Figure 15.(b) shows the fit obtained with the calcu‐

lations of Sd (curves 1 and 2) by Vaidya et al [82] for the data (dots) of suspended unstrained
Cu-CVD SLG sample of Xu et al [45], for which, as suggested by thermal conductivity meas‐
urements, most of the heat is carried by FPs in the absence of strain. The almost linear
temperature dependence suggests that the major contribution to TEP for T < 170 K is due to
the diffusion component, as observed by Xu et al [45]. The deviation for T > 170 K, from
experimental data, suggests the role of additional scattering mechanisms.

Apart from those mentioned above, there have been reports of other related TEP studies. The
investigations of Sharapov and Varlamov [83] and Patel and Mukerjee [84], with regard to the
effect of opening a gap in the graphene spectrum, find that the TEP is found to be proportional
to the band gap. Zhou et al [85] have studied dependence of TEP on the polarization strength
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of ferromagnetic leads, and find TEP to depend weakly on the strength and the magnetic
configuration of the system.

3.3.2.Diffusion thermopower in BLG

In the last few years, TEP in BLG has been studied both theoretically [64, 86] and experimentally
[49]. Nam et al [49] find the low-T TEP of BLG with large ns, to follow the Mott relation with a
linear-in-T dependence, suggesting a weak electron-phonon interaction. Hao and Lee [86], in
their theoretical investigation, have studied the temperature and carrier density dependence
of TEP of gapped relatively clean BLG in terms of the Kubo formula, with impurity scattering
treated in the self-consistent Born approximation. They find that introducing a gap enhances
the TEP.

Figure 14. (a) Variation of acoustic phonon limited rates, τBG
-1 and τEP

-1, as function of carrier energy E in SLG with ns =
1016 m-2. Curves a, c, and e depict variation of τBG

-1 for T= 4.2, 77 and 300 K respectively. Curves b, d and f depict the
temperature variation of τEP

-1. (b) Temperature dependence of acoustic phonon limited Sd (dotted curve), Sg(dashed
curve, with Λ = 100 nm) and overall TEP, S (curve 1) of SLG with ns = 1 x 1016 m-2. Curves 2 and 3 depict S for Sg with Λ =
500 and 1000 nm, respectively. (c): Comparison of calculated S for Λ = 200 nm (full curve) and Mott Sd (dashed curve)
with data of [17] for Vg= 50 V (dots). (from [71])

Figure 15. Temperature dependence of acoustic phonon limited TEP of suspended SLG. (a). Curves a and b represent
Sd calculated using Eq. (33) using ns – 1x1016 m-2 for non-strained and strained samples, respectively. Curve c depicts Sg.
Curves 1 and 2 represent S(= Sd+Sg ) in non-strained and strained samples, respectively. (b) Comparison of calculations
of Sd for ns – 1x1017 m-2 with data(dots)of [45]. Curves 1 and 2 depicts, Sd due to FPs calculated using Eq. (32) and (36a)
(from [81], [82])

Thermoelectric Power in Graphene 251



The influence that Sd can have on the behavior of total TEP, S (= Sd+Sg), is illustrated in Figure
14.(b). The dashed curve depicts Sg, calculated in phonon-boundary scattering limit with τp=
Λ / vs for ns = 1 x 1016 m-2 and phonon mean free path, Λ=100 nm, and curve 1 represents S. Here,
Sg being small for T < 25 K, the overall TEP, S, exhibits the nonlinear temperature dependence
of Sd in the BG regime (T < 60K), whereas for higher temperatures, is influenced by Sg. A
comparison of curve 1 with curves 2 (Λ =500 nm) and 3 (Λ =1000 nm), shows that an increase
in Λ leads to not only an increase in magnitude of S but also a change in its behavior in the BG
regime. It is seen from Figure 14.(b) that the non-linear structure of S, exhibited due to Sd for
smaller Λ, is masked by Sg for larger Λ. The electrostatic tunability of the chemical potential,
EF = ħvFkF, in graphene allows for a wide range of control of TBG and could therefore, with proper
control of Sg, allow the non-linear behavior of Sd to be observed. Figure 14.(c) shows comparison
of the calculations for Λ =200 nm, with experimental data of Wei et al [17]. The deviation from
data for higher temperatures suggests possible influence of other electron and phonon
scattering mechanisms operative in real systems [33, 80], and calls for more detailed investi‐
gations.

Mariani and Oppen [67] and Ochoa et al [28], in their investigations of the resistivity of
suspended SLG and BLG, have studied the effect of strain. They show that in the absence of
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the phonon drag component, Sg for T < 90K, in the absence as well as presence of strain.
However, for higher temperatures (T > 150 K) the contribution from Sd becomes important.
The effect of strain, which is known to suppress the electron-FP interaction [28], is found to
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lations of Sd (curves 1 and 2) by Vaidya et al [82] for the data (dots) of suspended unstrained
Cu-CVD SLG sample of Xu et al [45], for which, as suggested by thermal conductivity meas‐
urements, most of the heat is carried by FPs in the absence of strain. The almost linear
temperature dependence suggests that the major contribution to TEP for T < 170 K is due to
the diffusion component, as observed by Xu et al [45]. The deviation for T > 170 K, from
experimental data, suggests the role of additional scattering mechanisms.

Apart from those mentioned above, there have been reports of other related TEP studies. The
investigations of Sharapov and Varlamov [83] and Patel and Mukerjee [84], with regard to the
effect of opening a gap in the graphene spectrum, find that the TEP is found to be proportional
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of ferromagnetic leads, and find TEP to depend weakly on the strength and the magnetic
configuration of the system.

3.3.2.Diffusion thermopower in BLG

In the last few years, TEP in BLG has been studied both theoretically [64, 86] and experimentally
[49]. Nam et al [49] find the low-T TEP of BLG with large ns, to follow the Mott relation with a
linear-in-T dependence, suggesting a weak electron-phonon interaction. Hao and Lee [86], in
their theoretical investigation, have studied the temperature and carrier density dependence
of TEP of gapped relatively clean BLG in terms of the Kubo formula, with impurity scattering
treated in the self-consistent Born approximation. They find that introducing a gap enhances
the TEP.
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500 and 1000 nm, respectively. (c): Comparison of calculated S for Λ = 200 nm (full curve) and Mott Sd (dashed curve)
with data of [17] for Vg= 50 V (dots). (from [71])

Figure 15. Temperature dependence of acoustic phonon limited TEP of suspended SLG. (a). Curves a and b represent
Sd calculated using Eq. (33) using ns – 1x1016 m-2 for non-strained and strained samples, respectively. Curve c depicts Sg.
Curves 1 and 2 represent S(= Sd+Sg ) in non-strained and strained samples, respectively. (b) Comparison of calculations
of Sd for ns – 1x1017 m-2 with data(dots)of [45]. Curves 1 and 2 depicts, Sd due to FPs calculated using Eq. (32) and (36a)
(from [81], [82])
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Kubakaddi and Bhargavi [64, 73] give an expression for Sd, and compare their calculations of
Sd with the data of Nam et al [49]. Figure 16.(a) shows the T dependence of Sd calculated taking
into account the contributions from acoustic phonons (APs) via deformation potential coupling
[73], surface polar phonons (SPPs) [74], charged impurity (CI) and short range disorder (SD)
[75]. Although the contributions from SPPs (for T< ~200 K) and the APs (for T< ~20 K) exhibit
non-monotonic behavior, the overall contribution is found to show almost linear temperature
dependence. The non-linear T variation due to APs is attributed to the dip arising around E=EF

in the energy dependence of the carrier relaxation time (as in Figure 14.(a) for SLG). Their
calculations of Sd for parameters characteristic of the samples of Nam et al [49] obtain a
qualitative agreement with data (see inset in Figure 16.(a)). Figure 16.(b) shows the carrier
density dependence of Sd at T = 300 K. Although the dependence for SPPs is Sd ~ ns

-0.75, the
overall Sd is found to show almost Sd ~ ns

-1 behavior. This inverse dependence of Sd on ns, is
unlike ~ ns

-1/2 dependence observed for SLG but similar to that for degenerate conventional
2DEG [11]. Detailed investigations of TEP in BLG over wider temperature ranges are required
to better understand the contribution of Sd relative to that of Sg; they are found to be similar
(see Figure (22)).

Figure 16. Variation of Sd of BLG as a function (a) T with ns = 1x1012 cm-2, and (b) ns, at T=300 K. Inset in (a) shows T
dependence of Sd calculated for sample of [49]. (from [73])

In the case of suspended BLG, Sd is found to be enhanced [73]. However, the behavior of Sd

considering contributions from APs and CI, is found to be same as for supported BLG.

3.3.3. Diffusion thermopower in AGNR

The theoretical efforts, to understand the diffusion contribution to TEP of GNRs have been
based on different techniques. Divari and Kliros [87] have studied TEP of ballistic wide
graphene ribbons with aspect ratio (W/L ≥ 3) using linear response theory and the Landauer
formalism. Xing et al [88] have studied TEP of GNRs in zero and non-zero magnetic field using
non-equilibrium Green’s function technique and shown that TEP depends on the chirality of
the GNR. The TE properties have also been investigated by solving the electron and phonon
transport equations in the nonequilibrium Green’s function formalism [7, 89-91]. With a view
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to achieve a high TE figure of merit, Mazzamoto et al. [92] in their recent study of the TE
properties of GNRs have proposed optimized patterning of the ribbons with regard to their
width and edge orientations.

Recently, in their systematic study of Sd of semiconducting AGNR systems employing
Boltzmann formalism, Nissimagoudar and Sankeshwar [65] have illustrated the relative
importance of various electron scattering mechanisms, and studied the influence of GNR
width and subband structure on the behavior of Sd. Considering the electrons to be scattered
by edge roughness (ER), impurities (IMPs) and deformation-potential coupled acoustic
phonons (APs) and optical phonons (OPs), they obtain expressions for the relaxation times,
τj

-1(Ek), for j ≡ AP, OP, ER, IMP (see Table 3). Owing to the peculiar nature of the density of
states, the energy dependences of the momentum relaxation times, unlike as in the case of SLG
(see Figure 14.(a)), exhibit distinctive features as depicted in Figure 17 for AGNRs with nl = 5
x 108 m-1, for T < 300 K. Two peaks, one corresponding to the subband and the other due to OP
emission, are observed. The dominant contribution to the overall rate τ1

-1 = τER
-1 + τLI

-1+ τAP
-1 +

τOP
-1 (curve 1) is from LI scattering (impurities in the graphene layers only), the contribution

from AP scattering being less. Assuming the impurities to be distributed uniformly not only
in the layer but also in the substrate, the overall rate τ2

-1 = τER
-1 + τBI

-1+ τAP
-1 + τOP

-1 (curve 2) is
found to be dominated by ER scattering indicating that the contribution from the IMPs in the
substrate is small [27]. The rates for a AGNR with W = 3 nm (shown in Figure 17.(b)) are found
to exhibit the same features as seen for W= 5 nm (Figure 17.(a)), however, with a corresponding
shift in the positions of the two peaks. In this case, it may be noted that the onset of OP emission
occurs before the occupation of the second subband.

Figure 17. Energy dependence of relaxation rates for AGNRs of widths (a) 5 nm, and (b) 3 nm, with nl = 5x108m-1 at T
= 300 K. Dash-double-dotted, dash-dotted, short-dash dotted, dashed and dotted curves, respectively, represent con‐
tributions from ER, LI, BI, AP and OP scatterings. Curves 1 and 2, respectively denote overall relaxation rates τ1

-1 and τ2
-1,

given in the text. (from [65])
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The theoretical efforts, to understand the diffusion contribution to TEP of GNRs have been
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graphene ribbons with aspect ratio (W/L ≥ 3) using linear response theory and the Landauer
formalism. Xing et al [88] have studied TEP of GNRs in zero and non-zero magnetic field using
non-equilibrium Green’s function technique and shown that TEP depends on the chirality of
the GNR. The TE properties have also been investigated by solving the electron and phonon
transport equations in the nonequilibrium Green’s function formalism [7, 89-91]. With a view
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to achieve a high TE figure of merit, Mazzamoto et al. [92] in their recent study of the TE
properties of GNRs have proposed optimized patterning of the ribbons with regard to their
width and edge orientations.

Recently, in their systematic study of Sd of semiconducting AGNR systems employing
Boltzmann formalism, Nissimagoudar and Sankeshwar [65] have illustrated the relative
importance of various electron scattering mechanisms, and studied the influence of GNR
width and subband structure on the behavior of Sd. Considering the electrons to be scattered
by edge roughness (ER), impurities (IMPs) and deformation-potential coupled acoustic
phonons (APs) and optical phonons (OPs), they obtain expressions for the relaxation times,
τj

-1(Ek), for j ≡ AP, OP, ER, IMP (see Table 3). Owing to the peculiar nature of the density of
states, the energy dependences of the momentum relaxation times, unlike as in the case of SLG
(see Figure 14.(a)), exhibit distinctive features as depicted in Figure 17 for AGNRs with nl = 5
x 108 m-1, for T < 300 K. Two peaks, one corresponding to the subband and the other due to OP
emission, are observed. The dominant contribution to the overall rate τ1
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-1 + τLI

-1+ τAP
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τOP
-1 (curve 1) is from LI scattering (impurities in the graphene layers only), the contribution

from AP scattering being less. Assuming the impurities to be distributed uniformly not only
in the layer but also in the substrate, the overall rate τ2
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-1 (curve 2) is
found to be dominated by ER scattering indicating that the contribution from the IMPs in the
substrate is small [27]. The rates for a AGNR with W = 3 nm (shown in Figure 17.(b)) are found
to exhibit the same features as seen for W= 5 nm (Figure 17.(a)), however, with a corresponding
shift in the positions of the two peaks. In this case, it may be noted that the onset of OP emission
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Figure 17. Energy dependence of relaxation rates for AGNRs of widths (a) 5 nm, and (b) 3 nm, with nl = 5x108m-1 at T
= 300 K. Dash-double-dotted, dash-dotted, short-dash dotted, dashed and dotted curves, respectively, represent con‐
tributions from ER, LI, BI, AP and OP scatterings. Curves 1 and 2, respectively denote overall relaxation rates τ1

-1 and τ2
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given in the text. (from [65])
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Figure 18. Variation of Sd of an AGNR of W= 5 nm, with (a) temperature for nl = 2x108m-1, and (b) linear carrier density
at T=300 K. Curve 1 denotes overall contribution to Sd, calculated using τ1

-1 given in text, from scatterings due to ER
(dash-double-dotted curve), LIs (dash-dotted curve), APs (dashed curve) and OPs (dotted curve). The inset in (a) shows
overall Sd calculated using τ1

-1 for two AGNR widths: 3 nm (curve a) and 5 nm (curve b). Dashed curves show the overall
Sd according to Mott expression. The inset in (b) shows overall Sd for an AGNR of width 5 nm for three values of LI
concentrations, ns: 1014m-2 (curve a), 1013 m-2 (curve b), and 1012m-2 (curve c). Dashed curve shows overall Sd for AGNR
of W= 3 nm, with ns = 1014 m-2. (from [65])

The above mentioned changed energy dependences of the relaxation times are found to
influence the behavior of and lead to distinctive features in Sd as shown in Figure 18. The
temperature dependence of the overall Sd (curve 1 in Figure 18.(a)), for an AGNR of width 5
nm, supporting an electron density 2 x108 m-1, is found to be almost linear up to T ~ 75 K, the
dominant contribution being from LI scattering. At higher temperatures, the contribution due
to OP scattering becomes increasingly important and Sd is found to exhibit room temperature
value of 42 μV/K. A decrease in the GNR width (to W= 3 nm), is found not only to enhance the
magnitude of Sd but also alter its behavior (depicted by curve a in inset of Figure 18.(a)) due
to the changed temperature and energy dependences of the individual contributions. Figure
18.(b) illustrates the influence of subband structure on room temperature Sd for an AGNR of
width 5 nm. As a function of carrier density, Sd shows a step-like behavior, increasing in
magnitude, when Fermi energy moves into the second subband, and reflects the singular
nature of the AGNR density of states.

With a proper choice of parameters characterizing the extrinsic scattering mechanisms, and
the possibility of modulating the Fermi level with a control on gate and bias voltages [93], the
behavior of overall Sd in AGNRs could, therefore, be tuned and the subband structure in Sd be
detected. Further, the enhancement in Sd with a decrease in the ribbon width, portends
promising applications in thermoelectric devices.
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4. Phonon-drag thermopower in graphene systems

As mentioned in section 2, in the presence of temperature gradient ∇T, the flow of phonons
carries a momentum current,  a fraction of which is  transferred to electrons via phonon-
electron interaction,  giving rise  to  the  phonon-drag component,  Sg.  Sg,  unlike  the  diffu‐
sion contribution, depends only on the electron-acoustic phonon coupling strength. It has
been  extensively  studied  in  conventional  semiconductor  2DEG  [11,  94,  95].  As  recent
observations of  very large thermal conductivity in graphene [96-98]  suggest  the phonon
mean free path Λ to be large, Sg, which also depends on the phonon mean free path Λ, is
expected to be large in graphene systems. Λ in a system is decided by the various phonon-
scattering mechanisms operative in it.

The formal theory of Sg, based on the semi-classical Boltzmann formalism, has been developed
for a conventional 2DEG coupled to 3D phonons in semiconductor heterostructures [99]. With
appropriate modifications, Kubakaddi [62, 64, 100] have applied it to graphene systems. The
coupled Boltzmann equations for electrons and phonons are solved and the current density
due to phonon-drag is obtained. The 2D electrons are assumed to interact with the in-plane
2D LA phonons of energy ћωq, with ωq=vsq, and q= (qx, qy) is the 2D phonon wave vector. For
the electron-acoustic phonon interaction via unscreened deformation potential coupling, Sg is
given by
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where vp= vsq/|q| is the phonon group velocity, τk (τq) is the electron (phonon) momentum
relaxation time. The transition rate, Pq

a(k, k’), at which the electron in state k makes transition
to state k’ by absorbing a phonon, is given by
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The phonon-drag is known to be important at low temperatures [8, 9, 11, 94, 95]. At these
temperatures the phonon scattering is dominated by boundary scattering and τp= Λ/ vs, with
Λ corresponding to smallest linear dimension of the sample.

4.1. Phonon-drag thermopower in SLG

Kubakaddi has studied in detail the low-temperature behavior of Sg. The low temperature Sg,
in the boundary scattering regime, can be expressed as [62]
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Figure 18. Variation of Sd of an AGNR of W= 5 nm, with (a) temperature for nl = 2x108m-1, and (b) linear carrier density
at T=300 K. Curve 1 denotes overall contribution to Sd, calculated using τ1
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concentrations, ns: 1014m-2 (curve a), 1013 m-2 (curve b), and 1012m-2 (curve c). Dashed curve shows overall Sd for AGNR
of W= 3 nm, with ns = 1014 m-2. (from [65])

The above mentioned changed energy dependences of the relaxation times are found to
influence the behavior of and lead to distinctive features in Sd as shown in Figure 18. The
temperature dependence of the overall Sd (curve 1 in Figure 18.(a)), for an AGNR of width 5
nm, supporting an electron density 2 x108 m-1, is found to be almost linear up to T ~ 75 K, the
dominant contribution being from LI scattering. At higher temperatures, the contribution due
to OP scattering becomes increasingly important and Sd is found to exhibit room temperature
value of 42 μV/K. A decrease in the GNR width (to W= 3 nm), is found not only to enhance the
magnitude of Sd but also alter its behavior (depicted by curve a in inset of Figure 18.(a)) due
to the changed temperature and energy dependences of the individual contributions. Figure
18.(b) illustrates the influence of subband structure on room temperature Sd for an AGNR of
width 5 nm. As a function of carrier density, Sd shows a step-like behavior, increasing in
magnitude, when Fermi energy moves into the second subband, and reflects the singular
nature of the AGNR density of states.

With a proper choice of parameters characterizing the extrinsic scattering mechanisms, and
the possibility of modulating the Fermi level with a control on gate and bias voltages [93], the
behavior of overall Sd in AGNRs could, therefore, be tuned and the subband structure in Sd be
detected. Further, the enhancement in Sd with a decrease in the ribbon width, portends
promising applications in thermoelectric devices.
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mean free path Λ to be large, Sg, which also depends on the phonon mean free path Λ, is
expected to be large in graphene systems. Λ in a system is decided by the various phonon-
scattering mechanisms operative in it.

The formal theory of Sg, based on the semi-classical Boltzmann formalism, has been developed
for a conventional 2DEG coupled to 3D phonons in semiconductor heterostructures [99]. With
appropriate modifications, Kubakaddi [62, 64, 100] have applied it to graphene systems. The
coupled Boltzmann equations for electrons and phonons are solved and the current density
due to phonon-drag is obtained. The 2D electrons are assumed to interact with the in-plane
2D LA phonons of energy ћωq, with ωq=vsq, and q= (qx, qy) is the 2D phonon wave vector. For
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The phonon-drag is known to be important at low temperatures [8, 9, 11, 94, 95]. At these
temperatures the phonon scattering is dominated by boundary scattering and τp= Λ/ vs, with
Λ corresponding to smallest linear dimension of the sample.

4.1. Phonon-drag thermopower in SLG

Kubakaddi has studied in detail the low-temperature behavior of Sg. The low temperature Sg,
in the boundary scattering regime, can be expressed as [62]
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where γ = ћvFq/2. Figure 19 shows that the low temperature dependence of Sg calculated using
Eq.(42), with Dac = 19 eV and Λ= 10 μm [101] for three values of ns, is similar to that of conven‐
tional 2DEG [11]. Also shown (dotted curve) is the temperature dependence of Sd obtained
from Mott formula (Eq. 36a) with p=1 for ns=1.0x1012cm-2. The relative magnitudes of Sg and Sd

depend upon the values of Dac, Λ, ns, T and p. Sg is found to be not negligible, contrary to the
earlier qualitative remarks [35]. A system, for which Sd could be made to vanish (say, with p =
-1) will be suitable for study of Sg and to estimate Dac.

Figure 19. Sg as a function of T for ns = 1.0x1012 cm-2(solid curve), ns = 5.0x1012 cm-2(dashed curve) and ns = 10.0x1012

cm-2(dot-dashed curve). Dotted curve represents Sd, with p=1, for ns = 1.0x1012 cm-2. (from [62])

Figure 20. Temperature dependence of Sg, Sd and S (= Sg +Sd) of SLG for ns = 2.16x1012 cm-2(Vg= -5 V), ns = 3.6x1011

cm-2(Vg= -30 V). (from [77]).
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Taking account of boundary scattering as well as phonon-phonon interaction in the phonon
relaxation processes, Bao et al [77] have given the theory of Sg, using balance equation approach.
Covering a larger range of temperature, they find (Figure 20) that Sg is important for T< 10 K
and that the phonon-phonon interaction leads to a peak in its T dependence.The dash-dotted
curve represents Sd considering scattering of electrons by impurities and phonons. The main
contribution to TEP is mainly due to Sd for T >10 K.

In the BG regime, Kubakaddi gives a simple power law for Sg [62]:

3
0g gS S T= (43)

where Sg0 ( = Sg0
(SLG) ) = − Dac

2ΛkB
44 !ζ(4) / 2πeρEF ℏ3vs

4vF  and ζ(n) is the Riemann zeta
function. The cubic T dependence of Sg is a characteristic of 2D nature of phonons and is in
contrast to the Sg ~T 4 dependence of unscreened deformation potential scattering in conven‐
tional 2DEG [11, 94, 99, 102]. The inverse dependence of Sg on EF suggests Sg ~ ns

-1/2 in contrast
to ns

-3/2 in conventional 2DEG [11, 94]. This ns dependence of Sg may be verified experimentally
in graphene as it is possible to control ns experimentally, say through the applied gate voltage.

In conventional 2DEG, in the BG regime, Sg and phonon limited mobility μp are known to be
related by Herring’s formula: Sgμp ~T -1, first given for bulk semiconductors [9, 94, 103, 104].
Since in 2D graphene μp ~ T -4 [50], Eq.(43) gives Sgμp = - vsΛT -1 [62] so that Herring’s law is
validated even in 2D graphene, in which 2D electrons with linear dispersion interact with 2D
phonons with ωq ~ q. This relation can, therefore, be used to determine, as in 2D GaAs system
[105], a value for μp, from the measured Sg. It may be mentioned here that for the 2D phonons
with ωq ~ q2 (flexural modes) in semiconducting thin films, Herring’s law is shown to be
invalidated [106].

A useful and simple approach to calculate Sg is from the force balance argument that Sg α -ƒCv/
nse [11], where Cv is the lattice specific and ƒ is the fraction of momentum lost by the phonons
to the carriers. At very low T, Cv ~T 2 for 2D phonons in graphene giving approximately Sg ~
T 2 [62] in contrast to Sg ~ T 3 for 3D phonons [11].

4.2. Phonon-drag thermopower in BLG

The theory of Sg in BLG has been developed by Kubakaddi and Bhargavi [64] in the phonon-
boundary scattering regime, at low T. Its expression is given by
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where Eq=(ћ2/2m)[(q/2)-(mvs/ћ)]2 and F(Ek, ωq)=[1-(ћωq)2/4mvsEk]2 is the function due to the
chiral character of the carriers. Setting F(Ek, ωq )=1, Eq.(44) gives Sg = Sg, I2D for the ideal 2D
system (with no chiral character of electrons).
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Taking account of boundary scattering as well as phonon-phonon interaction in the phonon
relaxation processes, Bao et al [77] have given the theory of Sg, using balance equation approach.
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and that the phonon-phonon interaction leads to a peak in its T dependence.The dash-dotted
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-1/2 in contrast
to ns

-3/2 in conventional 2DEG [11, 94]. This ns dependence of Sg may be verified experimentally
in graphene as it is possible to control ns experimentally, say through the applied gate voltage.

In conventional 2DEG, in the BG regime, Sg and phonon limited mobility μp are known to be
related by Herring’s formula: Sgμp ~T -1, first given for bulk semiconductors [9, 94, 103, 104].
Since in 2D graphene μp ~ T -4 [50], Eq.(43) gives Sgμp = - vsΛT -1 [62] so that Herring’s law is
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[105], a value for μp, from the measured Sg. It may be mentioned here that for the 2D phonons
with ωq ~ q2 (flexural modes) in semiconducting thin films, Herring’s law is shown to be
invalidated [106].

A useful and simple approach to calculate Sg is from the force balance argument that Sg α -ƒCv/
nse [11], where Cv is the lattice specific and ƒ is the fraction of momentum lost by the phonons
to the carriers. At very low T, Cv ~T 2 for 2D phonons in graphene giving approximately Sg ~
T 2 [62] in contrast to Sg ~ T 3 for 3D phonons [11].

4.2. Phonon-drag thermopower in BLG

The theory of Sg in BLG has been developed by Kubakaddi and Bhargavi [64] in the phonon-
boundary scattering regime, at low T. Its expression is given by

3/2 2
3

3/2 2 2 4
0

( )[1 ( )]
( )( ) ( , ) ,

2 ( )
ac

g
Es B s

f E f Em D
S d dE F E N

n ek T v E E

wL
w w w

rp

¥ ¥ - +
= -

-ò ò
h

h h
h

q

k k q
q q k k q q

k q
(44)

where Eq=(ћ2/2m)[(q/2)-(mvs/ћ)]2 and F(Ek, ωq)=[1-(ћωq)2/4mvsEk]2 is the function due to the
chiral character of the carriers. Setting F(Ek, ωq )=1, Eq.(44) gives Sg = Sg, I2D for the ideal 2D
system (with no chiral character of electrons).
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Figure 21 shows the temperature dependence of Sg calculated using Eq.(44) [64]. Starting with
T 3 at very low T, Sg gradually changes in to sublinear behavior in higher T region, and then
flattens, thereby producing a knee. Inclusion of scattering due to Umklapp processes and point
defects in the phonon relaxation time is expected to induce a peak at larger T, as found in the
behavior of Sg of carbon nanotube [107] and of thermal conductivity of SLG [97]. Such an
inclusion obtained good fits with data in the case of conventional 2D systems [108]. The dotted
curve in Figure 21.(a) represents Sd, calculated using Eq.(36a), for ns=0.5x1012 cm-2 assuming

Figure 21. Temperature dependence of (a) Sg and (b) Sg/T 2 for Λ=10 μm and D=20 eV. Dashed curve is for ns=0.5x1012

cm-2; dash-dotted curve is for ns=1.0x1012 cm-2; and dot-dot-dashed curve is for ns=1.5x1012 cm-2. Dotted curve is due to
Sd for ns=0.5x1012 cm-2, ni=1x1011 cm-2 and ndVo

2=2 (eVÅ)2. Short dashed curve is due to Sg with F(Ek, ωq)=1 for
ns=0.5x1012 cm-2 and solid curve is due to Sg for ns=0.5x1012 cm-2 in the BG regime.(from [64])

Figure 22. Sg as a function of T for BLG sample of [49] with Λ=8.8 μm and ns=3.67x1012 cm-2for Dac= 6.8 eV (solid
curve). Dac=20 eV (dashed curve), Dac=10 eV(dash-dotted curve). Dotted curve represents Sd for ni=1x1011 cm-2, ndVo

2=2
(eVÅ)2. Closed squares are experimental data of [49]. (from [64])
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scattering by ionized impurities (with concentration ni) and short-range disorder (of strength
ndVo

2).

Kubakaddi and Bhargavi [64] have studied the influence on Sg of the form factor F(Ek, ωq) in
Eq.(44), arising from the chiral nature of the electrons, It is shown to produce a kink in the
curves of Sg/T2 vs T around 6 K (Figure 21(b)). The dashed curve corresponding to F(Ek, ωq) =
1, for ideal 2D, does not show such a kink. The effect of chiral character is shown to vanish in
the BG regime and reduce the range of T for validity of BG regime. In the higher T regime the
chiral nature is shown to reduce the magnitude of Sg, as compared to that of ideal 2DEG, SgI2D,
and the reduction is T dependent.

Nam et al [49], from their experimental investigations of TEP of a BLG sample for different ns,

for 30<T<250 K, find that the low-T TEP can be explained by Mott formula. However, Kuba‐
kaddi and Bhargavi [64] show that the low-T (30<T<70 K) data of [49] can be explained by Sg

alone by varying Dac. Figure 22 shows the fit to the data for ns=3.67x1012 cm-2.

In BG regime, Sg can be described by Eq.(44), but with Sg0 (= Sg0
(BLG)) =

− m 2Dac
2ΛkB

44 !ζ(4) / 2π 5/2eρns
3/2ℏ2(ℏvs)4 . It may be noted that Sg ~T 3 is a manifestation of

the 2D phonons, as in SLG, in contrast with the T 4 dependence in conventional 2D systems
[102]. It is inferred that the power of T is determined by the dimensionality and dispersion of
phonons. In BLG, since μp~T -4 in BG regime [101], Herring’s formula Sgμp~ T -1 is shown to be
valid [64].

With regard to ns dependence in BLG [64], Sg ~ ns
-3/2 in the BG regime. This is in contrast with

Sg ~ ns
-1/2 in SLG [62]. This can be attributed to the different dispersion relation of the electron

spectrum in BLG as in conventional 2DEG [102]. It may be inferred that, ns dependence of Sg

is determined both by the dimensionality of the electron gas and its dispersion relation. The
ns dependence of Sg suggests the possibility of tuning the magnitude of Sg in BLG by tuning ns.

4.3. Phonon-drag thermopower in AGNR

As shown in section 3.3.3, with regard to the diffusion TEP, the geometry and edge roughness
can greatly influence the TE properties of GNRs [7, 65, 88-90, 109]. A dramatic reduction in
phonon transport in ZGNR [7] indicates small value for Λ. However, in an AGNR, the phonon
conductance is shown to be at least one order of magnitude higher than the electronic contri‐
bution indicating a larger value for Λ in this system [110]. The role of quasi-one-dimensionality,
temperature, Fermi energy and ribbon width on Sg of a semiconducting n-type AGNR is
investigated by Bhargavi and Kubakaddi [100]. The Q1D electrons are assumed to interact, via
unscreened deformation potential coupling, with the 1D acoustic phonons of frequency ωq=
vsq, wave vector q = (0, qy) with the velocity vs. The acoustic phonon energy being small, Sg in
AGNR, for intrasubband (n = n') transitions, can be expressed as [100]
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scattering by ionized impurities (with concentration ni) and short-range disorder (of strength
ndVo

2).

Kubakaddi and Bhargavi [64] have studied the influence on Sg of the form factor F(Ek, ωq) in
Eq.(44), arising from the chiral nature of the electrons, It is shown to produce a kink in the
curves of Sg/T2 vs T around 6 K (Figure 21(b)). The dashed curve corresponding to F(Ek, ωq) =
1, for ideal 2D, does not show such a kink. The effect of chiral character is shown to vanish in
the BG regime and reduce the range of T for validity of BG regime. In the higher T regime the
chiral nature is shown to reduce the magnitude of Sg, as compared to that of ideal 2DEG, SgI2D,
and the reduction is T dependent.

Nam et al [49], from their experimental investigations of TEP of a BLG sample for different ns,

for 30<T<250 K, find that the low-T TEP can be explained by Mott formula. However, Kuba‐
kaddi and Bhargavi [64] show that the low-T (30<T<70 K) data of [49] can be explained by Sg

alone by varying Dac. Figure 22 shows the fit to the data for ns=3.67x1012 cm-2.

In BG regime, Sg can be described by Eq.(44), but with Sg0 (= Sg0
(BLG)) =

− m 2Dac
2ΛkB
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3/2ℏ2(ℏvs)4 . It may be noted that Sg ~T 3 is a manifestation of

the 2D phonons, as in SLG, in contrast with the T 4 dependence in conventional 2D systems
[102]. It is inferred that the power of T is determined by the dimensionality and dispersion of
phonons. In BLG, since μp~T -4 in BG regime [101], Herring’s formula Sgμp~ T -1 is shown to be
valid [64].

With regard to ns dependence in BLG [64], Sg ~ ns
-3/2 in the BG regime. This is in contrast with

Sg ~ ns
-1/2 in SLG [62]. This can be attributed to the different dispersion relation of the electron

spectrum in BLG as in conventional 2DEG [102]. It may be inferred that, ns dependence of Sg

is determined both by the dimensionality of the electron gas and its dispersion relation. The
ns dependence of Sg suggests the possibility of tuning the magnitude of Sg in BLG by tuning ns.

4.3. Phonon-drag thermopower in AGNR

As shown in section 3.3.3, with regard to the diffusion TEP, the geometry and edge roughness
can greatly influence the TE properties of GNRs [7, 65, 88-90, 109]. A dramatic reduction in
phonon transport in ZGNR [7] indicates small value for Λ. However, in an AGNR, the phonon
conductance is shown to be at least one order of magnitude higher than the electronic contri‐
bution indicating a larger value for Λ in this system [110]. The role of quasi-one-dimensionality,
temperature, Fermi energy and ribbon width on Sg of a semiconducting n-type AGNR is
investigated by Bhargavi and Kubakaddi [100]. The Q1D electrons are assumed to interact, via
unscreened deformation potential coupling, with the 1D acoustic phonons of frequency ωq=
vsq, wave vector q = (0, qy) with the velocity vs. The acoustic phonon energy being small, Sg in
AGNR, for intrasubband (n = n') transitions, can be expressed as [100]
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where, the various quantities are already defined. In the low-T boundary scattering regime,
Sg is shown to be given by [100]

Figure 23. Phonon-drag thermopower Sg as a function of temperature T for an AGNR of width W=5nm for EF = 150,
175 and 200 meV. Inset: SgT2 vs 1/T showing an activated behavior at very low T. (from [100])
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where, En,ky
= E , |qy |  =  |2 (kn

2 + ky
2)1/2(vs / vf )−ky |  =  |qoy(kn, ky)| ,

g(E )= 1 + {E 2 + (E 2−En
2)1/2ℏvf qoy} / {E E 2 + 2q (E 2−En

2)oy 1/2ℏvf + qoy2(ℏvf )2 1/2 } / 2, and

G(E )= | 2E (vs / vf )− (E 2−En
2)1/2 / En

2 + 2En(vs / vf )− (E 2−En
2)1/2 2 1/2 | .

In the BG regime, the energy integration in Eq.(46) gives

Sg ~ (1 / T 2)exp(−2ћvskF / kBT ) (47)

Figure 23 illustrates the temperature dependence of Sg calculated in the 1D quantum limit (n
= 1) for Dac=20 eV [62] and Λ=10 μm [97, 98]. In the inset, a plot of SgT 2 vs 1/T (for T < 2K) shows
an activated behavior (Eq. (47)). At very low T, Sg is found to be exponentially suppressed,
which is a new feature. This is attributed to the peculiar nature of the one-dimensional Fermi-
surface consisting of discrete points. It may be mentioned here that such suppression is similar
to that observed in semiconducting single wall carbon nanotubes (SWCNTs) [95, 111], but is
in contrast to the well-known algebraic power laws Sg ~ T 3 in SLG [62] and BLG [64] and Sg ~
T 4 in conventional 1DEG [112]. In the high temperature region, Sg deviates from exponential
behavior and finally levels off as observed in SWCNT [107, 113].
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The dependence of Sg on the Fermi energy is shown in Figure 24.(a). As seen from Eq.(47), this
dependence is strong unlike the case of SLG (Sg ~ EF

-1) [62] and BLG (Sg ~ EF
-3/2) [64]. The sensitive

dependence of Sg on W is shown in Figure 24.(b). The edge roughness of AGNR modulates the
phonon mean free path, which, as in SLG and BLG, significantly influences Sg. Since the ribbon
edge geometry determines the electronic structure of the system, Sg in ZGNR is expected to be
different from that in AGNR.

The above results in AGNR, the TEP measurements and Sg calculations in a SWNT [95, 107,
113-116], and Sg calculations in conventional 1D electron gas in semiconductor heterostructures
[112, 117, 118] clearly show the importance of Sg in 1D systems.

From Eqs.(42)-(44) and (46), it may be seen that Sg ~ Λ, so that Sg may be tuned with Λ, through
the sample size. Further, defining the effective phonon mean free path as Λeff = Λ(1+p)/(1-p),
and with specularity parameter p=0.9 [97], Sg is shown to enhance by about an order of
magnitude. For example, in BLG with ns= 0.5x1012 cm-2 at T=10 K, Sg (p=0)=0.118 mV/K and Sg

(p=0.9)≈1.2 mV/K [64].

In all the three graphene systems considered above, Sg ~ Dac
2. In literature, the value of Dac,

being uncertain, is taken in the range 10-50 eV [101]. Recent measurements of resistivity [68]
and hot electron energy loss rates [119] in SLG indicate the electron-acoustic phonon interac‐
tion to be unscreened. Further, a value of 19 eV for Dac is found to explain well the low-T energy-
loss rates, which depend only on the electron-acoustic phonon interactions. As Sg depends
only upon electron-acoustic phonon coupling, unlike mobility which depends upon scattering
due to other sources, detailed experimental and theoretical studies of Sg in graphene systems,
particularly at low T, may also be used to determine Dac.

Figure 24. (a) Sg of AGNR as a function of (a) EF with W = 5 nm, and (b) W with EF = 175 meV, for T = 5, 10 and 20 K.
(from [100])
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5. Summary

In this chapter, we have reviewed the current status of the experimental investigations of the
important and interesting transport property, namely TEP in graphene and described a
theoretical treatment of the diffusion and phonon-drag components of TEP, in graphene
systems. The treatment presented, employing the conventional Boltzmann formalism in the
relaxation time approximation, gives a basic understanding of TEP in graphene systems,
namely, SLG, BLG and AGNR. It gives a description of the dependences of TEP on temperature
and gate bias. This understanding is expected to provide a useful guideline for improvement
and optimization of performances of graphene-based TE modules.

Measurements of TEP of graphene reveal unique features not observed in metals [9] and
conventional 2D semiconductor systems [10]. The graphene systems exhibit a range of TEP
values up to 100 μV/K, at room temperature. The TEP changes sign across the CNP as the gate
bias is varied. Away from the CNP, the TEP shows a ns

-1/2 dependence on the carrier density
ns. At low temperatures, it exhibits a linear temperature dependence, in consonance with the
Mott relation. However, a deviation from Mott formula is observed for higher temperatures.

Future experimental endeavours may aid not only in improving applicability in TE devices
but also in understanding better the TE processes in graphene. Graphene may be a suitable
system to realize a large range of BG regime. A detailed investigation of low-temperature (say,
T<10 K) TEP may enable a better analysis of the relative contributions of Sd and Sg. Exclusive
data for Sg may help estimate Dac. On the other hand, with proper control of Sg, the non-linear
structure of S and a change in sign, exhibited in the BG regime due to Sd for smaller phonon
mean free paths, may be observed. A non-linear behavior of S with a change of sign has been
observed in recent experiments [120] on exfoliated SPS processed graphene. There are not
many reports of measurements of TEP in BLG. Measurements of TEP of GNRs, which are
awaited, can reveal the role of quasi-one-dimensionality and of the structure patterning (say,
width and edge chirality) of graphene sheets. The effect of physical modifications, such as
suspending and/or straining of the graphene structures, is to alter the magnitude as well as
the behavior of TEP. We note that a systematic investigation of TEP as well as thermal
conductivity of graphene systems is needed to describe their TE figure of merit and to get a
much better understanding of scattering mechanisms operative.

Conventional low-dimensional systems, such as quantum wires and superlattices, are known
to provide not only new approaches for achieving higher ZT, but also new applications such
as thermal management of integrated circuits [4, 5]. The possibility of increasing ZT through
engineering the electron and phonon transport, therefore, makes graphene systems attractive,
in future, for applications in efficient thermoelectric devices.
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5. Summary

In this chapter, we have reviewed the current status of the experimental investigations of the
important and interesting transport property, namely TEP in graphene and described a
theoretical treatment of the diffusion and phonon-drag components of TEP, in graphene
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namely, SLG, BLG and AGNR. It gives a description of the dependences of TEP on temperature
and gate bias. This understanding is expected to provide a useful guideline for improvement
and optimization of performances of graphene-based TE modules.

Measurements of TEP of graphene reveal unique features not observed in metals [9] and
conventional 2D semiconductor systems [10]. The graphene systems exhibit a range of TEP
values up to 100 μV/K, at room temperature. The TEP changes sign across the CNP as the gate
bias is varied. Away from the CNP, the TEP shows a ns

-1/2 dependence on the carrier density
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Future experimental endeavours may aid not only in improving applicability in TE devices
but also in understanding better the TE processes in graphene. Graphene may be a suitable
system to realize a large range of BG regime. A detailed investigation of low-temperature (say,
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data for Sg may help estimate Dac. On the other hand, with proper control of Sg, the non-linear
structure of S and a change in sign, exhibited in the BG regime due to Sd for smaller phonon
mean free paths, may be observed. A non-linear behavior of S with a change of sign has been
observed in recent experiments [120] on exfoliated SPS processed graphene. There are not
many reports of measurements of TEP in BLG. Measurements of TEP of GNRs, which are
awaited, can reveal the role of quasi-one-dimensionality and of the structure patterning (say,
width and edge chirality) of graphene sheets. The effect of physical modifications, such as
suspending and/or straining of the graphene structures, is to alter the magnitude as well as
the behavior of TEP. We note that a systematic investigation of TEP as well as thermal
conductivity of graphene systems is needed to describe their TE figure of merit and to get a
much better understanding of scattering mechanisms operative.

Conventional low-dimensional systems, such as quantum wires and superlattices, are known
to provide not only new approaches for achieving higher ZT, but also new applications such
as thermal management of integrated circuits [4, 5]. The possibility of increasing ZT through
engineering the electron and phonon transport, therefore, makes graphene systems attractive,
in future, for applications in efficient thermoelectric devices.
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