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Graphene is a two-dimensional semimetal with a tiny overlap
between valence and conductance bands. It was discovered in
2004 by the group of Professor Andre Geim at Manchester.
It is a one-atom-thick planar film of sp2-bonded carbon
atoms which are densely packed in a honeycomb crystal
lattice. It is the basic structural element of all other graphite
materials. Graphene has remarkably high electron mobility
at room temperature, as compared to those of silicon-based
semiconductors. Since the identification of graphene in 2004,
discoveries have been made to demonstrate graphene-based
single-atom-layer transistors and chemical nanosensors for
single-molecule gas detection. The electron mobility-related
resistivity of graphene is about 35 percent less than that of
copper, which is known to be the least resistive material
at room temperature. Owing to its super mechanical-
electronic properties, graphene is predicted to be a very
promising material for widespread applications at various
scales, ranging from macroaircraft to microdevices. Professor
Andre Geim and Dr. Konstantin Novoselov were awarded the
2010 Nobel Prize in physics for their pioneering research on
graphene.

This special issue is a collection of the articles on
graphene research. The objective of this special issue is to
bring together some selected examples of current research
efforts related to the synthesis, characterization, and appli-
cations of graphene. We received research papers from
the groups of many leading researchers worldwide. All the
articles in this issue were peer reviewed by multiple reviewers.
This issue publishes 14 accepted articles on various aspects of
graphene research.

Acknowledgments

The editors would like to acknowledge and thank the
authors, reviewers, and staff members of Hindawi Publishing
Corporation for their contributions to this special issue. We
highly appreciate the encouragement and support from the
Editor-in-Chief Professor M. Hu and all the editors of the
Journal of Nanomaterials.

Rakesh K. Joshi
Masamichi Yoshimura

Ashok Kumar



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2010, Article ID 909347, 6 pages
doi:10.1155/2010/909347

Research Article

Modelling of Graphene Nanoribbon Fermi Energy

Zaharah Johari, Mohammad Taghi Ahmadi, Desmond Chang Yih Chek,
N. Aziziah Amin, and Razali Ismail

Department of Electronic Engineering, Faculty of Electrical Engineering, Technological University of Malaysia, Skudai,
81310 Johor Darul Takzim, Malaysia

Correspondence should be addressed to Mohammad Taghi Ahmadi, ahmadiph@gmail.com

Received 30 December 2009; Accepted 16 March 2010

Academic Editor: Rakesh Joshi

Copyright © 2010 Zaharah Johari et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Graphene nanoribbon (GNR) is a promising alternative to carbon nanotube (CNT) to overcome the chirality challenge as a
nanoscale device channel. Due to the one-dimensional behavior of plane GNR, the carrier statistic study is attractive. Research
works have been done on carrier statistic study of GNR especially in the parabolic part of the band structure using Boltzmann
approximation (nondegenerate regime). Based on the quantum confinement effect, we have improved the fundamental study in
degenerate regime for both the parabolic and nonparabolic parts of GNR band energy. Our results demonstrate that the band
energy of GNR near to the minimum band energy is parabolic. In this part of the band structure, the Fermi-Dirac integrals are
sufficient for the carrier concentration study. The Fermi energy showed the temperature-dependent behavior similar to any other
one-dimensional device in nondegenerate regime. However in the degenerate regime, the normalized Fermi energy with respect
to the band edge is a function of carrier concentration. The numerical solution of Fermi-Dirac integrals for nonparabolic region,
which is away from the minimum energy band structure of GNR, is also presented.

1. Introduction

Single layer of graphite which is also known as graphene
has been discovered as a material with attractive low-
dimensional physics, and possible applications in electron-
ics [1–6]. A single-wall carbon nanotube (SWCNT) is a
piece of rolled-up graphene sheet while a nanoribbon is
an unrolled nanotube. Band-gap opening is expected by
patterning narrow ribbons [7, 8] from Graphene which
can be achieved by chemical means [9]. This Graphene
nanoribbon (GNR) with quasi-one-dimensional structures
and narrow widths (<∼10 nm ) is predicted to be used as
a channel for field effect transistors with high switching
speed and excellent carrier mobility with ballistic trans-
port behavior [9–14]. Armchair and zigzag GNRs show
metallic or semiconducting electronic properties depending
on the number of dimer lines, N which gives the width
of the nanoribbon as depicted in Figures 1 and 2. The
semiconducting property in armchair GNRs occurs when
N = 3p or 3p + 1, where p is an integer [15]. The

width of the GNR, wGNR, is proportional to N given by the
expression

wGNR = (N − 1)

√
3

2
aC−C, (1)

where aC–C = 0.142 nm is the lattice constant [16].
Quantum confinement effect results in similarity of semi-
conducting and metallic behaviors in both nanotube and
nanoribbon configurations. A nanoribbon can be assumed
as an unrolled single-wall nanotube that results in two
different classes of GNRs depending on SWNTs unfolded
way. One is by unzipping the SWNT along the axial
direction through a row of atoms and then splitting
the atom row onto both edges of the resulting GNR
[17].

2. Graphene Nanoribbon Band Structure

The band energy throughout the entire Brillouin zone of
graphene is given by [18]
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where aC–C = 1.42 Å is carbon-carbon (C–C) bond length,
t = 2.7 eV is the nearest neighbor C–C tight-binding overlap
energy, and kx,y,z is the wave vector component [19, 20].
In low-energy limit [21] due to the approximation for the
graphene band structure near the Fermi point, the E (k)
relation of the GNR is obtained as

E
(−→
k
)
= ± t3aC–C

2

√
kx

2 + β2, (3)

where β is the quantized wave vector [22] given as

β = 2π
ac–c

√
3

(
pi

N + 1
− 2

3

)
, (4)

where pi is the subband index and N is the number of
dimmer lines which determine the width of the ribbon [21],
and kx is the wave vector along the length of the nanoribbon.
The energy band gap of the GNR is then simplified to be

Eg = 3tac–cβ. (5)

By using (5) as the band gap, we can rewrite the band energy
as [22]

E = ±Eg
2

√√√√
(

1 +
kx

2

β2

)
. (6)

According to (6), the relationship between energy and wave
vector is not parabolic. In the case of semiconducting GNR,
the square root approximation can be employed to formulate
the parabolic relation between energy and wave vector.
Therefore the band energy in the low-energy limit (k = 0)
is

E(k) ≈ Eg
2

+
Eg
4β2

k2
x , (7)

E ≈ Eg
2

+
�2k2

x

2m∗ , (8)

where m∗ is the effective mass of GNR. The square
root approximation leads to Fermi-Dirac integrals in the
parabolic band structure for the carrier concentration,
velocity, and current expression which is similar to the one-
dimensional devices [22]. By representing the GNR energy
band of (6) and (8) in Figure 3, it can be seen that the band
structure is parabolic at certain range of energy in the E-k
relationship. In the parabolic region it is sufficient to use the
Fermi-Dirac integral for carrier statistic study. However in
the nonparabolic part, it will lead to a different kind of Fermi
integral.

By taking the derivatives of energy E over the wave
vector k (dE/dk) for (8), the density of state (DOS) [22]
for parabolic part of one-dimensional GNR band energy

0

1
2

3

N

w

Armchair GNR

·

·

·

Figure 1: Armchair GNRs with dimer lines N and width w.

1
2

3
4
5

N

w

Zigzag GNR

·
·

Figure 2: Zigzag GNRs with dimer lines N and width w.

incorporating the effect of electron-spin parameter (gs = 2)
[23] is given by

DOSGNR(E) = Δn

ΔE · L =
1

2π

(
2m∗

�2

)1/2
(
E − Eg

2

)−1/2

, (9)

where L is the length of the ribbon. By substituting Eg/2 with
shifted conduction band energy EC , this DOS equation can
be readily applied to another one-dimensional material.

3. Result and Discussion

3.1. Carrier Statistics in Parabolic Band Structure. Carrier
concentration is an essential parameter for semiconductor.
The numbers of electrons/cm3 and holes/cm3 with ener-
gies between E and E + dE have been established to be
DOS(E) f (E)d(E) and DOS(E)[1− f (E)]dE.

Therefore the total carrier concentration in a band can be
obtained by simply integrating the Fermi-Dirac distribution
function over energy band as follows [23]:

n =
∫ Etop

EC
DOS(E) f (E)dE, (10)

p =
∫ EV
Ebottom

DOS(E)
[
1− f (E)

]
dE. (11)

By substituting the density of state DOSGNR(E) and Fermi-
Dirac distribution function f (E) expressions into carrier
concentration, we obtained [24]

nD = NCI(D−2)/2
(
ηD
)
, (12)

where D is dimensionality D = 3 (3D), 2(2D), and 1(1D),
NC is effective density of states, NC = (2m∗kBT/π�2)1/2,
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parabolic.

I(D−2)/2 is the Fermi-Dirac integral of order (D − 2)/2, and
normalized Fermi energy is ηD = (EF − ECD)/kBT . The
Fermi-Dirac integral of order i is defined as

Ii
(
ηD
) = 1

Γ(i + 1)

∫∞
0

xi

e(x−ηD) + 1
dx. (13)

Under nondegenerate condition, the “1” from the denomi-
nator can be neglected and hence the Fermi integral reduces
to

Ii
(
η
) ≈ e η . (14)

In degenerate regime, the exponential part of (14) is very
small because all the levels are occupied by electrons up to
Fermi level. Thus, the occupation probability is 1 and the
Fermi- Dirac integral can be solved analytically resulting in

Ii
(
ηD
) = 1

Γ(i + 1)
ηDi+1

i + 1
. (15)

The inequalities adjacent to (14) are simultaneously satisfied
if the Fermi level lies in the band gap more than 3KBT from
either band edge. Figure 4 shows the energy band diagram
indicating the degenerate and nondegenerate regions. Con-
versely, if the Fermi level is within 3KBT of either band
edge or lies inside a band, the semiconductor is said to
be degenerate. It should be noted that a nondegenerate
positioning of the Fermi level makes f (E) ≈ e−((E−EF )/KBT)

for all conduction band energies and 1− f (E) ≈ e((E−EF )/KBT)

for all valence band energies for all dimensions.
The simplified form of the occupancy factors is a

Maxwell-Boltzmann-type function that also describes, for
example, the energy distribution of molecules in a high
temperature. The simplified occupancy factors lead directly
to the nondegenerate relationships. In closed-form relation-
ships we find limited usage in device analysis since the
nondegenerate relationships are only valid for an intrinsic
and low-doped semiconductor [22]. Quasi-one-dimensional
GNR in Figure 5 has two axis (x and z) directions that are
less than De Broglie wave-length (one layer atomic thickness

EC

EF

EF

EV

Degenerate

3kBT

3kBT Degenerate

Nondegenerate

Figure 4: Energy band diagram showing degenerate and nondegen-
erate regions.

W � λD

L	 λD

Figure 5: Cross-section of a rectangular one-dimensional GNR
with W � λD and	 λD .

with width less than 10 nm). However, GNR has length that
is more than De Broglie wave-length, L 	 λD. The width is
less than De Broglie wave-length� λD.

In nondegenerate limit condition, the carrier concentra-
tion of GNR can be expressed as

nGNR(non deg enerate) = NCe
−((EC−EF )/kBT). (16)

Here EC = EC0+ε0y+ε0z is the shifted conduction band due to
the confinement effect. This simplified distribution function
is extensively used in determining the transport parameters.
It is applicable for nondegenerately doped semiconductors
and also GNR near the minimum band energy. However,
most nanoelectronic devices today are degenerately doped
[25, 26]. However, any design based on the Maxwellian
distribution is not strictly correct and often leads to errors
in the interpretation of the results.

For degenerate GNR we have

nGNR(deg) =
[

8m∗(EF − EC)
π2�2

]1/2

. (17)

In quasi-one-dimensional semiconducting GNR, the Fermi-
Dirac integral is a proportion of exponential of η in
nondegenerate approximation and a proportion of 2/

√
πe1/2

in degenerate approximation as shown in Figure 6. This
significant result proves that the Fermi-Dirac integral can
be simplified into degenerate and nondegenerate approxima-
tion and therefore a simplified equation can be obtained.
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1/2 for Q3D bulk, Q2D, and Q1D devices, respectively [27].

Also shown in Figure 6 are those for D = 3(bulk),
2(quasi-2-dimensional), and 1(quasi-1-dimensional). The
normalized Fermi energy ηFd as a function of normalized
carrier concentration in the nondegenerate regime of GNR
is given by [24]

(EF − EC)non deg enerate = kBT ln
(
n

N

)

d
, (18)

where (EF − EC)non deg enerate is a weak (logarithmic) function
of carrier concentration. It varies linearly with temperature
in the nondegenerate (ND) regime. However, for strongly
degenerate statistics, the Fermi energy is independent of tem-
perature and it is a strong function of carrier concentration
given by [24]

(EF − EC)deg enerate = �2

m∗ 2π
[
Γ
(
d

2
+ 1
)
nd/2

]2/d

. (19)

The Fermi energy is proportional to n2
1 for 1D nanostructure

specifically for the GNR. Equations (18) and (19) are
important as we would like to know the position of the Fermi
level with respect to the carrier concentration in GNR. The
higher doping concentration on GNR will lead to higher
carrier concentration and hence Fermi level is further from
conduction band.

3.2. Carrier Statistics in Nonparabolic Band Structure. As
illustrated in Figure 3, the energy band is only parabolic
near the low-energy limit in a range of −0.5 < k < 0.5.
The non-parabolic part remains unsolved outside that range.

100

101

102

103

104

105

n
/N

G
N

R

−5 −4 −3 −2 −1 0 1 2 3 4 5

η

Nondegenerate
Numerical integral
Degenerate

Figure 7: Comparison of the GNR Fermi-Dirac integral in
degenerate and nondegenerate regimes in non-parabolic region.
Also shown is the comparison with general equation (W = 3.5663,
m = 10, p = 21, and N = 30).

The carrier concentration in the non-parabolic region is
determined by

nGNR =
∫∞
−∞

1
3πac–ct

E√
E2 −

(
Eg/2

)2

1
e(E−EF )/kBT + 1

dE.

(20)

However, this integral cannot be solved analytically. Rear-
ranging (20) we obtained

nGNR = NC

∫∞
−∞

(
x + Eg/2kBT

)
√
x2 + x

(
Eg/kBT

)
(

1
ex−ηFGNR + 1

)
dx, (21)

where NC = kBT/3πac–ct, x = E − (Eg/2)/kBT , and ηFGNR =
EF − (Eg/2)/kBT . NC is the effective density of states in the
nonparabolic region of the GNR. For the nondegenerate
condition which neglected 1 in the denominator, (21) will
be similar to the other one-dimensional devices which
showed temperature dependence effect for the Fermi energy.
By replacing the graphene nanoribbon Fermi integral with
another integral M, the equation for electron concentration
in non-parabolic region of the GNR will be simplified as

nGNR = NCMeηGNR , (22)

where

M =
∫ Etop

EC

x + EG/2kBT√
x2 + xEG/kBT

(
1

ex−η + 1

)
dx. (23)

As the carrier occupancy probability is unity in the degen-
erate regime, the exponential part can be neglected, which
leads to

nGNR = NC

∫ η
0

x + EG/2kBT√
x2 + xEG/kBT

dx. (24)
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Thus, the carrier concentration is a simple integral which can
be solved analytically. Expanding (24)

nGNR = NC

∫ η
0

x√
x2 + xEG/kBT

dx +
∫ η

0

EG/2kBT√
x2 + xEG/kBT

dx.

(25)

By substituting x and ηFGNR into (25), the normalized
Fermi energy is dependent on the carrier concentration and
independent of temperature. Thus, the non-parabolic carrier
concentration of the GNR can be expressed as

nGNR = NC

(√
(EF − EC)2 + (EF − EC)2EG

)
. (26)

In quasi-one-dimensional semiconducting nanoribbon the
Fermi-Dirac integral is proportional to the exponential of
η in nondegenerate approximation and it is proportional to
carrier concentration in degenerate approximation. Figure 7
shows that the nanoribbon Fermi integral in non-parabolic
region is closely approximated by the exponential of η when
η ≤ −3 for the nondegenerate regime. Thus GNR Fermi
energy is a function of temperature that is independent of
the carrier concentration in the nondegenerate regime. In
the other strongly degenerate regime for (η ≥ 6), the Fermi
energy is a function of carrier concentration appropriate for
given dimensionality and it is independent of temperature.

4. Conclusion

The modeling of carrier statistic in a both parabolic and non-
parabolic region is presented. The one-dimensional GNR
approaches degeneracy at relatively lower values of carrier
concentration as compared to 2D and 3D structures. The
Fermi energy with respect to the band edge of the GNR is
a function of temperature but is independent of the carrier
concentration in the nondegenerate regime. In the strongly
degenerate regime, the Fermi energy is a function of carrier
concentration but it is independent of temperature.
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Exfoliated graphite nanoplatelets (xGnPs) with an average thickness of 1–10 nm present an inexpensive alternative to carbon
nanotubes in many applications. In this paper, stable aqueous suspension of xGnP was achieved by noncovalent functionalization
of xGnP with polyelectrolytes. The surfactants and polyelectrolytes were compared with respect to their ability to suspend graphite
nanoplatelets. The surface charge of the nanoplatelets was characterized with zeta potential measurements, and the bonding
strength of the polymer chains to the surface of xGnP was characterized with Raman spectroscopy. This robust method opens
up the possibility of using this inexpensive nanomaterial in many applications, including electrochemical devices, and leads to
simple processing techniques such as layer-by-layer deposition. Therefore, the formation of xGnP conductive coatings using layer-
by-layer deposition was also demonstrated.

1. Introduction

Considerable interest has been drawn in the layer-by-layer
(LbL) self-assembly of nanosized carbon particles due to
their excellent thermal, electrical, and mechanical properties
[1]. Carbon nanotubes (CNTs) and fullerenes (also known
as buckyball or C60) have been intensively studied, and
their possible applications in nanodevices [2, 3], quantum
wires [4], ultrahigh-strength engineering fibers [5], sensors
[6, 7], and support of electrocatalysts [4] are developing.
Both carbon nanotubes and fullerenes are expensive, which
hinders their application in industry. Recently, the two-
dimensional carbon graphene has attracted great attention,
due to its exceptionally high crystal and electronic quality
[8, 9]. Growth of large area of high-quality graphene was
developed on metal substrates [10], and individual graphene
sheets can be also prepared by micromechanical cleavage
[8]. Unfortunately, these approaches are technically complex
and difficult for mass production. In addition, these two-
dimensional crystals cannot theoretically exist in the free
state [8]. The most commonly used nano sized form of
graphene is graphite nanoplatelets, which are a few layers of
graphene sheets stacked together and are produced by the
exfoliation of graphite via an acid intercalation, followed by

ultrasonic irradiation to isolated graphite nanosheets [11].
Research in our group at MSU has led to a process that
can successfully produce exfoliated graphite nanoplatelets
(xGnPTM), which are 1–10 nm in thickness and from
100 to 1000 nm in diameter. The surface of the graphite
nanoplatelets is pure graphene where the carbon is in a sp2

configuration. This presents a uniformly homogeneous and
moderately energetic surface that has been shown to be an
excellent nucleating surface for both polar and nonpolar
polymers. Furthermore, these graphite nanoplatelets possess
the high electric conductivity of graphene. With an expected
cost on the order of $5/pound, these nanoplatelets could
be a suitable substitute for carbon nanotubes and fullerenes
for most applications. So far, graphite nanoplatelets are
most commonly used in composite application due to their
good mechanical properties and electrical conductivity [12–
14]. Recently, we have demonstrated that xGnP can be an
inexpensive alternative to carbon nanotubes and carbon
black as an advantageous support for fuel cell applications,
which has the highest thermal-oxidation resistance and the
highest degree of graphitization [15]. In addition, xGnP
and xGnP-supported electrocatalysts have shown significant
catalytic effect toward hydrogen peroxide, resulting highly
sensitive and quickly responding glucose biosensors [16, 17].
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The major challenge for these hydrophobic carbon
nanostructures is their dispersion in an aqueous medium.
Several approaches have been studied for the production
of aqueous suspension of carbon nanotubes. Chemical
modification of the graphene surface is common, such as
acid treatment, which imparts –COOH groups at the broken
links or at the ends of nanotubes [18, 19]. However, such
chemical modification can disrupt the electronic conjugation
in carbon nanotubes which inevitably deteriorate the electri-
cal properties of the nanotubes. Another common method
is to suspend carbon nanotubes in various surfactants or
charged polymers accompanied by the physical processes,
which involves high-shear homogenization and ultrason-
ication [20]. This method became universal for carbon
nanotube dispersion because it is easy to control, and most
importantly, it preserves the integrity of carbon nanotubes.
The functionalized carbon nanotubes are used to construct
thin films for various applications.

Since Decher’s pioneering work in 1997 [21], the LbL
assembly method has been well studied to create highly
tuned, functional thin films with nanometer-level thickness
[1]. In LbL assembly, oppositely charged polymers are
alternately adsorbed on the surface by the electrostatic force,
although possible hydrogen bonding, hydrophobic interac-
tion, and van der Waals interactions could also be used.
Considerable work has been done on self-assembly of carbon
nanotubes. This approach can solve the dispersion problems
of carbon nanotubes in polymer matrix, one of the big
challenges of the traditional composite processing method.
In addition, LbL assembly was also used to incorporate
carbon nanotubes in the construction of chemical sensors
and biosensors, due to their high electrocatalytic effect,
fast electron transfer, rate and large working surface area
[22]. Several groups have reported the preparation of self-
assembled carbon films using graphite oxide nanoplatelets
[23–26]. However, the oxidation of graphite reduced the
original conductivity of graphite. To restore the conductivity
of the carbon films, the graphite oxide needs to be reduced
to the original state by either chemical or electrochemical
methods, which is not cost effective. In addition, this
additional process may inhibit their use in biosensor appli-
cation due to the enzyme stability during the reduction
process.

In this paper, we report the achievement of stable
aqueous dispersions of graphite nanoplatelets and their self-
assembly. Since graphite nanoplatelets are not stable in
aqueous solution due to the hydrophobic characteristics of
graphene sheets and their significant hydrophobic interac-
tions which form agglomerates in aqueous solution. Much
effort has been devoted to achieve a stable suspension of
graphite nanoplatelets with various surfactants and poly-
electrolytes (PEs). In addition, by modifying the charge of
polyelectrolytes on the graphite sheet, the agglomeration of
graphite nanoplatelets can be possibly prevented by electro-
static or strong repulsive forces due to the surface charge
induced by the polyelectrolytes during the self-assembly
process. The morphologies of the graphite monolayer and
multilayer films have been characterized by the optical
microscopy (OM), scanning electron microscopy (SEM) and

atomic force microscopy (AFM). Additionally, the resistance
and transmittance of these films were also measured.

2. Experimental Procedures

2.1. Materials. Poly(diallyldimethylammonium chloride)
(PDAC), sulfated poly(styrene) (SPS), and branched poly
ethyleimine (PEI) were purchased from Aldrich. The weight
average molecular weights (Mw) of PDAC, SPS, and PEI
were ∼100,000–200,000, 70,000, and 750,000, respectively.
Polyacrylic acid (PAA) (Mw = 90,000) was purchased
from Polysciences Inc. Poly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDT/SPS) (Baytron P V407)
was received as a sample from Bayer Corp. and used as
received. The surfactants, sodium dodecylbenzene sulfonate
(SDBS) and sodium dodecyl sulfate (SDS) were purchased
from Aldrich and used as received. Microscope glass slides
were purchased from Corning. All aqueous solutions in
the processes were prepared using deionized (DI) water
(>18.1 MΩ) supplied by a Barnstead Nanopur Diamond-UV
purification unit equipped with a UV source and final
0.2 µm filter. All procedures were done at room temperature.

2.2. Preparation of Polyelectrolyte and Surfactant Solutions.
Aqueous polyelectrolyte solutions were prepared containing
either 20 mM PDAC or 10 mM SPS in 0.1 M NaCl. PEI
and PAA solution was prepared containing 0.1 wt% polymer
in DI water, and the pH value of the solution was not
adjusted. The solutions were filtered with 0.22 µm cellulose
acetate membrane filter system from Corning to remove
particulates. Other solutions with surfactants (SDBS and
SDS) were prepared containing 0.1 wt% surfactants in DI
water.

2.3. Preparation of Graphite Suspension. 0.1 g of xGnP was
dispersed in 100 mL polyelectrolyte solution by sonication
with an output power of 23 W for 30 minutes. The suspen-
sion was stirred for 24 hours. The excess polyelectrolyte was
removed by filtering through 0.2 µm membrane followed by
DI water washing for three times. The polyelectrolyte-coated
xGnP was redispersed to 100 mL DI water by mild sonication
(output power: 10 W) for 10–15 minutes. The pH value of
the suspension with PEI-coated xGnP was adjusted to be
between 5.0–6.0.

2.4. Layer-by-Layer Self-Assembly Procedure. To prepare
xGnP/polyelectrolyte multilayers, anionic PEs-xGnP such
as SPS-xGnP were alternately assembled with PDAC, and
cationic PEs-xGnP, such as PEI-xGnP with SPS. First, the
glass slides were cleaned twice in an ultrasonic unit, first
with a commercially available detergent (Alconox, Alconox
Inc.) for 20 minutes and then without for 10 minutes.
Slides were dried under a N2 gas stream and then treated
with oxygen plasma for 10 minutes at 150 mTorr vacuum
to activate negative surface charges on the glass. The
multilayers of xGnP were prepared using a Microm DS 50
Slide Stainer purchased from Richard-Allan Scientific. The
pretreated glass slides were immersed in the PDAC solution
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for 20 minutes, followed by two 5-minutes rinses in DI water.
Then the glass slides were immersed in graphite suspension
for 30 min, followed by three 2-minutes rinses in DI water.
The immersion time in xGnP is considered sufficient since
longer time did not increase the surface coverage of xGnP.
The sequence was repeated until the desired number of
bilayers was formed. The substrates were dried naturally.

2.5. Characterization of xGnP and Polymer-Modified xGnP.
Transmission electron microscopy (TEM) investigation was
carried out with JEOL 100CX and JEOL 2200FS operating
at a voltage of 100 keV and 200 keV for the morphology of
xGnP. Specimens were prepared by ultrasonically dispersing
the sample powders in acetone for 15 minutes, applying the
powder suspension onto lacey carbon-coated Cu grids and
drying them in air at ambient temperature. An X-ray pho-
toelectron spectroscopy spectrum (XPS, Physical Electronics
5400 ESCA) was used to study the surface of xGnP and
polymer modified xGnP. UV-vis absorption measurement
was taken on a Perkin Elmer UV/Vis/NIR spectrometer
(model Lamda 900). Thermogravimetric analysis (TGA) was
performed using a TGA 2950 (TA instruments) from 25◦C
to 580◦C at a heating rate of 10.0◦C/min under an air flow.
Approximately 10 mg of xGnP was used.

For Raman measurements, the xGnP thin films were
prepared by filtering a certain amount of xGnP and polymer-
coated xGnP on cellulose ester membrane with a pore size
of 0.2 µm, and drying for a few days. The films were peeled
off from the membrane before Raman measurement. The
Raman characterization was carried out on a micro-Raman
system with a laser wavelength of 532 nm and an intensity of
14.5 mW.

Both Zeta potential and particle size of xGnP were
analyzed with Brookhaven Instruments ZetaPALS, which uti-
lizes phase analysis light scattering (PALS) to determine the
electrophoretic mobility of charged colloidal suspensions.
The velocities of the charged particles were measured and
the electrophoretic mobility was determined by dividing the
measured velocity by the electric field strength. The zeta
potential was determined from the electrophoretic mobility
using the Smoluchowski equation. Before measurement, the
polymer coated graphite nanoplatelets were suspended in
DI water by sonication. The particle size was also analyzed
with ZetaPALS incorporated with a 90Plus particle sizer.
Since the principles of dynamic light scattering assume the
particles to be spherical, only relative values of particle size
were obtained. Each value of particle size is the average of ten
measurements of the sample. For comparison, AcoustoSizer
IIs (Colloidal Dynamics) was also used for measuring the
particle size of xGnP. 120 mL of xGnP suspension with 1 wt%
solid content was used.

2.6. Multilayers Characterizations. The morphology of single
and multilayer films of xGnP on glass slides was charac-
terized using scanning electron microscopy (SEM, JEOL
6300F). A layer of osmium was coated with a pure osmium
coater (NEOC-AN, MEIWA SHOJI CO. LTD, JAPAN) for
20 s for enhanced conductivity before SEM measurements.

The morphology of multilayer was also characterized using
atomic force microscopy (AFM, a Nanoscope IV version
from Veeco Instruments (Santa Barbara, CA)) in tapping
mode. The surface resistance of xGnP multilayer was mea-
sured with a Camry Instruments Femtostat Station, and
the transmittance was measured with Perkin Elmer Lambda
900 UV/Vis/NIR spectrometer.

3. Results and Discussions

Graphite has a layered structure with hybridized carbon
atoms in an sp2 configuration, and different layers are held
together by van der Waals forces. Exfoliation of graphite
is achieved by intercalation compounds which tend to
exfoliate graphite upon heating due to the fast evaporation of
intercalantes. A process was developed in our lab to produce
exfoliated graphite nanoplatelets from a sulfuric acid-based
intercalated graphite by microwave and sonication process,
followed by a milling process to further reduce the particle
size to approximately 1 µm. BET surface area analysis
showed an area of approximately 100 m2/g for the produced
exfoliated graphite nanoplatelets [27]. Since a hypothetical
monolayer graphite would exhibit a specific surface area
close to 2700 m2/g, and an interlayer spacing of 0.335 nm is
assumed [28], the average thickness of graphite nanoplatelets
was estimated to be 1–10 nm, which was further confirmed
by TEM observation. As shown in Figure 1, the top view
of xGnP shows clean surface of xGnP. It seems graphene
sheets with different size are stacking together. Side view of
xGnP clearly shows about 30 layers of atomic sheets stacking
together, which counts to the thickness up to 10 nm.

To eliminate the need to search wide availability of
surfactants and polyelectrolytes, the literature results of
their ability for solublizing carbon nanotubes were adapted
in this work. Therefore, a series of good surfactants and
polyelectrolytes for carbon nanotubes were chosen to test for
their ability to suspend and then self-assemble xGnP on the
charged glass slides. They include sodium dodecylbenzene
sulfonate (SDBS), sodium dodecyl sulfate (SDS), sulfated
poly(styrene) (SPS), poly(acrylic acid) (PAA), and a con-
ductive polymer blend: poly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDT/SPS) was also used. In addi-
tion, a couple of positive polyelectrolytes, poly(diallyldim-
ethylammonium chloride) (PDAC) and branched polyeth-
yleimine (PEI) were also tested. Table 1 shows the summary
of quick trial-and-error experiments. xGnP was dispersed in
solution with the surfactants or polyelectrolytes and their
stability was checked after 24 hours. The suspension with
SDBS and SDS was relatively stable but self-assembly of xGnP
resulted poor surface coverage of particles. Therefore, further
study was not conducted on these surfactants. PDAC and
PAA also showed poor dispersing ability. It was found that
SPS and PEDT/SPS coated xGnP showed good stability in
water. This is possibly due to the edge-to-face interactions
between the graphitic surface and the aromatic rings of the
polymer [29]. PEI is also a good suspending agent due to
the hydrophobic interaction between PEI and uncharged
graphitic surface [30].
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Table 1: General performance of surfactants and polyelectrolytes on the solublization of xGnP and layer-by-layer deposition thereafter.

Suspension After 24 hours Layer-by-layer deposition

Surfactants
SDS Partially settle down Poor

SDBS Partially settle down Poor

Polyelectrolytes

PDAC Mostly settle down Poor

PEI Stable Good

SPS Stable Very good

PEDT/SPS Stable Good

PAA Mostly settle down Poor

100 nm

(a)

5 nm

(b)

Figure 1: Typical TEM images of xGnP: (a) top view and (b) side view.
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Figure 2: X-ray photoelectron spectroscopy spectra of xGnP before
(a) and after SPS (b) and PEI (c) modification.

XPS was used to study the surface of xGnP before and
after polymer coating. As shown in Figure 2, the surface of
xGnP mainly contains C1s which shows peaks in the range
of 280–290 eV. Small amount of oxygen is also shown which
has an O1s peak at 540 eV. The oxygens mostly come from
the edge group of the xGnP sheets such as carboxyl, hydroxyl,
and carbonyl groups. There is also some Zr shown mainly

due to the contamination of zirconium ball during the
milling process. The SPS coated xGnP shows its characteristic
peaks of S2p at 167.3 eV, corresponding to sulfone. PEI
coated xGnP shows N1s peak at 401 eV. Therefore, XPS
clearly shows the bonding of the polyelectrolyte to the
graphite surface. Table 2 shows the detailed concentration
of atoms for xGnP with and without polymer coatings. The
amount of polymer coated on the surface is low. TGA was
used to directly measure the amount of polymer coated
on the xGnP. As shown in Figure 3, graphite is thermally
stable in ambient air environments up to 500◦C, and then
it slightly decomposed at elevated temperature. The SPS
coated xGnP shows a gradual loss due to the residue water,
and a major degradation starts at approximately 360◦C.
Instead, both PEI and PDAC coated xGnP show the major
degradation approximately at 200◦C, which are much less
thermally stable than SPS coated xGnP. It is clear that SPS
has higher amount of coating on xGnP than PEI and PDAC,
which is approximately 5 wt%. Stankovich et al. claimed that
∼40 wt% of SPS is coated on graphite nanoplatelets when
dispersing nanoplatelets with a thickness of ∼4 nm [29].
Various concentrations of SPS and coating times were used
to increase the coverage of polymer on xGnP, but no increase
in SPS content on xGnP was observed.

The surface charges of polyelectrolytes coated xGnP and
unmodified xGnP were characterized using a zeta potential
analyzer. The zeta potential describes the nature of the
electrostatic potential near the surface of a suspended parti-
cle. In general, agglomeration of particles could be avoided
by electrostatic repulsion above certain surface potentials,
which is approximately±35 mV; and, the higher the absolute
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Table 2: Atomic concentration of the surface of xGnP before and after PE modification.

C1s O1s S2p N1s Zr3d

xGnP 92.38 6.38 0.25

SPS-xGnP 94.31 4.51 0.76 0.22

SPS-xGnP redispersed∗ 91.71 6.44 0.79 0.20

PEI-xGnP 91.84 4.73 3.19 0.25

PEI-xGnP redispersed∗ 90.69 5.79 3.24 0.28
∗

The xGnP was redispersed in DI water with mild sonication for 10–15 minutes, and then filtrated and dried before XPS measurement.

Table 3: Zeta potential of xGnP before and after the noncovalent
attachment of polymers.

Materials Zeta potential (mV)

xGnP −32.33 ± 1.90

SPS-xGnP −68.6 ± 0.75

PEDT/SPS-xGnP −52.25 ± 1.49

PDAC-xGnP 49.39 ± 0.45

PEI-xGnP 48.56 ± 1.01
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Figure 3: Thermogravimetric analysis of xGnP and polyelectrolytes
modified xGnP.

value of the zeta potential, the more stable the particle
suspension will be. In addition, the high surface charge of the
modified graphite may count the strong van der Waals force
between graphite nanoplatelets to prevent agglomeration
during self-assembly. As shown in Table 3, the zeta potential
for the unmodified xGnP was measured to be −32.33 mV,
which is consistent with the literature value for the graphite
particles [31]. The high absolute value of zeta potential
for xGnP is possibly attributed to the naturally existing
functional groups at the edges, such as carboxylic acid,
hydroxyl, and so forth. The SPS and PEDT/SPS coated xGnP
are kept negatively charged in aqueous solution, but the
absolute value of zeta potential is increased to 68 mV for SPS
coated xGnP, which confirms the significant adsorption of
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Figure 4: Zetal potential versus pH value for PEI coated xGnP.

SPS at the graphite surface. The zeta potential of PEDT/SPS
coated xGnP is slightly lower (−52.25 mV), which is possibly
due to the PEDT component in the conductive blend. For
PDAC or PEI coated xGnP, the sign of the zeta potentials
changed from negative to positive, and the magnitude of the
positive zeta potential increased. By a simple comparison of
the absolute values of zeta potential, the SPS coated xGnP
suspension shows better stability than xGnP coated with
other polyelectrolytes. The zeta potentials of PEI coated
nanoplatelets varied with the pH value of the solution, thus
the suspension stability varied. As shown in Figure 4, the
zeta potential of PEI coated xGnP keeps relatively constant
at a value of 48 mV when the pH is below 7, because the
PEI molecules are mostly protonated which results strong
repulsive force between the charged segments (pKa of PEI
is greater than 8.0). When the pH value is above 7, the zeta
potential significantly decreases with increasing pH value
due to uncharged PEI molecules. At the pH value of 10.5,
the PEI coated xGnP has no net charge. The stability of
xGnP suspension is fully correlated with the zeta potential
of particles. Figure 5 shows the PEI coated xGnP dispersed in
DI water with adjustment to the varied pH values after sitting
for 24 hours. The suspension was relatively stable when the
pH value is close to 7 or below. However, when the pH value
is above 10, the graphite nanoplatelets completely settle out
of solution.
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(a) (b) (c)

Figure 5: The stability of PEI coated xGnP at different solution pH
values. (a) 5.33, (b) 7.16, and (c) 10.46.

The stability of xGnP suspension was further quantified
by measuring the concentration difference of suspension
and corresponding particles size before and after sitting for
48 hours. As discussed before, when the zeta potential of
particle is above 35 mV, the repulsive force between particles
can overcome the attractive van der Waals force, and the
agglomeration of particles can be prevented. For graphite
nanoplatelets, zeta potential may not fully characterize the
stability of suspension, because the high zeta potential
could mostly be attributed to the edge effect, and the large
hydrophobic basal plane can be attracted by each other. In
addition, the surface charge is limited and may not fully
account for the particle size. The comparison of the xGnP
concentration before and after allowing the suspension to
sit for 48 hours is a good indication of the stability. For
both SPS and PEI coated xGnP, approximately 45% of xGnP
still remain in the solution and the other settles down. The
top layer suspension is very stable, no further sedimentation
occurs after a week. The analysis of average particle size by
dynamic light scattering gives further insight on this. The
average particle size of xGnP was measured to be 911.3 ±
47.8 nm. Although the principles of dynamic light scattering
assume the particles measured to be spherical, the measured
particle size of xGnP is close to the one observed with
microscopic technique. In addition, a different technique
was used to measure the particle size using AcoustoSizer IIs
(Colloidal Dynamics), which uses electroacoustic signal to
determine the dynamic mobility of the particles in a colloidal
suspension. It gave a similar particle size for xGnP (data
not shown). The particle size distribution shows that xGnP
has approximately 30% which has a particle size above 1 µm
(data not shown). In the top solution after sitting for 48
hours, the average particle size was measured to be 442.1 ±
13.1 nm, and 98% of particle is below 634.9 nm, meaning
that most big particles are eliminated. We have also looked
at the particle size of xGnP for a highly stable supernatant
after centrifuge, which shows a value of 200.9 ± 6.2 nm.
Therefore, the stability of xGnP suspension is determined by
both surface charge and particle size.
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Figure 6: Raman spectra of xGnP before and after modification
with polyelectrolytes (inset: enlargement of D-band and G-band).

The bonding strength of the polymer chains to the
surface of xGnP can be measured by Raman spectrometry,
because the presence of the polymer can affect the movement
of carbon atoms [32]. The Raman spectra of xGnP and
polymer coated xGnP are shown in Figure 6. The xGnP
shows typical bands of graphite in the presence of disorder
[33, 34]. The band at 1575 cm−1 is so called G-band resulting
from the doubly degenerate zone center E2g mode [33]. The
peak in the 1300–1400 cm−1 region is the disorder peak
known as the D-band, which is attributed to scattering
from sp2 carbons containing defects. The peak between 2700
and 2800 cm−1 is D∗ mode, which is an overtone of the
D band [33]. By inspecting the spectra before and after
polymer coating, it was found that both the intensity and
spectral position of D band and G band have changed. In
the presence of both PEI and SPS, the D band is slightly
shifted to higher wave numbers, approximately 2–4 cm−1,
and the position of the G band is shifted 3–6 cm−1 higher.
The intensity and sharpness of the D band and G band
increase; in addition, the ratio of the intensify of D band
to that of the G-band slightly increases from 0.21 for xGnP
to 0.23 for both PEI and SPS coated xGnP. Although the
change in Raman spectra is not significant, it clearly indicates
a typical noncovalent modification of the graphene sheet
[32]. The upshift of the D and G band is possibly due
to the hydrophobic and van der Waals forces between the
polymer and the graphite sheet, which increase the energy
necessary for vibrations to occur. And the slight increase in
disorder structure after polymer coating is possibly due to
the remaining carbon atoms from the polymer coating [32]
and the field disturbance and physical strain in the graphene
sheet caused by the interactions with the polymers. It was
also noticed that the peak shift and intensity increase in
Raman spectrum for SPS coated xGnP is more significant
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than those for PEI coated xGnP, which implies that SPS has
a stronger interaction force with the graphene surface than
PEI. This is possibly due to the molecular similarity of SPS
to the graphene structure. At a high solution pH, where
PEI is unprotonated, hydrophobic or Van der Waals forces
could be the main driving force. During adsorption, PEI
chains can be arranged on the hydrophobic basal plane in
an extended conformation [35]. Although single molecules
were found on the graphite surface, it is more possible
for agglomerations form due to the lack of repulsive force
between the molecules [30].

Most work reported so far regarding the self-assembly
of carbon nanotubes using polymer noncovalent bonding
involving the simple dispersion of carbon nanotubes in
polyelectrolyte solution by sonication with no further purifi-
cation [36, 37]. In this work, we found that the excess
polyelectrolyte in the xGnP suspension plays a significant
role in the self-assembly process. LbL assembly typically
involves diffusion and adsorption processes, in which size
matters. With the excess free polyelectrolytes, the surface
coverage of xGnP on the glass slide was low. Therefore,
it is necessary to remove the excess PEs that was not
attached to xGnP. The stability of the adsorbed PE chains
on graphite during filtration, the subsequent rinsing with
water and redispersion utilizing sonication were examined
with UV-vis spectroscopy and XPS. As shown in Figure 7,
the spectrum of SPS shows a typical absorption peak at
222 nm, and the peak height of 1st filtrate after coating
with xGnP decreased, indicating some SPS is deposited on
xGnP. The SPS coated xGnP was rinsed with DI water
for three times, and then redispersed in DI water by mild
sonication. The second filtrate shows a very small peak
at 222 nm, which could result from the incomplete wash
or dissociation of polymer due to sonication. Surprisingly,
there is no SPS peak showing in the spectrum of SPS-xGnP,
which is possible due to the extremely low concentration

of xGnP in the sample. XPS was further used to confirm
that SPS remains on the xGnP after the washing and
sonication process. As shown in Table 2, the S2p atom
content for SPS-xGnP after redispersing with sonication
is close to the one before, indicating there is no loss of
SPS from xGnP during washing and redispersion. The
same result is observed for PEI-xGnP, indicated by the N1s
content.

LbL self-assembly is a versatile technique to produce
robust films with precise control on the film thickness
and properties. With their one dimensional nanometer size,
electrostatically charged PE coated surface, and their ability
to form a stable colloidal dispersion, the PE modified
graphite nanoplatelets are ideal candidates for multilayer
self-assembly. SPS coated xGnP combined with PDAC was
used to demonstrate the LbL assembly process. Optical
microscopy images (not shown) of a single bilayer of
PDAC/SPS coated xGnP show that the surface coverage of
xGnP is low, possibly due to the large particle size, limiting
the diffusion and repulsive electrostatic forces. With further
multilayer growth, more graphite particles fill into the gaps
or stack on the existing particles. At 10 bilayers, the surface
became visibly black. Figures 8 and 9 show the SEM images
of 4 and 10 xGnP bilayers, respectively. At low magnification,
Figure 8(a) shows most agglomerates of graphite particle,
and they seem isolated. At high magnification (Figures 8(b)
and 8(c)), it is clear that these graphite agglomerates are
bridged with graphene platelets with nanometer thicknesses.
The edges of agglomerates and nanoplatelets are curled or
folded which disrupts the packing of xGnP. Figure 9 shows
a relatively dense packing of xGnP at 10 bilayers, but with
the varying size and shape of the platelets, the surface of
multilayer film is very rough.

The AFM image in Figure 10 shows a clear layered
structure of graphene sheets, and all the nanoplatelets are
stacking together and relatively close to one another. The
roughness analysis of the AFM image shows a very rough
surface of the multilayer film, and the section analysis shows
that the thickness of 10 bilayers is in the range of 400 to
800 nm, which is much thicker than the theoretical value
of 10 bilayers. xGnP/polyelectrolytes multilayers can also be
fabricated with PEI-xGnP and SPS as the counter ion. It was
found the surface coverage of xGnP was much lower than
SPS-xGnP/PDAC multilayers (images not shown), which
is possible due to the lower surface charge of PEI-xGnP,
limiting their ability to be adsorbed on the surface.

One possible application of xGnP thin film is as an
inexpensive conductive coating. Thus, the resistance and
transmittance of xGnP multilayers were measured. Figure 11
shows the resistance of the glass slides coated with PDAC/SPS
coated xGnP multilayer. The log(resistance) at 1 Hz for the
glass slide is 11.13, which is nonconductive. Glass slides
coated with PDAC/SPS coated xGnP are non conductive
until 4 bilayers, indicating that a percolation threshold
is reached. This result is consistent with the OM and
SEM observation. The resistance of the films continually
decreases with more multilayers deposited on the surface.
The log(resistance) at 1 Hz reaches 4.85 for 10 PDAC/SPS-
xGnP bilayer film. Recently, transparent conductive carbon
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Figure 8: SEM images of 4 bilayers of PDAC/SPS-xGnP (a) low magnification (scale bar: 5 µm), (b) and (c) high magnification (scale bar:
200 nm).
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Figure 9: SEM images of 10 bilayers of PDAC/SPS-xGnP (a) low magnification (scale bar: 5 µm), and (b) high magnification (scale bar:
200 nm).

nanotube films have attracted much attention due to their
possible application in modern technology, such as video
displays, solar cells, lasers, optical communication devices,
and solid state lighting [36, 38–40]. We are pursuing the
replacement of carbon nanotubes with inexpensive xGnP
in these applications. Figure 12 shows the transmittance
of xGnP multilayers which were measured by the UV-
vis spectrometer at 500 nm wavelength. Unfortunately, the
increase in the conductivity of the film is accompanied with
a dramatic decrease in the transmittance of the glass slides.
The transmittance of the glass slide coated on both sides

is 11.89% when the surface is conductive (4 bilayers), and
the transmittance decreases to 2.74% at 10 bilayers. The
loss of transmittance suffers from the way that graphite
deposited on the surface; curled and turned-in edges of the
sheets, and the agglomeration of nanoplatelets cause the high
thickness of the layers. Further work is being conducted
to increase the conductivity and transmittance of xGnP
containing films using different preparation techniques,
such as Langmuir-Blodgett methods and filtration methods.
Patterned conductive multilayered xGnP composite film was
also developed for applications in electronic devices [41].
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4. Conclusions

In summary, we have achieved the stable aqueous suspen-
sion of graphite nanoplatelets, which are an inexpensive
nanomaterial, by the noncovalent functionalization with
polyelectrolytes. A variety of surfactants and polyelectrolytes
have been compared for their ability to suspend graphite
nanoplatelets. This noncovalent method is better for pre-
serving the mechanical and electrical properties of graphite
platelets compared to the traditional oxidation methods.
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Figure 12: Transmittance of glass slides coated on both sides with
various bilayers of PDAC/SPS-xGnP.

This robust method opens up the possibility of using these
inexpensive nanomaterials in many applications, including
electrochemical devices, and provides the way to processing
techniques such as LbL deposition. We have demonstrated
that conductive coating can be achieved by LbL assem-
bly of polyelectrolyte-functionalized graphite nanoplatelets.
Multilayer PDAC/SPS-xGnP film deposition reached the
percolation threshold in only 4 cycles, resulting in a con-
ductive thin film. The resistance of the film was lowered
with more deposition cycles. However, the average roughness
of these multilayer films was high, and the thickness of
films was higher than theoretically estimated. This occurred
because the edges of graphite nanoplatelets fold which affects
the dense packing of the nanoplatelets; in addition, the
nanoplatelets tend to overlap with each other. This also
attributes to the low surface resistance and transmittance of
xGnP films. Further work is on going to increase the film
conductivity and transmittance using different processing
methods, such as Langmuir-Blodgett and filtration.
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We review the electronic properties of graphene nanoribbons functionalized by various elements and functional groups. Graphene
nanoribbons are strips of graphene, the honeycomb lattice of carbon with sp2 hybridization. Basically nanoribbons can be classified
into two categories, according to the geometry of their edge, armchair, and zigzag, which determine their electronic structure.
Due to their fascinating electronic and magnetic properties many applications has been suggested for these materials. One of
the major methods to use graphene nanoribbons in future applications is chemical functionalization of these materials to make
an engineering on their band gap. In this review, we introduce various types of modifying graphene nanoribbons to meet their
promising applications.

1. Introduction

After discovery of graphene [1], it has been considered
as basic material for the future nanoelectronic devices. Its
unique properties, such as massless Dirac fermion behavior
[2–4], half-integer quantum Hall effect [2, 5], and high-
carrier mobility [2] make it a promising candidate for
application in nanoelectronics and spintronics devices [2, 5–
9]. Graphene nanoribbons can be constructed as strips of
graphene, with quasi1D structures. So far, Nanoribbons with
widths up to 2 nm have been fabricated experimentally [10–
12]. Geometrically, two main types of nanoribbons with two
edge shapes can be cut from a hexagonal lattice of graphene:
zigzag edge and armchair edge [13–16]. Different types of
ribbons are specified by their edge geometry and width. The
width is labeled by an integer which counts the number of
carbon chains between the two edges. Figure 1 shows the two
types of ribbons with their width indices. The two ribbon
characteristics, that is, edge geometry and width, are the key
parameters which determine the electronic properties of the
ribbons [7, 17–19].

The earliest theoretical studies of graphene nanoribbons,
using a simple tight-binding method, predicted that 1/3 of
the armchair nanoribbons, whose width index N satisfies
N = 3M− 1 (M is an integer), are metallic [17], and another

2/3 are semiconductor with band gaps depending on their
width, while all zigzag nanoribbons are metallic, a similar
behavior as carbon nanotubes (CNTs). A characteristic peak
in the density of states (DOS) of zigzag nanoribbons near and
slightly below Fermi energy is also predicted [16, 20]. But
recently the first principle studies based on spin polarized
density functional theory (DFT) revealed that all graphene
nanoribbons are semiconductors at their ground state with
band gaps which depend on their width and edge geometry,
closing at infinite width, that is, infinite graphene [7, 21].
Meanwhile zigzag nanoribbons have localized edge states
which are ferromagnetically ordered, but with opposite spin
orientation at the two edges which makes them antiferro-
magnetically coupled. The magnetism in zigzag nanoribbon,
a pure carbon system, which arises from π-orbitals of
carbon localized at the edge is specially notable [22]. These
properties, along with the ballistic electronic transport, and
quantum Hall effect [2, 5], cause graphene nanoribbons
to be promising candidates for building blocks of future
nanoelectronic and spintronic devices [1, 2, 5–7, 23–30] and
also chemical sensors [31–33] and electrochemical switches
[34].

In order to achieve their potential for these applications
it is essential to have a better understanding of the elec-
tronic structure of graphene nanoribbons and have ability
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Figure 1: Graphene nanoribbons with armchair (a) and zigzag (b)
edges. In each case, index N denotes the width of the ribbon, and
ribbon axis is the vertical direction.

to control them. Modification of electronic structure of
nanoribbons by chemical functionalization is an effective
way to make them efficient for their applications [35–39].

Moreover, various junctions can be constructed by
connecting nanoribbons of different widths and types with
perfect atomic interface, and electronic device can be
integrated on them by selective chemical functionalization
on a single nanoribbon sheet [38, 40]. Yan et al. [41]
illustrated that nanoribbon-based devices can be made with
the atomic-perfect-interface junctions and with controlled
doping through edge termination.

So far many theoretical studies have been done to func-
tionalize graphene nanoribbons to manipulate their elec-
tronic properties. Here we review different ways of chemical
functionalization of nanoribbons and their properties.

2. Functionalization of Graphene Nanoribbons

Electronic structure of graphene nanoribbons can be modi-
fied by several types of functionalization, such as function-
alization by s-type, p-type, and d-type elements [38, 42–
44], or by functional groups. Modification of the edge of
the ribbon, or substitution of one or more carbons of the
ribbon or adsorption of one atom or a functional group
are different options of functionalization which have been
all investigated theoretically and some of them has been
observed experimentally.

2.1. Edge Modification. Nanoribbons intrinsically have dan-
gling bonds at the edges whose linear combinations form
some of the eigenstates near the Fermi energy, and hence
determine the ribbon properties. These dangling bonds
also provide active sites for chemical bonding, making the
ribbons suitable for chemical modification. Since the unique
properties of the ribbons are associated with their edge
states, edge modification can significantly affect and control
electronic and magnetic properties of the ribbons [37, 45,
46]. By functionalization of the edges with various atoms,
from s-type to d-type transition metals, and by functional
groups, we can obtain various electronic properties. In fact,
the same ribbon can become semiconductors with wide
range of band gaps, metallic, ferromagnetic (FM) and anti-
ferromagnetic (AF) or half-metallic by appropriate chemical
functionalization. Experimentally, the edge dangling bonds
of the graphene sheets and ribbons can be saturated by
hydrogen through specific hydrogenation procedures.

The first step in modification of nanoribbon is to saturate
one of the edges by an element or functional group while
the other edge is saturated by H. It was demonstrated by
theoretical calculations that different functional groups at the
edge of nanoribbons can significantly affect their electronic
structure close to Fermi level [37]. Decoration of one edge
of zigzag nanoribbons by two H atoms while the other
has one H turns the antiferromagnetic nanoribbon into
ferromagnetic [47]. Single-edge functionalization of zigzag
ribbons leads to half-semiconductors with different band
gaps for each spin and can also result in a spin-polarized
half-semiconductor or in a semiconductor-metal transition
[48]. Modification of one or both edges of zigzag nanoribbon
with functional groups –O, –F, –OH, –NH2, –CH, –BH, and
–B was also investigated [35, 37, 39, 45]. Figure 2 depicts
schematic picture of a zigzag nanoribbon with three types
of edge saturation.

In zigzag nanoribbons the atoms of one edge are
ferromagnetically ordered, but the two edges are antiferro-
magnetically coupled, and the band structure of the two spin
channels are degenerate. Applying an electric field across
a zigzag ribbon results in lifting the spin degeneracy by
reducing the band gap for one spin channel while widening
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(a) (b) (c)

Figure 2: Zigzag nanoribbon with edge saturation by (a) H (b) O
and (c) OH. Gray atoms are C, white atoms are H and red atoms are
O.

the gap of the other spin channel [6, 7], which makes the
ribbon half-metallic [49]. In half-metals one spin channel
has metallic behavior, while the other one has energy band
gap. This phenomena provides a spin selective behavior for
nanoribbons which is a promise for spintronics applications.
It was theoretically predicted that in these nanoribbons edge
oxidization can have significant effect in designing efficient
and robust spintronic devices based on nanoribbons [45].
Nanoribbons with fully oxidized edges turn half-metallic
at low-electric field (0.2 V/Å), while for fully or partially
hydrogenated ribbons the filed intensity needed to switch the
system to half metallic regime is (0.4 V/Å) [45].

Besides electric field, the degeneracy of spin channels can
be broken by chemical modifications also. Modifying one
edge of the nanoribbon with electron donating groups and
the other edge with electron accepting groups is a sufficient
way to generate large potential difference between the two
edges [44]. This way the corresponding potential shift of
band structure of spin up and spin down are different and the
system may become half metallic. Kan et al. [44] have shown
that replacing the terminating H atoms of one edge of zigzag
ribbon by NO2 groups and the other edge with CH3 groups
turns the ribbon into half-metal. Wu et al. [42] also suggested
that half-metallicity can be realized in zigzag nanoribbons
while one edge is modified with OH and the other edge is
decorated with NO2 or SO2.

Chemical modification of armchair nanoribbons is also
effective to engineer their band gaps. Saturation of the
edge of armchair nanoribbons by B attachment as a
bridge between edge carbon atoms in the planar direction
(Figure 3(b)) results in metallic behavior of the system,
while N attached at the same geometry widens the gap

(a) (b)

Figure 3: Armchair nanoribbon with edge saturation by (a) H and
(b) B.

of the ribbon [38]. However, substitution of both edges
by B or N keeps the ribbon substantially unchanged [48],
while full half-metallicity can be achieved by substitution
of one edge carbon by B atoms and the other edge by N
atoms [50]. Decorating the edge of armchair nanoribbons,
which are nonmagnetic semiconductors, in the position
of Figure 3(b) by transition metals provides ferromagnetic
or antiferromagnetic states depending on the type of the
decorated atom [38]. However, edge functionalization of
armchair ribbon by functional group NH2 does not alter the
electronic properties of the nanoribbon since the impurity
states are located far away from the Fermi level [48].

2.2. Substitution. Substitution of one or more carbons of
the nanoribbon by introducing impurities to the system is
another effective way to control the electronic properties of
the nanoribbons. Intrinsically B and N impurities play the
role of p-type and n-type doping in carbon-based materials.
But in nanoribbons the doping process is extremely sensitive
to the dopant position and density, type and width of the
ribbon [40, 51, 52]. If B(N) substitution occurs in the
center of the armchair ribbons, the defect states appear close
to the bottom (top) of the conduction (valance) band of
the pristine ribbon, but the Fermi energy is shifted in the
conduction (valance) band, resulting in a semiconductor-
metal transition, rather than doping [48]. However by B and
N substitution at the ribbon edges, the impurity levels are
always very far from the Fermi energy and the electronic
properties of the ribbon are substantially unchanged [48],
while substitution of edge atoms in zigzag nanoribbons
induce semiconductor-metal transition for high impurity
densities, but do not give impurity levels close to the top or
bottom of the gap [48].

Zheng et al. [50] have shown that zigzag nanoribbons
can be either semiconducting, half metallic, or metallic by
controlling the distance of the N or B impurity atoms to the
edge. In these ribbons half metallicity can be achieved by
substitution of one edge carbon with B atoms and the other
edge with N atoms [50]. Half-metallicity can be also achieved
by replacing middle zigzag chains of a zigzag nanoribbon
by B-N chains (Figure 4) [53]. Replacing periodically the
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Figure 4: Hydrogen saturated zigzag nanoribbon. The middle
zigzag chains of carbon are substituted by B–N chains.

armchair chains across the zigzag nanoribbon by B-N chain
will also result in half metallicity [54].

2.3. Adsorption. Substitution of N and B has be shown to
have significant effect on the electronic structure of nanorib-
bons. However controlling the doping site and density is a
key factor in achieving the desired properties. Adsorption
of additional atoms or functional groups is another effective
way to modify the electronic structure of nanoribbons. Yu
et al. [55] have shown that the properties of armchair
nanoribbons can be strongly modified by adsorption of N
atoms at the edge. First principle calculations of B, C, and
N adsorbed atoms on zigzag nanoribbons have also revealed
that these adatoms convert the antiferromagnetic ribbon
into ferromagnetic with high magnetic moment [46]. These
adatom prefer the sites near the edge of the ribbon. On the
other hand, NO2 and NH2 which act as strong acceptors
and donors on graphene surface can modify the electronic
structure of zigzag nanoribbons in the gap vicinity when
adsorbed at the edge, but do not act as a dopant [48].

However, adsorption of transition metals on armchair
nanoribbons turns the nonmagnetic ribbon into a magnetic
metal [56]. Depending on the width of the ribbon and type of
adsorbed transition metals, armchair nanoribbon can either
become a metal or a semiconductor with ferromagnetic
or antiferromagnetic spin alignment. Fe or Ti adsorption
makes certain armchair nanoribbons half-metallic [56].
Adsorption of Ni atom on zigzag nanoribbons was also
investigated [57].The most stable position of the adsorbed
Ni is at the edge site, which reduces the magnetic moments
of both Ni atom and the edge C due to hybridization of d
orbitals of Ni with p orbitals of C [57]. First principle studies
of adsorption of Nin and Fen clusters (n = 1–4) on zigzag
nanoribbons shows that clusters also prefer the edge sites,
and the system is more stable in antiferromagentic coupling
of the zigzag edges [57].

Zigzag nanoribbons can also become half-metallic by
deposition of the ferroelectric material polyvinylidene
flouride (PVDF) on them [43]. PVDFs generate the elec-
trostatic potential on the nanoribbon because of their
strong dipole moments. The dipole direction of PVDFs
is changeable by an external electric field, and switching
between half-metallic and insulating states in nanoribbon
may be acheived [43].

The possibility of chemical doping and related chemical
sensor properties of graphene have been demonstrated
experimentally. NO2 molecule is found to be a strong
acceptor in experimental observations [32].

3. Conductance

Understanding the effect of chemical functionalization and
edge topology on charge transport in graphene junctions is
an important issue. So far various theoretical studies of the
influence of edge geometry and chemical modifications on
the transport properties of nanoribbons have been reported
[48]. Simulations of electronic transport of realistic edge
disordered armchair nanoribbons predicts that transport
properties strongly depend on the geometry of the recon-
structed edge profile and local defect chemical reactivity [58].

Quantum transport calculations of B doped armchair
nanoribbons by substitution of carbons with B by various
doping rates indicates that depending on the energy of the
charge carrier, the transport can vary from quasiballistic to a
strongly localized regime, as a result of strong electron-hole
asymmetry induced by chemical doping [34]. The occur-
rence of quasibound states related to B impurities results
in mobility gaps as large as 1 eV, due to strong electron-
hole asymmetrical backscattering phenomena, which opens
new ways to overcome current limitations of graphene-
based devices through the fabrication of chemically doped
graphene nanoribbons [34].

Martins et al. [59] also show that substitutional B atoms
at the ribbon edge acts as scattering centers for the electronic
transport along the ribbon which breaks the symmetry of
spin-up and spin-down channels. Transport of one of the
spin channels is reduced more strongly, which gives rise to
spin-polarized transport by suitable doping [59].

First principle calculations show that presence of B and
N impurities in armchair nanoribbons results in resonant
backscattering, whose features are strongly dependent on
the symmetry and the width of nanoribbon, as well as the
position and dopants [51]. Energies of the quasibound states
are strongly dependent on the position of the impurity with
respect to the edges. When B is placed at the exact center of
the ribbon the transmission at the first plateau is insensitive
to the presence of the impurity, while B impurity at the
edge reduces the conductance due to the quasibound states
induced by the impurity [51].

Ab-initio calculations of conductance in armchair
nanoribbons with joint attachment of OH/H and phenyl
groups on their surface also shows that transport properties
depend on the adsorption sites [60]. If OH bond is located
at the ribbon edge, conductance is not affected. The same
result is obtained for NH2 adsorption at the edge of armchair
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ribbons [48]. But when the OH bond is shifted out of the
edge, the conductance is typically disturbed, and a rapid
decay in conductance is obtained by increasing the defect
density [60]. Dependence of Conductance on the defect site
and its distance from the edge was also reported by [61].

Conductance measurements of nanoribbons has been
also experimentally afforded [62]. All these studies opens the
way to manipulate graphene nanoribbon-based devices and
development of new applications based on functionalized
nanoribbons.

4. Summary and Perspectives

Graphene nanoribbon has a great potential to be used in the
future electronic applications. Working on desirable proper-
ties by modifying nanoribbons by appropriate elements or
functional groups helps us find the suitable form of graphene
nanoribbon for each application. Modification with various
types of elements and functional groups can give us a variety
of properties, such as semiconducting with a wide range
of band gap, metallic, ferromagnetic, antiferromagnetic,
half-metallic, half-semiconducting, all obtained from the
same nanoribbon. Modification of the edge or using an
adsorbate or substitution of carbons of the nanoribbon with
an appropriate host are different options to meet the desired
property from the nanoribbon. Applicability of each option
would be proven by experiments.
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[58] S. M. M. Dubois, A. López-Bezanilla, A. Cresti et al.,
“Quantum transport in graphene nanoribbons: effect of edge
reconstruction and chemical reactivity,” ACS Nano, vol. 4, no.
4, pp. 1971–1976, 2010.

[59] T. B. Martins, R. H. Miwa, A. J. R. da Silva, and A.
Fazzio, “Electronic and transport properties of boron-doped
graphene nanoribbons,” Physical Review Letters, vol. 98, no.
19, Article ID 196803, 4 pages, 2007.
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Many experimental measurements have been done on GNR conductance. In this paper, analytical model of GNR conductance is
presented. Moreover, comparison with published data which illustrates good agreement between them is studied. Conductance of
GNR as a one-dimensional device channel with parabolic band structures near the charge neutrality point is improved. Based on
quantum confinement effect, the conductance of GNR in parabolic part of the band structure, also the temperature-dependent
conductance which displays minimum conductance near the charge neutrality point are calculated. Graphene nanoribbon (GNR)
with parabolic band structure near the minimum band energy terminates Fermi-Dirac integral base method on band structure
study. While band structure is parabola, semiconducting GNRs conductance is a function of Fermi-Dirac integral which is based
on Maxwell approximation in nondegenerate limit especially for a long channel.

1. Introduction

Graphene consist of a single sheet of cabon atom bonded
in sp2 of hexagonal lattice structure offers a numbers of
fascinating possibilities in electronics application [1, 2].
Graphene is a gapless two dimensional material which its
confinement introduce one dimensional Graphene nanorib-
bon with a width less than the De-Broglie wavelength as
illustrated in Figure 1. The formation of band gap in GNR
resulted from the confinement of electron that form standing
waves along the chiral vector [3, 4]. The band gap of
the GNR formed that depends on its width and chirality
leads to different carrier transport phenomena [5, 6]. GNR
band structure shows electronic properties of metallic and
semiconducting just like the CNT [7]. GNR also share
similar properties with single wall CNTs (SWNTs) [8] that
have a mean free path in a range of micrometer [9, 10]
as well as carrying higher carrier densities. Unlike CNTs,
GNRs has simpler fabrication process owing to excellent
future electronic devices like transistor and interconnect
[11, 12]. Theoretical study on GNR [13–15] is still at the

beginning stage and the conductance phenomena based on
band structure are still unexplored. In this paper, physical
model of GNR conductance presented as a function of
normalized Fermi energy.

2. Conductance Modeling

Applying the Taylor expansion on graphene band energy
near the Fermi point, the E(k) relation of the GNR is
obtained as [16]

E
(−→
k
)
= ± t3aC−C

2

√
k2
x + β2, (1)

where β is quantized wave vector given by [17]

β = 2π
ac−c

√
3

(
pi

N + 1
− 2

3

)
(2)

here pi is the subband index and N is the number of dimmer
lines which determine the width of the ribbon [17] and kx
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Figure 1: A prototype one-dimensional GNR with W � λD and
L� λD for rectangular cross-section.

is the wave vector along the length of the nanoribbon. The
energy band gap can be assumed as

Eg = 3taccβ. (3)

Therefore, the modified energy relation is

E = ±Eg
2

√√√√
(

1 +
k2
x

β2

)
. (4)

Equation (5) which indicates relationship between energy
and wave vector is not parabolic, however, Square root
approximation in corporate with Taylor expansion leads to
parabolic relation between energy and wave vector [18, 19]

E(k) ≈ Eg
2

+
Eg
4β2

k2
x , (5)

E ≈ Eg
2

+
�2k2

x

2m∗ , (6)

where m∗ is the effective mass of GNR. Plotting the GNR
energy band of (5) and (7) in Figure 2, it is obviously shown
that the band structure is parabolic at certain range of energy
in E-k relationship. In parabolic part of the band energy, the
wave vector can be extracted as

k =
√

4E
3acct

− 2β2. (7)

Based on this wave vector, number of actual modes M(E) at
a given energy which is dependent on the subbands location
can be calculated. If the related energy includes the bottom of
the conduction band, then parabolic approximation of band
diagram can be used, then the mode density M(E) increases
with energy. In the valence band, information related to the
subbands are more difficult, because the coupled multiple
bands that are increasing and difficult dispersion relations are
needed.

By taking the derivatives wave vector k over the energy
E(dk/dE) of (8), the number of the mode M(E) is written as

M(E) = ΔE

Δk · L =
3at
2L

(
4E
3at

− 2β2
)1/2

, (8)

where L is the length of the nanoribbon. Now taking into
consideration of spin degeneracy, the number of conducting
channels can be finalized as

M(E) = 2
ΔE

Δk · L =
3at
L

(
4E
9at

− 2β2
)1/2

. (9)
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Figure 2: The band structure of GNR near the minimum energy is
parabolic.

A region of lowest G with respect to gate voltage in
bulk graphene is calculated and matches to the minimum
conductivity at the charge neutrality point, Vg = VDirac.
That is a fundamental constant proportional to the Planck’s
constant and electron charge

G0 = 2q2

h
, (10)

where q is electron charge and h is Plank constant. In fact,
levels of up spin and down spin in the small channels
naturally with same energy as a degenerate level result in the
minimum conductance two times larger than this amount
which is equal to 2G0. In the bad contact, conductance
measured is always lower than this value. Based on the
Landauer formula, the conductance on large channel can
follow the ohmic scaling law but in the smaller size needs to
apply two possible corrections on this law, firstly, interface
resistance which is independent of the length. Secondly,
conductance related to the width nonlinearly which depends
on the number of the modes in the conductor that is
quantized parameter, in Landauer formula, both of these
features are corporate and conductance is

G = 2q2

h

∫ +∞

−∞
dEM(E)T(E)

(
− df
dE

)
, (11)

where T is average probability of injected electron at one end
will transmit to the other end, in our ballistic channel, this
parameter is equal to one [20]. Replacement by the number
of subbands (mode numbers) corporate with Fermi-Dirac
distribution function conductance is related to the length of
nanoribon as well

G = 3q2

h

at

L
(3at)1/2

∫ +∞

−∞

(
E − 2β2

3at

)1/2

d
(
− 1

1 + e(E−EF )/kBT

)
.

(12)
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Figure 3: Comparison between GNR conductance model (Solid
line) and experimental data (dotted line) displays good agreement
between theoretical model and experimental data.

Temperature effect on nanoribbon conductance can be
seen by changing the boundary of integral as follow

G = 3q2(3πa3t3kBT)1/2

hL

×
[∫ +∞

0

x−1/2

(1/(1 + ex−η))
dx +

∫ +∞

0

x−1/2

(1/(1 + ex+η))
dx

]
,

(13)

where x = (E − Eg)/kBT and normalized Fermi energy is
η = (EF − Eg)/kBT . Presenting Fermi-Dirac integral form of
conductance is useful to understand the role of degenerate
and nondegenerate regimes.

G = 3q2(3πa3t3kBT)1/2

hL

[
I−1/2

(
η
)

+ I−1/2
(−η)]. (14)

GNR conductance model presented on (14) indicates min-
imum conductance near the charge neutrality point which
is in good agreements with experimental results as shown
in Figure 3. The presented model here provides possibility
towards emerging grapheme-based quantum devices.

Low conductance with respect to the gate voltage indi-
cates minimum conductivity at the charge neutrality point
(known as Dirac point), in the neighborhood of the charge-
neutrality, point resistance is higher and carriers follow linear
energy-momentum dispersion relations.

Unlike the three-dimensional graphene, GNRs show a
decrease in minimum conductance more than an order
of magnitude at low temperatures as shown in Figure 4.
Also the defeat of G near the Dirac point recommends the
energy gap in the GNR. However, significant shift of the
minimum conductance at Dirac point may be effect on
reduction of carrier mobility in graphene. The temperature-
dependent conductance in GNRs, compare to that of the

0 10 20 30 40 50 60
10−2

10−1

100

101

102

103

Figure 4: Conductance of GNRs as a function of gate voltage is
plotted at different temperatures.

three-dimensional graphene samples, where conductance at
Dirac point changes less with variation of temperature from
0K to 300 K shows different performance [3].

Nondegenerate approximation on Fermi-Dirac integral
can be used when Fermi level in band gap is far from
conduction and valence band age more than 3kBT . If the
Fermi level lies inside the valance or conduction band or
located 3kBT in the interior of the band edge, degenerate
approximation has to be used. Moreover, GNR length effect
can be discussed in terms of degeneracy phenomena, by
increasing the length of GNR, nondegenerate approximation
will be dominant similar to the conventional long channel
device. In the nondegenerate limit, Fermi-Dirac integral can
be converted into the exponential equation as

G = 3q2(3πa3t3kBT)1/2

hL

[
e(η) + e(−η)

]
. (15)

Reduction of nondegenerate mobility near the Dirac
point can be seen by dotted line in Figure 5, also it is shown
as a gap region appears for 25 < Vg < 30 V. Near the Dirac
point but outside of the gap region, the conductance balances
with the width of the GNR. In the other word, narrower
GNRs demonstrate the greatest dominance of minimum
conductance at Dirac point [3].

As a device channel, the active GNR width contributes in
charge transport, a narrower GNR with possible larger band
gap makes them as a semiconducting device component [21].
However, in order to apply the GNR remarkable electrical
appearance in nanoelectronic production, a band gap is
highly required in graphene, therefore, strong demand is
being made to explore the electrical properties of one-
dimensional graphene nanostructures. The Fermi level varia-
tion and number of conduction modes that contribute to the
transport in GNRs also are governed by bias voltage between
the source and drain contacts [3–6].
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the Dirac point on comparison with real conductance (red line).

3. Conclusion

Based on quantum confinement effect granting parabolic
band structure in semiconductor GNRs, conductance is a
function of Fermi-Dirac integral which is based on Maxwell
approximation in nondegenerate limit. GNR conductance
at Dirac point illustrates minimum conductance at charge
neutrality point which depends on temperature. Based on
the presented model, GNR minimum conductance decreases
by decreasing the temperature. Reduction of nondegenerate
mobility near the charge neutrality point can be related to
the minimum conductance near the Dirac point, however,
outside of the Dirac point, the conductance balances with the
width of the GNR.
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[3] M. Y. Han, B. Özyilmaz, Y. Zhang, and P. Kim, “Energy band-
gap engineering of graphene nanoribbons,” Physical Review
Letters, vol. 98, no. 20, Article ID 206805, 4 pages, 2007.

[4] Z. Chen, Y.-M. Lin, M. J. Rooks, and P. Avouris, “Graphene
nano-ribbon electronics,” Physica E, vol. 40, no. 2, pp. 228–
232, 2007.

[5] C. Stampfer, J. Güttinger, F. Molitor, D. Graf, T. Ihn, and
K. Ensslin, “Tunable Coulomb blockade in nanostructured
graphene,” Applied Physics Letters, vol. 92, no. 1, Article ID
012102, 3 pages, 2008.

[6] F. Sols, F. Guinea, and A. H. C. Neto, “Coulomb blockade in
graphene nanoribbons,” Physical Review Letters, vol. 99, no.
16, Article ID 166803, 4 pages, 2007.

[7] C. Berger, Z. Song, T. Li et al., “Ultrathin epitaxial graphite:
2D electron gas properties and a route toward graphene-based
nanoelectronics,” Journal of Physical Chemistry B, vol. 108, no.
52, pp. 19912–19916, 2004.

[8] C. Berger, Z. Song, X. Li et al., “Electronic confinement and
coherence in patterned epitaxial graphene,” Science, vol. 312,
no. 5777, pp. 1191–1196, 2006.

[9] B. Obradovic, R. Kotlyar, F. Heinz et al., “Analysis of graphene
nanoribbons as a channel material for field-effect transistors,”
Applied Physics Letters, vol. 88, no. 14, Article ID 142102, 3
pages, 2006.

[10] K. Nakada, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus,
“Edge state in graphene ribbons: nanometer size effect and
edge shape dependence,” Physical Review B, vol. 54, no. 24, pp.
17954–17961, 1996.

[11] T. Ohta, A. Bostwick, T. Seyller, K. Horn, and E. Rotenberg,
“Controlling the electronic structure of bilayer graphene,”
Science, vol. 313, no. 5789, pp. 951–954, 2006.

[12] R. Van Noorden, “Moving towards a graphene world,” Nature,
vol. 442, no. 7100, pp. 228–229, 2006.

[13] N. M. R. Peres, A. H. C. Neto, and F. Guinea, “Erratum:
conductance quantization in mesoscopic graphene,” Physical
Review B, vol. 73, no. 23, Article ID 239902, 1 pages, 2006.

[14] D. Gunlycke, D. A. Areshkin, and C. T. White, “Semiconduct-
ing graphene nanostrips with edge disorder,” Applied Physics
Letters, vol. 90, no. 14, Article ID 142104, 3 pages, 2007.

[15] J. Fernández-Rossier, J. J. Palacios, and L. Brey, “Electronic
structure of gated graphene and graphene ribbons,” Physical
Review B, vol. 75, no. 20, Article ID 205441, 8 pages, 2007.

[16] M. Lundstrom and J. Guo, Nanoscale Transistors, Springer,
New York, NY, USA, 2006.

[17] S. Thornhill, N. Wu, Z. F. Wang, Q. W. Shi, and J. Chen,
“Graphene nanoribbon field-effect transistors,” in Proceedings
of the IEEE International Symposium on Circuits and Systems
(ISCAS ’08), pp. 169–172, Seattle, Wash, USA, May 2008.

[18] M. T. Ahmadi, A. H. Fallahpour, V. Kouhdaragh, K. Dagahi,
and R. Ismail, “Band structure effect on Carbon Nanotube
Fermi energy,” International Review of PHYSICS, vol. 3, no. 44,
pp. 224–227, 2009.

[19] M. T. Ahmadi, R. Ismail, M. L. P. Tan, and V. K. Arora, “The
ultimate ballistic drift velocity in carbon nanotubes,” Journal
of Nanomaterials, vol. 2008, no. 1, Article ID 769250, 8 pages,
2008.

[20] S. Datta, Electronic Transport in Mesoscopic Systems, Cam-
bridge University Press, Cambridge, UK, 2002.

[21] A. Naeemi and J. D. Meindl, “Conductance modeling for
graphene nanoribbon (GNR) interconnects,” IEEE Electron
Device Letters, vol. 28, no. 5, pp. 428–431, 2007.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2010, Article ID 528235, 5 pages
doi:10.1155/2010/528235

Research Article

Preparation of Colloidal Dispersions of Graphene Sheets in
Organic Solvents by Using Ball Milling

Weifeng Zhao, Furong Wu, Hang Wu, and Guohua Chen

Institute of Polymer & Nanomaterials, Huaqiao University, Quanzhou, Fujian 362021, China

Correspondence should be addressed to Guohua Chen, hdcgh@hqu.edu.cn

Received 1 June 2010; Accepted 8 July 2010

Academic Editor: Rakesh Joshi

Copyright © 2010 Weifeng Zhao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A top-down method was developed for producing colloidal dispersions of graphene sheets. Graphite nanosheets comprising
hundreds of carbon layers were dispersed and gently ball-milled to exfoliate into graphene in a variety of organic solvents. After 30
hours of the shear-force-dominated grinding and a subsequent 4000 r.p.m. of centrifugation, single- and few-layer graphene sheets
were readily prepared and homogeneously and stably suspended in the good solvent medium which possesses a surface tension
value close to 40 mJ m−2, such as in N,N-dimethylformamide, at a concentration up to 0.08 mg ml−1, achieving a yield higher
than 32.0 wt%. The graphene materials in the colloidal suspension were characterized using scanning and transmission electron
microscopy and atomic force microscopy.

1. Introduction

With a strictly 2D structure and novel electronic and
mechanical properties, graphene has rapidly become an
amazing form of carbon that may be used as active com-
ponents in a wide range of applications such as field-effect
transistors [1], transparent conductors [2], liquid crystal
displays [3], electromechanical resonators [4], composites
[5], energy storage, and photovoltaic devices [6, 7]. To
accelerate the use of graphene and tailor its properties,
homogeneous colloidal suspensions of individual graphene
sheets are always expected, for various processing of the
graphene materials such as film and paper depositions,
surface modifications and functionalization chemistry of
the edges, and defects of graphene sheets are preferred
to be conducted in the liquid phase. The key point for
creating graphene suspension is overcoming the enor-
mous van der Waals-like forces between graphite layers
to yield a complete exfoliation of graphite flakes and
dispersing the resulted graphene sheets stably in a liquid
media.

In recent years, sonication has been extensively used as
an exfoliation and dispersion strategy to produce colloidal
suspensions of graphene sheets in a liquid phase [8–11]. The
starting materials vary from pristine graphite to graphite

derivatives (e.g., graphite oxide [12, 13]). This procedure
has been successful in various solvents with a surface
tension value 40–50 mJ m−2 which are good media for
graphite exfoliation [8, 14], especially with the aid of a third,
dispersant phase, such as surfactants and polymers [9, 10].
However, for the dispersions of unfunctionalized graphene
sheets without surfactants or stabilizers in common solvents,
the concentrations attainable are still low (≤0.03 mg ml−1)
[8, 14]. This might be probably due to some limitations
of sonication in graphite exfoliation. In fact, it has been
found that excessive sonication cannot lead to higher
yield of graphenes but destruct the graphene sheets [8, 9].
Herein, ball-milling was used to exfoliate graphite in a wide
variety of organic solvents including ethanol, formamide,
acetone, tetrahydrofuran(THF), tetramethyluren(TMU),
N,N-dimethylformamide(DMF), and N-methylpyrrolidone
(NMP) to create colloidal dispersions of unfuctionalized
graphene sheets. The wet ball-milling experiments were
carried out in a planetary mill which mainly exerts shear
forces on the materials [15]. Moreover, the rotating tray of
the planetary mill was controlled at a low speed to further
limit the shock forces applied by the ball impact. Due to the
weak van der Waals-like coupling between graphite layers,
the graphene sheets in graphite can slide easily with respect
to one another under the applied shear forces, creating
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Figure 1: Schematic illustration for the creation of graphene from multilayered graphite by using wet ball-milling: (a) GNs dispersed in
solvent are delaminated by mill balls in grinding process; (b) graphene sheets are formed in situ in solvent. The arrows indicate the shear
forces applied to graphite platelets.
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Figure 2: Dispersions of graphene materials in TMU (a), NMP (b),
DMF (c), THF (d) after 4000 r/min of centrifugation. All of the
samples have been kept quietly for six months.

isolated graphene sheets in the solvent media in situ, as
illustrated in Figure 1.

2. Experimental

2.1. Preparation Procedure. The starting material, graphite
nanosheets (GNs), was prepared by sonicating expanded
graphite in an ethanol solution of water as reported in the
literature [16]. All the organic solvents are of AR grade. In
a typical procedure for wet grinding, 0.02 g of dried GNs
were dispersed in 80 mL of an organic solvent (anhydrous
DMF, e.g.) by a mechanical stirring, introduced with zirconia
balls (2.0–2.5 mm in diameter, 200 g of weight) into a
poly(tetrafluoroethylene) vial, and milled in a planetary mill
at a mild rotation speed 300 r. p.m. to ensure the shear stress
is dominant. After ball-milling for 30 hours, the obtained
dark dispersion was placed quietly to let large pieces subside
completely, and then was subjected to centrifugation at
4000 r.p.m. for 30 min to remove any macroscopic aggregates
using a TGL-10B centrifuge, giving a black suspension with
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Figure 3: FTIR spectra for DMF-based graphene suspension (a)
and dried graphene product (b).

single- and few-layer graphene sheets stably suspended in the
good solvent (Figure 2.).

2.2. Characterization. Absorbance was recorded on a UV-
visible spectrophotometer (UV-1600, China) using a quartz
cell with a path length of 10 mm at room temperature.
Transmission electron microscopy (TEM) was performed on
a JEM-2010 JEOL transmission electron microscope at an
accelerating voltage of 300 kV. TEM specimens were prepared
by either drop-casting graphenes from the supernatant or
loading the microtomed epoxy composite slices of the as-
obtained graphene powder onto copper grids coated with
carbon film. Images of scanning electron microscopy (SEM)
were acquired on graphene powder without golden coating
using a LEO 1530 field-emitting scanning electron micro-
scope (Germany) at the operating voltage of 20 KV. Fourier
transform infrared spectroscopy (FTIR) of was recorded
from KBr pellets on a FTIR-84005 spectrometer (Japan).



Journal of Nanomaterials 3

0.25μm

2 nm

(a)

5 nm

(b)

50 nm

(c)

100 nm15 kv 8.6 mm × 500 k SE(U) 7/21/2009

(d)

Figure 4: Supernatant graphene sheets in DMF. (a) AFM image of the supernatant graphene deposited on a mica substrate, followed with
the corresponding height cross-section along the line in the image; the height difference between red arrows is∼1.8 nm. (b, c) HRTEM image
of separated graphene sheets embedded in polymer slice (b) and isolated flat graphene flakes solution-dropped on TEM grid, from which
scrolled edges were observed (c). (d) SEM images of restacked graphene sheets forming a paper-like layered structure.

3. Results and Discussion

Our starting material, GNs, has a nanoscale thickness
ranging from 30 to 80 nm, while the lateral size appears
much larger, which is of 5–20 μm. The features of nanometer
sized thickness and outstanding surface area are advanced
in improving the solvent-graphene layer interaction, should
make the GNs exfoliate into few- even single-layered
graphenes with great efficiency and speed.

The shear-force-type wet ball-milling/4000 r.p.m of cen-
trifugation creates a homogeneous, highly stable, dark
suspension of graphene in the good solvents as shown in
Figure 2. What is notable is that the as-prepared dispersions
are very stable at room temperature; sedimentation can
hardly occur within nearly three weeks of quiet placement
except for slight aggregations. The agglomerated graphene
particles remaining well suspended in solvent could be read-
ily re-dispersed by a simple diluting, for a high concentration
will lead to gelation over time. Furthermore, in a low
concentration suspension, no aggregations were observed
after being placed quietly for long periods of time (at least
six months), indicating an entire dispersion of individual
graphene sheets. After evaporating solvent under vacuum

and repeated washing with ethanol, dried powder sample
with a high purity were obtained for characterizations and
for plotting standard curves of absorption. As shown in
Figure 3, no DMF absorption features are observed in the
graphene product FTIR spectrum which appears featureless,
indicating a complete removal of the residual organics by
repeated washing.

Figure 4(a) displays the typical AFM image of isolated
graphene sheets evaporated from their dilute dispersion on
freshly cleaved mica support. Topographic heights of the
sheets estimated from the cross-sectional profile were found
in the range of 0.8∼1.8 nm, an indicative of single- and
few-layer graphenes. High-resolution transmission electron
microscopy (HRTEM) is also a powerful technique used
extensively to provide definitive identification of graphene
materials. The cross-sections of graphene sheet show pre-
dominantly one line for a single-layer graphene, and several
condensed dark lines for a few-layer sheet. HRTEM images
of the supernatant materials in slice clearly give their cross-
sections by a direct visualization (Figure 4(b)). Individual
one dark lines with a thickness ∼0.5 nm (corresponding to
single atom carbon layers) can be readily identified. Few-
layer graphene sheets composing two or several dark lines
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Table 1: Fraction of graphene remaining after centrifugation.

Solvent Surface tension (mJ m−2)
Remaining after 4000 r.p.m. of centrifugation

Concentration (μg/ml) wt% remaining

NMP 41 88.9 35.56

TMU 34.7 88.28 35.31

DMF 35.2 96.67 38.67

THF 26.4 76.03 30.41

Acetone 23.7 66.6 26.64

Ethanol 22.27 10.32 4.128

Formamide 58.35 3.67 1.468
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Figure 5: Plot of optical density at 660 nm versus graphene
concentration. The straight line is a linear least squares fit of the
experimental points.

were observed. Typically flat sheets deposited onto grid
show a lateral size about 100–200 nm which is similar to
that observed from the AFM image, and scroll on edges at
times (Figure 4(c)). Due to the high-specific surface area,
the graphene sheets have a significant tendency to restack,
forming a paper-like layered structure when the solvent was
evaporated (Figure 4(d)).

The good stability of the graphene suspensions enables
the weight content of supernatant graphenes to be monitored
using UV-vis spectroscopy, providing a reliable way to deter-
mine the graphene yield. As such, the as-prepared purified
graphene samples from DMF were carefully weighted and
readily redispersed in NMP with an agitation and a followed
sonication of less than 1 min, giving a stable and homoge-
neous dispersion. The absorption spectra of the graphene
NMP suspensions with different concentrations were then
measured. It was found that the absorbance was well in line
with the relative graphene contents in NMP, obeying Beer’s
law perfectly in the given range of concentration. By plotting
the optical absorption values at 660 nm of wavelength versus
concentrations, a standard curve was generated, with an
R value of 0.999 (Figure 5.). According to Beer’s law, the
extinction coefficient was determined to be 1020 Lg−1m−1.
Linear relationship between the absorbance and the relative

concentrations of graphene at other wavelength, 270 nm
for example, has also been observed, which strictly follows
Beer’s law too. The results suggest that the graphene samples
had been re-dispersed well in NMP medium before the
absorption measurements.

By measuring the absorbance of the as-centrifuged
graphene suspensions at 660 nm wavelength which matches
the standard curve, the concentration of the supernatant
graphene could then be calculated. Table 1 lists the contents
of graphene remaining in solvents of different surface
tensions after centrifugation at 4000 r.p.m. According to
literatures [8, 17, 18], the values of surface tensions of
graphene layers close to 40 mJ m−2. In the good solvents with
the surface tensions matches that of graphene sheets, such
as DMF, NMP, and TMU, the graphene concentrations up
to 0.08 mg ml−1 are significant higher compared with the
case of ethanol and formamide where less than 5.0% of the
materials remained. Colloidal suspension of single- and few-
layer graphene sheets with a concentration ∼0.096 mg ml −1

has been achieved in DMF, and the mass fraction remaining
after centrifugation—which is also the yield for graphene—
reaches higher than 38.0 wt%.

4. Conclusions

An effective method for creating colloidal suspensions of
graphene sheets without the use of surfactants/stabilizers was
proposed via exfoliating GNs in organic liquid media using
wet ball-milling process. In the good solvents for graphite
exfoliation including DMF, NMP, and TMU, suspensions of
sigle- and few-layer graphene sheets can be produced facilely
at a significantly high yield without any recycling. The ability
to provide stable suspensions of graphene sheets in organic
solvents with such a high concentration should facilitate
the processing of graphene materials remarkably. We believe
that either theoretical investigations or practical applications
related to graphene, such as functionalization chemistry
of the sheet edges, and graphene surface modification will
benefit a lot from this bulk exfoliation technique.
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To elucidate the effect of the work function on the position of the Dirac point, we fabricated graphene devices with asymmetric
metal contacts. By measuring the peak position of the resistance for each pair of metal electrodes, we obtained the voltage of the
Dirac point VDirac

g (V) from the gate response. We found that the position of VDirac
g (V) in the hybrid devices was significantly

influenced by the type of metal electrode. The measured shifts in VDirac
g (V) were closely related to the modified work functions of

the metal-graphene complexes. Within a certain bias range, the Fermi level of one of the contacts aligned with the electron band
and that of the other contact aligned with the hole band.

1. Introduction

The electrical properties of nanosized devices are signif-
icantly influenced by the characteristics of the electrical
contacts in the devices. In devices in which a carbon
nanotube (CNT) conducting channel is in contact with a
metal, the carrier type of the device (hole or electron) can
be selected by appropriate positioning of the Fermi level at
the interface between the metal and the CNT channel [1–4].
The Schottky barrier at the metal electrode/semiconducting
channel interface is determined by the energy difference
between the metal work function and the electron affinity
of the channel. Metal electrodes with low work functions
are typically used for electron injection into the conduction
band whereas metal electrodes with high work functions are
adequate for hole injection into the valence band. In practice,
however, it is difficult to find appropriate electrode metals
with optimal work functions that are suitable for use with
particular conducting channels [5, 6]. If the work function of
the metal electrode could be varied systematically, it would
be possible to precisely tailor the electrical properties of a
device, thereby modifying the energy level alignment near
the electrode/semiconductor interface.

On the other hand, substitutional impurity doping
techniques used in the conventional bulk semiconductor

industry encounter many challenges when applied to carbon-
based nanodevices, such as CNTs and graphene devices,
due to the nonuniformity of the doping and the perfect
covalent bonding structure of the carbon nanostructures.
Precise control over the electrical properties of CNT devices
is essential for future electronic device development [7]. As
an alternative to impurity doping, contact doping may be
used to modify the barrier height between carbon-based
conducting channels and metal electrodes. Charge transport
in most CNT field-effect transistors (FETs) is strongly
influenced by the Schottky barrier between the nanotubes
and the contact electrode. Under normal conditions, CNT-
FETs fabricated to date have shown only p-type operation
[8]. The reason why CNT-FETs exhibit characteristic p-
type behavior has long been a topic of debate [9, 10].
Previously, hole doping by environmental oxygen molecules
was believed to be the principal cause of the p-type behavior
of CNT-FETs [11, 12]. However, it is now generally agreed
that p-type behavior arises from the low-lying Schottky
barrier for hole transport at a high work function metal-CNT
interface [13]. The position of the Fermi level at the interface
between the metal electrode and the CNT channel should
be a key parameter governing the transport characteristics in
these devices.
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Figure 1: Two-probe electronic transfer characteristics measured
in graphene transistors with various metal contacts. The arrows
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g (V). The
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g (V) were +1.26 V (Pd), −3.92 V (Pt),
−13.12 V (Au), and −24.33 V (Ni).

Because graphene is a zero-gap semiconductor with
a linear dispersion relation near the Fermi level [14],
graphene devices with metal electrodes may show Fermi
level positioning effects similar to those observed in CNT
devices. By adjusting the Fermi level pinning position, we
can intentionally select whether the charge carrier passing
through the contact barrier is an electron or hole. The con-
trolled adjustment of the Dirac point is not only of scientific
interest but also is employed in the fabrication of graphene-
based devices. Previous studies have modulated the Dirac
point by varying the concentration of external dopants or by
applying an electrostatic bias [15, 16]. However, this type of
Dirac point adjustment arises from channel doping, not from
Fermi level positioning effects.

In previous transport experiments, the position of the
Dirac point has appeared to be arbitrary. The effects of metal
contact, edges, defects, and adsorbed species were thought
to be intertwined in some nonlinear fashion and, therefore,
were difficult to separate [17–21]. The effects of the metal
contacts were particularly intriguing because most transport
measurements are expected to depend fundamentally on
the metal-graphene interface [22, 23]. In the present paper,
we investigated the role of the metal work function on the
position of the Dirac charge neutrality point VDirac

g (V) by
measuring the gate transfer characteristics of graphene tran-
sistors with asymmetric metal contacts. A variety of metal
electrodes that bind physically or chemically to graphene
were employed as contact electrodes, and we confirmed that
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Figure 2: Averaged voltages of Dirac points in the gate response
as a function of the metal work function. Inset: scanning electron
micrograph image of a typical graphene field effect transistor used
in this experiment.

the Dirac point VDirac
g (V) could be modified by varying the

metal work function and the metal-graphene interaction. By
employing asymmetric metal electrodes, we demonstrated
that it was possible to simultaneously inject different types
of charge carrier into the same graphene channel.

2. Experimental

Graphene sheets were micromechanically cleaved from
a highly oriented pyrolytic graphite (HOPG) sample.
Graphene devices were prepared on a heavily doped Si
substrate with a 300 nm thick, thermally grown SiO2 layer.
Once a suitable graphene sheet was characterized by optical
microscopy and atomic force microscopy, deep UV lithog-
raphy and electron-beam (e-beam) lithography were used
to generate electrode patterns on the selected graphene
sheet. To minimize chemical contamination, we used only
a PMMA resist during the fabrication process. Source and
drain electrodes were formed by depositing one of a variety
of metals with different work functions by either sputtering
(for Co, Ni, Ti, Cr, Pd, or Au) or electron-beam evaporation
techniques (for Pt, Ag, Au, Ti, Pd, or Al). The film deposition
technique did not significantly affect the position of the
Dirac point. Devices with hetero-metallic contacts were
subjected to two identical e-beam lithography procedures. To
discriminate the effect of metal work function, all fabrication
parameters were kept constant as much as possible, and the
same fabrication process and device layout were used. The
inset of Figure 2 shows a scanning electron microscopy image
of a typical graphene transistor with metal electrodes. A
heavily doped Si substrate was used as a back gate to control
the carrier concentration in the graphene devices, and the
channel lengths of the devices were kept at approximately
2 µm.
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3. Results and Discussion

First, we address the transport characteristics of the graphene
devices with symmetric source and drain contact electrodes.
The channel doping effects due to the adsorption of
molecules on the surfaces of the graphene channel were min-
imized by preparing all devices under identical fabrication
conditions, with the only difference being the identity of the
metal electrode. We measured the gate-dependent resistance
of the graphene devices, as shown in Figure 1. The positions
of the resistance peaks designated by arrows correspond to
the Dirac points at the metal-graphene interfaces, and these
positions depended on the type of metal electrode. Only the
Pd-contact device showed a positive peak voltage, implying
that the Fermi level was aligned with the hole band of the
graphene channel. In contrast, other materials (Pt, Au, and
Ni) showed a negative Dirac peak voltage.

The relation between the peak position and the metal
electrode was inferred by plotting the average voltage of the
Dirac point VDirac

g (V) of the gate response as a function of
the bare metal work function, as shown in Figure 2. VDirac

g

(V) was obtained from the average value measured in 4–6
devices. Because the metal contact, as an electron reservoir,
determines the Fermi level of the graphene, VDirac

g (V) may
be related to the metal work function. At first glance, VDirac

g

(V) appears to be closely correlated with the magnitude of
the bare metal work function [24]. However, some deviations
from the expected values are readily identified, especially for
contact materials with good wetting properties, such as Ti,
Cr, and Co. Because the density of states in graphene is much
lower than that in an electrode metal, even small amounts of
electron transfer near the interface will significantly shift the
Fermi level [22]. Thus, the interface charge transfer between
the metal and graphene is another governing parameter
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Figure 4: Gate response curves measured from a symmetric Au-
contact graphene device (1-2), a Ni-contact device (3-4), and an
asymmetric-contact device containing Ni and Au contacts (2-3).
Inset: Optical microscope image of graphene with asymmetric
hetero-metal electrodes (Au, Ni).

for the Fermi level alignment, particularly in regards to
the good wetting properties of the metal electrode to the
graphene channel. Accordingly, we classified the metals into
two groups: those physisorbed onto graphene (Al, Au, and
Pt) and those chemisorbed onto graphene (Ti, Ni, Co, and
Pd). In previous theoretical studies [22, 23], the electronic
structure of the metal surface in contact with the graphene
over layer was investigated, and the movement of the Fermi
level of graphene was obtained with respect to the work
function of the metal-graphene complex.

We replotted the average VDirac
g (V) of the gate response

as a function of the “modified work function” of the metal-
graphene complex, as shown in Figure 3. The modified work
function values in Figure 3 were derived from [22, 23]. When
plotted in this way, VDirac

g (V) could be separated into two
groups—physisorbed (weak bonding) metal electrodes and
chemisorbed (strong bonding) metal electrodes—with the
exception of Ag. Within each of these groups, the movement
of the Dirac point of the gate response was almost directly
proportional to the work function of the metal-graphene
complex. The Ag-contact device, which did not fall into
either group, appeared to show a much stronger binding
behavior than what would be predicted by theoretical
calculations [22]. The deviation of the Ag electrode device
from the expected behavior may originate from some other
type of strong bonding near the interface. Further theoretical
and experimental studies are required to understand the
discrepancy of this system.
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Next, we employed asymmetric hetero-metal electrodes
(Au, Ni) and (Pd, Au) in graphene devices to more
clearly observe the effects of the metal work functions.
Within a single device, we fabricated 4 electrodes using
two different types of metal, as shown in Figures 4 and 5.
Figure 4 compares the I-Vg characteristics measured from
a symmetric Au-contact graphene device, an Ni-contact
device, and an asymmetric-contact device containing Ni
and Au electrodes. The measured VDirac

g (V) values for the
three measurement configurations were −12.08 V, −21.51 V,
and −18.28 V, respectively. As shown, the Dirac point of
the Au–Ni-contact graphene device was situated between
that of the Au-contact device and that of the Ni-contact
graphene device, confirming that the work function of the
contact metal indeed significantly influenced the electronic
properties of graphene. A Pd electrode with a large VDirac

g (V)
and an Au electrode were paired to fabricate a bipolar contact
device: one contact injected electrons, and the other injected
holes through the respective contact barriers.

Figure 5 shows the gate response curves of the graphene
device containing Pd and Au hybrid contacts. The measured
VDirac
g (V) values for the three measurement configurations

were −2.38 V (Pd–Pd), −12.27 V (Pd–Au), and −13.98 V
(Au–Au), respectively. The VDirac

g (V) of Pd–Pd in this par-
ticular device was slightly smaller than the value (+1.97 V)
measured for the averaged symmetric devices, as shown in
Figure 2. The Pd–Au-contact graphene devices were situated
between the Au-contact device and the Pd-contact graphene
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Figure 6: Gate response of the resistance of graphene devices
produced using different resists (e-beam resist or photoresist) in the
fabrication process.

device. Within the gate bias range from −2.38 V to −13.98 V,
the Fermi level for the Au contact side aligned at the electron
band. On the other hand, the Fermi level for the Pd contact
side was positioned at the hole band, as shown in the right
inset of Figure 6. Transport measurements within this bias
range may detect interesting phenomena originating from
the mixed type of charge carriers in the graphene conducting
channel.

Another interesting experimental observation to note is
the effect of the polymeric resist on the movement of the
Dirac point. When we fabricated graphene devices using a
different type of resist solution (a AZ5214 photoresist instead
of the PMMA electron beam resist used for the previous
measurements), the resulting devices showed Dirac point
voltages that were shifted by 10 V in the positive direction
(see Figure 6). Note that the global shape of the gate response
curve and the resistance did not depend on the resist used.
The gate response curve shifted in a parallel direction while
maintaining the curve shape commonly observed in CNT
devices, which is known to arise from channel doping and
not from contact modification [2]. Doping at the graphene
channel surface originated from the chemical composition
of the photoresist. Note that the previous experiments used
the e-beam resist (PMMA) to fabricate the graphene devices.
The sensitivity to the type of resist may be one reason why
the VDirac

g (V) appeared to be arbitrarily positioned in pre-
vious transport experiments [18–20]. Annealing processes
commonly used for graphene devices may help remove the
residual chemical species from the photoresist, which could
minimize channel doping effects [25]. After removing the
channel doping by the proper techniques, the position of the
Dirac point at the interface between the metal electrode and
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the graphene should be governed by the work function of the
metal-graphene complex.

4. Summary

We have studied the positioning of the Dirac point in
graphene devices with asymmetric metal electrodes by mea-
suring the transport properties of the devices. We found that
the positioning of VDirac

g (V) in hetero-metal contact devices
was strongly influenced by the modified work function
values of the metal-graphene complexes. The asymmetric
metal contact electrodes showed Fermi levels that were
aligned at one contact with the electron band and at the other
contact with the hole band, within a certain bias range. This
result demonstrates that it is possible to simultaneously inject
different types of charge carriers into the same graphene
channel. Finally, we found that the type of the resist shifted
VDirac
g (V) significantly via channel doping.
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The intrinsic feature of graphene honeycomb lattice is defined by its chiral index (n,m), which can be taken into account when
using molecular dynamics. However, how to introduce the index into the continuum model of graphene is still an open problem.
The present manuscript adopts the continuum shell model with single director to describe the mechanical behaviors of graphene.
In order to consider the intrinsic features of the graphene honeycomb lattice—chiral index (n,m), the chiral-tube vectors of
graphene in real space have been used for construction of reference unit base vectors of the shell model; therefore, the formulations
will contain the chiral index automatically, or in an explicit form in physical components. The results are quite useful for future
studies of graphene mechanics.

1. Introduction

A one-atom-thick layer of graphite called graphene is the
“mother” of all graphitic forms. Graphene is a 2D building
material for carbon materials of all other dimensionalities.
It can be wrapped up to 0D buckyballs, rolled into 1D
nanotubes, or stacked into 3D graphite [1–3]. Figure 1 is a
famous picture take on from [3].

The graphene has attracted attention because of its
unusual two-dimensional structure and potential for appli-
cations. Owing to its exceptional mechanical properties and
low mass density, graphene is an ideal material for use in
nanoelectromechanical systems (NEMS), which are of great
interest both for fundamental studies of mechanics at the
nanoscale and for a variety of applications, including force,
position, mass, and gas sensing [4].

Graphene research has developed at a truly relentless
pace. Several papers appear every day; comprehensive
reviews have been done by the graphene pioneers [2,
3]. Geometrically, the graphene can be considered as an
“almost” 2D material due to its very small thickness at only
one-atom. The 2D feature of the graphene makes it possible
to directly use well-formulated 2D continuum shell model to
simulate its deformation, vibration, and buckling [1–3].

Although many features of the graphene can be described
by relativistic quantum mechanics and molecular dynamics,
the continuum modeling is still useful and crucial for ratio-
nal device design and interpretation of experimental results.
Because experiments at the nanoscale are extremely difficult
and atomistic modelling remains prohibitively expensive
for large-sized atomic system, it has been accepted that
continuum models will continue to play an essential role
in the study of carbon nanotube [5]. The validity of using
continuum models for nanotube and graphene has been sup-
ported by both experimental results and molecular-dynamics
simulation, all previous investigations on nanotube have
indicated that the laws of continuum mechanics are still valid
to some extent even in nanoscale. The success of continuum
models to nanotube gives us confidence to predict that
contunuum modelling is going to be also valid for graphene
mechanics analysis [6, 7].

Within the frame of classic continuum mechanics, there
is a well-formulated branch-theory of shell [8–14]. It deals
with a special 3D continuum shell; its thickness is very much
smaller than its width and length. The deformation of the
thinner 3D shell can be considered as a 2D middle surface
with a small thickness, and all off-middle surface quantities
can be presented in terms of middle surface. In this way, the
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Figure 1: Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be
wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite.
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Figure 2: Paramterization of the reference and current configura-
tions B and S; the departion mapping and basis vectors.

3D thinner shell problem is being converted into a 2D surface
problem with a small thickness. Based on this understanding,
it is to believe that the shell theory should be the best
continuum mechanics model for graphene mechanics.

Regarding the mechanics modeling of the graphene,
most of literature considered the graphene as a 2D pre-
stretched membrane with zero thickness [15–18], and some
considered the graphene bending properties [19–22]. Since
monolayer graphene is very thin, to some extent the mem-
brane theory could be very simple and quite good estimate
model, but for tiny and delicated NEMS devices, any small
thing must be taken into account as it might has a significant
impact on graphene, for instance, graphene’s thickness [3, 6].

Although graphene’s thickness is very small, one layer
graphene thickness is 0.335 nm [5], but it cannot be ignored
as zero, because the thickness plays a key role to supply a
bending stiffness. The graphene should be modelled as a very
thinner 3D object by shell theory [8–14].

The current shell theory [8–14] can be directly applied
to the deformation analysis of nanostructures, for instance,
[7, 22]. Reference [22] considered the effects of surface
tension on the elastic properties of nanostructures, and [7]
discussed a promised nanomaterials nanotorus. However,
how to introduce the chiral index (n,m) into continuum
model of the graphene is still an open problem. The
present manuscript adopts the continuum shell model with
single director to describe the mechanical behaviors of
graphene. In order to consider the intrinsic features of the
graphene honeycomb lattice-chiral index (n,m), the chiral-
tube vectors of graphene in real space have been used for
construction of reference unit base vectors of the shell model;
therefore, the formulations will contain the chiral index
automatically, or in explicit form in physical components.
The results are quite useful for future studies of graphene
mechanics.

The paper is organized as follows. Some elasticity
concepts and kinematics of a deformable surface will be
introduced in Section 2; the parameterization of single
director shell and deformation mode will be demonstrated
in Sections 3 and 4. The basis vectors will be established
in Section 5. The deformation gradient for both with and
without predeformation will be formulated in Sections 6 and
7. The explicit form of the chiral index (n,m) in the physical
components will be shown in the Section 8.

2. Some Elasticity Concepts

2.1. Configuration, Deformation, and Parametrization. Let
B represent the stress-free or reference placement of the
physical body with boundary ∂B. Points of B are indentified
by X ∈ B. Let B be parametrized by the one to one point
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mapping function Φ, such that B = {X = Φ(ξ1, ξ2, ξ3) ∈
R3 | (ξ1, ξ2, ξ3) ∈ Ω} where Ω ⊂ R3 2 is the parametric
image of the body under the inverse mapping Φ−1. Denote
the deformed configuration of the body by S with the
boundary of S given by ∂S. Points in S are identified by x ∈ S.
The time-dependent configurations are parametrized by one
to one point mapping function Φ, such that S = {x =
Φ(ξ1, ξ2, ξ3, t) ∈ R3 | (ξ1, ξ2, ξ3) ∈ Ω, t ∈ [0,T], x|∂dS =
x} where Φ(ξ1, ξ2, ξ3, t)|t=0 ≡ Φ0(ξ1, ξ2, ξ3) and x is the
prescribed placement of points on the boundary ∂dS where
the placement is given. The deformation mapping χ : X ∈
B → x ∈ S is given parametrically by χ(X, t) = Φ ◦
Φ0−1

. Note that χ(X, 0) = 1 is the identity mapping.

2.2. Tangent Basis Vectors and the Deformation Gradient.
By differentiating the mapping function x with respect
to curvilinear coordinate (convected coordinate) function
ξi(i = 1, 2, 3), the tangent basis vectors are obtained
gi(ξ1, ξ2, ξ3, t) = x,i(ξ1, ξ2, ξ3, t). The fact that the tangent
basis vectors are linearly independent is expressed by the
relationship g1 · (g2 × g3) > 0. The reference or undeformed
tangent basis vectors Gi are obtained by particularizing the
current basis vectors to t = 0, hence Gi = X,i(ξ1, ξ2, ξ3). The
dual basis vectors gi and Gi are defined by the orthogonality
condition gi ·g j = δij , Gi ·G j = δij . The deformation gradient
is the mapping F : R3 → R3 and is obtained by taking the
material gradient of the deformation mapping χ as F = Tχ ∈
GL+(3), where GL+(3) = {F ∈ R3×3 | det(F) > 0}. In terms
of the parametrization, F is given by F = Tχ = ΔxΔX−1.
Using the above relations, the deformation gradient F can be
given in terms of the current tangent basis vectors and the
reference dual basis vectors by F = gi ⊗ Gior in a coordinate
format as F = FiJgi ⊗ GJ , where FiJ = ∂xi/∂XJ , with relations
FT = Gi ⊗ gi, F−1 = Gi ⊗ gi, and F−T = gi ⊗ Gi. Then,
the determinant of the deformation gradient J is given by
J = det F = j/ j0, j = detΔx = g1 · (g2 × g3), j0 = det ΔX =
G1 · (G2 ×G3). Since the current and reference tangent basis
vectors are linearly independent, so have j0 > 0, j > 0, J > 0.

3. Parameterization of Graphene Shell Model

The variable pair (r, d) is chosen normally as kinematic
variable, in which r is the position vector and d is the
director field of mid-surface. Since they are vectors, so the
calculations corresponding to these quantities also operate
in vector space.

The reasonable parameterization of director field plays
a central role in development of shell models. The director
field is decomposed into a positive magnitude parameter
λ and the inextensible component or unit director field t,
d = λt, where λ = |d|, t · t = 1, t = d/λ. The unit
director field t is parameterized by two independent angles,
that is, t = t(ψ1,ψ2) = {sinψ1 cosψ2 sinψ1 sinψ2 cosψ1}.
The advantage of this kind of representation of t is that
the variational calculation is very simple, for instance, δt =
t,1δψ1 + t,2δψ2.
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t

x2

x1

x3

Figure 3: Parameterization of single director.
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Figure 4: Single director shell model middle surface and director
field.

4. Single Director Kinematic
Modelling of Graphene

The variable pair (r, d) is chosen normally as kinematic
variable, in which r is the position vector and d is the director
field of deforemed mid-surface and denoting R and D being
the position vector and single director on the middle surface
of undeformed configuration.

According to the long tradition of shell research [8–
14], the single director field in reference or undeformed
configuration can be written as

X = R
(
ξ1, ξ2, t

)
+ ξD

(
ξ1, ξ2, t

)
. (1)

The single director field in current configuration can be
written as

x = r
(
ξ1, ξ2, t

)
+ ξd

(
ξ1, ξ2, t

)
. (2)

Thus, the points in the body are indentified as the mid-
surface mapping r or R plus the distance ξ along the director
d or D.

The deformation mode of shell is such that points
intially defined along straight fibers, that is, indentified as
the distance ξ above or below the mid-surface along the line
defined by the initial director D, remain a straight fibers.
From the physical point of view, the solution to the shell
problem, under the single director kinematic assumption,
can be considered as the solution for the shell mid-surface
plus the solution for the director which orients points along
thickness fibers.
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Figure 5: Deformation mode of the single director shell model.
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Figure 6: The (n,m) nanotube naming scheme can be thought of
as a vector (Ch) in an infinite graphene sheet that describes how
to “roll up” the graphene sheet to make the nanotube. T denotes
the tube axis, and a1 and a2 are the unit vectors of graphene in real
space. http://en.wikipedia.org/wiki/Carbon nanotube.

Let us now check, from geometric understanding,
whether the single director kinematic assumption could
capture the main characteristics of shell deformation. Finite
membrane stretch is captured by the deformation of the
mid-surface map r; finite bending strains are modeled by
the spatial gradient of the director d; transverse shear strain
is accounted for by measuring the relative rotation of the
director d with respect to the normal to the mid-surface.
The thickness change can be represented by the difference of
magnitude of initial and current director.

5. Establishment of Unit Base Vectors in
the Reference State
(Undeformed Graphene Sheet)

The way the graphene sheet is wrapped is represented by a
pair of indices (n,m) called the chiral vector. The integers
n and m denote the number of unit vectors along two
directions in the honeycomb crystal lattice of graphene. If
m = 0, the nanotubes are called “zigzag”. If n = m, the
nanotubes are called “armchair”. Otherwise, they are called
“chiral”.

The orthogonal base vectors in the reference state of the
grapheme can defined as follows: let a1 be a base vector e1,
normal base vector of the grapheme plane is e3 = a1×a2/|a1×
a2| = (2/

√
3)(a1 × a2), and then e2 = (2/

√
3)a2 − (1/

√
3)a1.

The chiral vector Ch can be expressed as follows in terms of
orthogonal base vectors: Ch = (n+(

√
3/2)m)e1 +(

√
3/2)me2.

The tube axes vector T is orthogonal to the chiral vectors,
that is, T · Ch = 0, then we have T = (

√
3/2)me1 − (n +

(
√

3/2)m)e2.The no-orthogonal base vectors {a1, a2, e3}can
be represented by orthogonal base vectors {e1, e2, e3}.

Since T and Ch are orthogonal each other, we can
form another chiral-tube base vectors {Ch, T, E3}, where
the normal vector or single director field in undeformed
grapheme plane is E = Ch × T = (n2 +m

√
3)e3.

Up to now, from unit vectors of grapheme in real
space, we have formulated two base vectors {e1, e2, e3} and
{Ch, T, E}. In order to capture more information about
the deformed grapheme sheet, we will try to formulate its
shell model based on the chiral-tube base vectors{Ch, T, E};
this work has not been found in the literature. For tensor
calculation, we introduce Ei to represent the chiral-tube base
vectors as follows:

E1 = Ch, E2 = T, E3 = E. (3)

Corresponding to the chiral-tube unit base vectors
{Ch, T, E}, we can define three axes ξi(i = 1, 2, 3), for
instance, the any point in the graphene plane can be
expressed as follows: ξ1Ch + ξ2T = ξ1E1 + ξ2E2 and any point
out of the graphene plane is ξ2 = ξ1E1 + ξ2E2 + ξE.

6. Tangent Basis and Deformation Gradient of
Graphene without Predeformation

If the grapheme sheet has no any predeformation, it will be
like a plane. Since E,α = ∂E/∂ξα = 0, we have the tangent
basis vectors in the undeformed configuration as follows:

Gα = Eα, G3 = E3. (4)

After the deformation, the convected tangent basis vectors in
current graphene shell configuration is defined by

gα = x,α = r,α + ξd,α, g3 = x,3 = d. (5)

The dual basis vectors are also defined by the relationships
gi · g j = δij and EI · EJ = δIJ .

Then, tangent of deformation or deformation gradient F
can be defined by

F = gi ⊗Gi = r,α ⊗ Eα + d⊗ E3 + ξd,α ⊗ Eα. (6)
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If we put ξ = 0 in (5), then the basis vectors of the mid-
surface in the current configuration can be obtained; ai =
gi|ξ=0 that is,

aα = r,α, a3 = d, (7)

and the corresponding dual basis vectors in the mid-surface
are defined by ai · a j = δij .

7. Deformation Gradient of Graphene with
Pre-Deformation

If 2D graphene is being wrapped up to 0D nanodot, 1D
nanotube, 3D stacked graphite, or been prestressed and then
undergo deformation, it means that the graphene got pre-
deformation.

After the pre-deformation, the convected tangent basis
vectors in predeformation configuration are defined by

Gα = X,α = R,α + ξD,α, G3 = X,3 = D. (8)

The dual basis vectors are also defined by the relationships

G
i ·G j = δij .

The predeformation gradient Fprewill be

Fpre = Gi ⊗Gi = R,α ⊗ Eα + D⊗ E3 + ξD,α ⊗ Eα. (9)

The after deformation gradient Fdef will be

Fafter = gi ⊗G
i = r,α ⊗G

α
+ d⊗G

3
+ ξd,α ⊗G

α
. (10)

According to the superposition of deformation gradient, the
total deformation gradient will be

FTotal = Fdef Fpre =
(

gi ⊗G
i
)(

Gi ⊗Gi
)
= gi ⊗Gi

= r,α ⊗ Eα + d⊗ E3 + ξd,α ⊗ Eα.
(11)

The associated Jacobian determinants are given by

J = det(F) = j

j0
, j = g1 × g2 · g3, j0 = E1 × E2 · E3,

(12)

and from (8) and (9), and if we denote the director field
gradient as

d,α = κ
β
αaβ + κ3

αd, D,α = K
β
αAα + K3

αD. (13)

then, we have

j = ĵ
(
1 + 2ξh + ξ2κ

)
, ĵ = j|ξ=0 = r,1 × r,2 · d,

j = j̃
(
1 + 2ξH + ξ2K

)
, j̃ = j|ξ=0 = R,1 × R,2 ·D,

(14)

where h = (1/2)(κ1
1 + κ2

2) , κ = κ1
1κ

2
2 − κ1

2κ
2
1 can be thought

of as the mean and Gaussian curvature in the deformed
configuration, and H = (1/2)(K1

1 + K2
2 ) ,K = K1

1K
2
2 − K2

1K
1
2

can be thought of as mean and Gaussian curvature in the
pre-deformation configuration. Since no deformation in the
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E
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F

Figure 7: The graphene sheet without pre-deformation.

undeformed graphene plane exists, so both its mean and
Gaussian curvature are zero.

For instance, the cylindrical pre-deformation [21], x1 =
R sin(2π(X1/L)), x2 = X2, x3 = R−R cos(2π(X1/L)), where L
is the width of the grapheme sheet before rolling and R is the
nanotube radius. The pre-deformation gradient in this case
is

Fpre =

⎛
⎜⎜⎜⎜⎜⎜⎝

2πR
L

cos
(

2π
X1

L

)

0
2πR
L

sin
(

2π
X1

L

)

0

1

0

⎞
⎟⎟⎟⎟⎟⎟⎠
. (15)

8. Physical Components of Some Quantities in
Terms of Chiral Index (n,m)

The chiral index (n,m) is an intrinsic parameter of graphene.
With our chiral-tube basis vectors, the influence of the chiral
index (n,m) has been introduced into deformation gradient
and can be shown explicitly in physical components.

Before going to discuss the physical components of
tensor, let us here make a remark about the physical
components of physical quantities. We should remember
that the tensor (vector) components of a physical quantity
which is referred to a particular curvilinear coordinate
system may or may not have the same physical dimensions.
In this case a great convenience arises because we would
like to keep our freedom in choosing arbitrary curvilinear
coordinates. For this reason, we must distinguish the tenos
components from the “physical components”, which must
have uniform physical dimensions, but they do not transfer
conveniently under coordinate transformations.
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First of all, let us consider the physical components
of a vector u = uigi = uigi. It is clearly that the base
vectors gi and gi are in general not unit vectors. In fact, their

lengths are |gi| = √gi · gi = √
gii, |gi| =

√
gi · gi =

√
gii,

i not in summation. Then ĝi = gi/
√
gii, ĝi = gi/

√
gii are unit

vectors. With the notation of the unit vectors, the vector can
be rewriten as

u = uigi = ui
√
giiĝi ≡ ûiĝi = uigi = ui

√
giiĝi ≡ ûiĝi, (16)

where ûi = ui
√
gii, ûi = ui

√
gii will have the same physical

dimensions. It is seen that ûi are the components of v
resolved in the direction of unit vectors ĝi which are tangent
to the coordinate lines, and that ûi are the components
of u resolved in the direction of unit vectors ĝi which are
perpendicular to the coordinate planes. So the components
ûi and ûi are called the physical components of the vector u,
and ĝi and ĝi are physical base vectors. This means that that
the physical components of a vector u can be defined as the
components of u resolved in the directions of a set of unit
vectors which are parallel either to the set of base vectors or
to the set of reciprocal base vectors.

Similarly, for the reference or undeformed state, then
Êi = Ei/

√
Gii , Êi = Ei/

√
Gii. For tensor calculation, we define

the chiral-tube unit physical base vectors as

Ê1 = Ch

|Ch| , Ê2 = T
|T| , Ê3 = E3

|E3| , (17)

where |Ch| =
√

Ch · Ch =
√

(n + (
√

3/2)m)
2

+ ((
√

3/2)m)
2
,

|T| =
√

(n + (
√

3/2)m)
2

+ ((
√

3/2)m)
2
, and |E3| = (n2 +

m
√

3). It is indicated in (14) that chiral index has been
included into the physical components of base vectors. Since
all quantities and variables must be established on the base
vectors, all of them will be represented by the chiral index.
This is the beauty of this work. For “zigzag” with m = 0, we
have Ê1 = Ch/n, Ê2 = T/n, Ê3 = E3/n2 ; for “archair” with
n = m, we have

Ê1 = 2Ch(
n
√(

7 + 2
√

3
)) , Ê2 = 2T

n
√

7 + 2
√

3
,

Ê3 = E3

n2
(
1 +

√
3
) .

(18)

Using the above physical component in (14), for instance, the
2nd Piola-stress tensor of the shell model can be written in
physical component form:

S = JF−1σF−T = Jσi jEi ⊗ E j

= Jσi j
√
Eii
√
Gj j Êi ⊗ Ê j ≡ Ŝi j Êi ⊗ Ê j .

(19)

Similarly, all other quantities can be explicitly expressed in
terms of the chiral index (n,m).

9. Conclusion

This paper investigates the possibility of introducing the
chiral index (n,m) into the deformation formulation of
graphene continuum shell model. For this purpose, we
established a chiral-tube basis vectors from graphene unit
vectors in real space and formulated graphene deformation
gradient for both with and without predeformation. The
importance of the chiral index on the deformation and stress
has been shown explicitly in the physical components.
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The thermal conductivity (TC) of isolated graphene with different concentrations of isotope (C13) is studied with equilibrium
molecular dynamics method at 300 K. In the limit of pure C12 or C13 graphene, TC of graphene in zigzag and armchair directions
are ∼630 W/mK and ∼1000W/mK, respectively. We find that the TC of graphene can be maximally reduced by ∼80%, in both
armchair and zigzag directions, when a random distribution of C12 and C13 is assumed at different doping concentrations.
Therefore, our simulation results suggest an effective way to tune the TC of graphene without changing its atomic and electronic
structure, thus yielding a promising application for nanoelectronics and thermoelectricity of graphene-based nano device.

1. Introduction

Since it was fabricated in 2004 [1], graphene, a monolayer
of sp2-bonded network of carbon atoms, has attracted much
attention for its unique electronic properties [2]. Meanwhile,
both recent theory and experiment studies [3, 4] have
revealed that isolated graphene has shown an unusual high
thermal transport capability, which is of great importance
in thermal management of nanoelectronics. Different from
conventional metallic materials, thermal energy carriers for
graphene are mainly in the form of phonon vibrations [3–5],
and phonon contribution to TC is approximately 50 times
larger than electron contribution at room temperature [3],
which suggests that electron thermal transport is negligible
in our case. Furthermore, the electronic contribution to TC
would be independent of isotope effect as C13 is electronically
identical to C12. For these reasons, we will study only the
phonon contribution to TC in this paper.

In addition to utilizing its high TC, another possible
application of graphene has been investigated for thermo-
electric energy conversion [6], where low TC but high
electric conductivity for graphene is required for obtaining
high thermoelectric efficiency. Such efficiency is expressed

as ZT = (σs2/κ)T , where σ is the electric conductivity, S is
the Seebeck coefficient, and κ is the thermal conductivity.
To achieve high ZT for graphene, a general scheme is to
minimize κwhile keeping σ and S less changed. One practical
method is to dope the graphene with the stable isotope
C13 since electronic structure of graphene is unchanged
in this doping. In a pure crystal, one without defects or
dislocations, phonon scattering in the presence of different
isotopes has been strongly correlated with changes in thermal
conductivity. Similar to the observation for isotope effects on
TC of Ge, diamond, and boron nitride nanotubes [7, 8], it is
interesting to check how effectively isotope-doping method
will reduce TC of Graphene.

Modeling of thermal transport can be achieved by using
Boltzmann transport equation (BTE) [9, 10], or molecular
dynamics (MD) simulations [11]. In BTE method, the
single mode relaxation time (SMRT) approximation is a
commonly used technique involving the assignment of the
relaxation time to different phonon scattering mechanisms.
The relaxation time can be either fitted to the experimental
TC value [12] or determined from MD simulations [10].
In MD simulation approach, TC can be predicted from either
nonequilibrium MD [13], where a temperature is applied
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Figure 1: Structure of graphene unit cell with 112 carbon atoms.

across the simulation cell, or equilibrium MD [14], where the
so-called Green-Kubo method is used to compute TC from
heat current fluctuations. One advantage for MD method is
that there is no assumption needed for phonon interactions.
As long as the phonon dispersion and anharmonicity of the
potential are accurate, MD method provides a robust way to
accurately compute thermal transport.

In Section 2, we introduce Green-Kubo method and
describe the simulation procedures to compute TC. In
Section 3, we show the isotope effects on thermal transport
of graphene, and discuss the reason for TC reduction and its
possible application for thermoelectric application. Section 4
presents a summary and conclusions.

2. Green-Kubo MD Simulation Method

The Green-Kubo formula [14] derived from linear response
theory can express thermal conductivity tensor in terms of
equilibrium heat current-current autocorrelation in the form

καβ = 1
ΩkBT2

∫ τm
0

〈−→
Jα(τ) · −→Jβ (0)

〉
dτ, (1)

whereΩ is the system volume defined as the area of graphene
multiplied with van der Waals thickness (3.35 Angstrom), kB
is the Boltzmann constant, T is the system temperature, and
τm is the time required to be longer than the time for current-
current correlations to decay to zero [11]. Jα,β is denoted as
the heat flux in α or β direction, its expression is commonly
defined as

−→
J = d

dt

∑

i

−→ri (t)Ei(t), (2)

Ei = 1
2
mv2

i + φi, (3)
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Figure 2: Graphene TC convergence tests with different unit cell
boundary lengths. κ is the average of TC in zigzag and armchair
directions.

where −→ri , vi, and Ei are the position, velocity and site energy
of atom i, respectively. φi is the potential energy at site i.
Then, we use Hardy’s definition [15],

−→
J =

∑

i

⎡
⎣Ei−→vi +

1
2

∑

j /= i

−→ri j
(−→
Fi j · −→vi

)⎤⎦, (4)

where −→ri j = −→ri − −→r j and Fi j is the force exerted on atom
i by atom j. One merit of Hardy’s definition is that it is
independent of pair-wise or many-body potential formulas.
Based on the above equations, heat current at each step is
recorded on disk as a quantity defined by atom positions,
velocities, and interatomic forces, which can be extracted
from atomistic simulations. The last step is to compute TC
tensor with the known heat current in (1).

In the equilibrium MD simulations, we used the sec-
ond generation REBO carbon potential for its accuracy
in describing bond strength and anharmonicity of carbon
materials [16]. A unit cell of graphene, with a periodic
boundary condition as shown in Figure 1, has been ther-
malized to 300 K for 200 ps with Berendson thermostats.
Afterwards, the heat current of graphene is recorded every
2 fs in nine microcanonical ensemble simulations with
uncorrelated initial conditions. Each microcanonical simu-
lation needs to run up to 10 ns to obtain converged TC
value. Compared with nonequilibrium molecular dynamics
(NEMD), the Green-Kubo method is indeed less computa-
tionally efficient; however, it is free of troubles such as finite
size and boundary effects, which are commonly unavoidable
in NEMD.

3. Results and Discussion

We computed the TC of mass defect-free graphene as
630 W/mk and 1000 W/mk in armchair and zigzag direction,
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Figure 3: (a) Phonon dispersions for C12 graphene and (b) Grüneisen parameters of graphene as a function of q momentum for each
vibration mode. ΓM and ΓK represent armchair and zigzag directions of graphene. Phonon dispersion for graphene is calculated with
PHON code [17] for REBO carbon potential.
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Figure 4: Normalized Graphene TC as a function of C13 concentration (a) TC in armchair direction (b) TC in zigzag direction. The inset
shows TC as a function of C13 for low concentration. The normalizing factors κx and κy are the values for pure graphene, 630 W/mK and
1000 W/mK, respectively.

respectively. This is lower than the reported experimental
data [4, 5]. The reason has to do with the discrepancies on
phonon dispersion between experiment measurement and
theoretical data predicted with original REBO potential [18].
Although the absolute TC of graphene is overall underesti-
mated in our simulation, the relative difference of TC caused
by isotope mass defect is still physically meaningful, and the
normalized TC reduction seen in Figure 4 properly reflects
the isotope effect on TC of graphene.

One primary test done before studying isotope effects
on thermal transport is the convergence test for graphene
with different unit cell periodic boundary lengths. As shown

in Figure 2, we have tested three cases with the boundary
length of 1.6, 3.4, and 5.1 nm respectively, and the converged
result suggests that the majority contribution from different
phonon vibration modes are well included in our simula-
tions. Then, to be efficient, we choose the 1.6 nm unit cell
as the structure for the following simulations.

The first thing we learned from the simulations is that
TC of pure C12 or C13 graphene in zigzag direction is
∼58% greater than that in armchair direction. This can be
conceptually explained from the acoustic phonon dispersion
and Grüneisen parameter of graphene calculated with REBO
potential as shown in Figure 3. In the SMRT approximation,
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the BTE method can express TC as a summation of each
phonon mode contribution, κ = ∑

i

∑
q κi(

−→q ) and κi =
Ci(
−→q )vi2(−→q )τ ph(−→q ) where i and −→q represent phonon modes

and wave momentum, and Ci(
−→q ) is the specific heat of the

phonons, which is constant in the classical case. vi is the
group velocity for mode i, τph is the relaxation time, and T is
the temperature. From Figure 3(a), we notice that both out-
of-plane acoustic (ZA) and transverse acoustic (TA) modes
in zigzag direction have apparently larger group velocity than
that in armchair direction, longitudinal acoustic (LA) modes
group velocity in both directions is quite similar. Then, from
Figure 3(b), the Grüneisen parameter, which is plotted as
a function of phonon mode i and momentum q, shows
a smaller difference in zigzag and armchair directions for
each vibration mode. As the Grüneisen parameters for LA,
TA, and ZA are similar, it is reasonable to assume that the
relaxation times for phonon vibration in zigzag and armchair
direction are the same. Based on the above analysis, we
conclude that the difference in the TC between zigzag and
armchair directions mainly comes from their different group
velocities.

In the isotope effect study, we generated a wide range
of graphene samples with different C13 concentrations
randomly distributed, since it is a more realistic possible con-
figuration after the synthesis of graphene. Recently, Mingo
et al. have proposed a possible method to generate isotope
clusters in graphene, and theoretically demonstrated TC
reduction using nonequilibrium Green’s function method
[19]. Figure 4 shows the normalized graphene TC values
as a function of C13 concentration in armchair and zigzag
directions, and the maximum TC reduction for graphene
can be made between 25% and 75% of the C13 atomic
concentrations.

The explanation of the almost “parabolic” shape of TC
in Figure 4 can be found in an earlier important relation
derived by Klemens [20]. As it is commonly accepted,
the longer the phonon mean free path is, the larger TC
would be. Klemens found that, for isotope scattering, the
mean free path is proportional to g−1T−4, where g =∑

i Ci[(M2
i − (

∑
CiMi))/(

∑
CiMi)

2]
2

and T is the tempera-
ture. Ci and Mi represent the concentration and the mass of
the constituent isotope atoms, respectively. Thus, the mean
free path directly has to do with the g factor, which is the
mass variation of isotope atoms. In our simulation, g factor
reaches its maximum for around 50% of C13, so there we have
the minimum phonon mean free path and the minimum
TC. As C13 atomic concentration approaches to zero or
100%, g becomes smaller, phonon free path is larger, and TC
increases. It will not get to infinity because of the Umklapp
and other phonon scattering mechanisms.

Among various methods that modulate the TC of
graphene, the isotope-doping method provides an efficient
way to improve thermoelectric efficiency, since isotope atoms
do not change the electronic structure of graphene, the
electric conductivity, and the Seebeck coefficient remains the
same after the C13 doping. As our simulations suggest, κ in
armchair and zigzag directions can be reduced by up to 80%,
which means an improvement of the ZT by a factor of 5 since

ZT is inversely proportional to TC. Recently, two important
simulation studies were carried out on ZT of armchair
[21] and zigzag [22] graphene nanoribbons (GNRs). In
both works, the authors looked for defect and disordered
structures that minimize TC while keep electric conductivity
less changed, thus maximizing the ZT. Compared with this,
the isotope-doping method appears to be another attractive
method that would promote ZT even further for GNRs when
it is combined with those methods [21, 22]. We believe our
results can motivate new experiments to check the efficiency
of isotope-doping method for thermoelectric application.

4. Conclusion

In summary, we have studied isotope effect on TC of isolated
graphene with equilibrium MD methods. Our simulation
results suggest that TC of graphene can be effectively reduced
by up to 80% in armchair and zigzag directions for isotope
concentrations as low as 25%. The phenomenon that mass
defect can reduce TC is explained with the relation between
phonon mean free path and mass variation of the isotope
mixtures [20]. Finally, our study shows that doping graphene
with carbon isotope C13 could be a practical way to reduce
TC without changing its electric property, thus promoting
thermoelectric coefficient.
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A novel sonochemical process, using hydrogen peroxide in a laboratory ultrasonic bath, was employed to pretreat the carbon
nanofiber (CNF) for creating oxygen-rich groups on the surface of CNF. After the sonochemical process, the CNF showed
good hydrophilicity and high electrochemical activity. Compared to normal pretreatment process, this sonochemical process is
timesaving and effective for dispersion and functionalization of CNF. The resulting CNF showed high catalytic activity toward
the oxidation of DA. A carbon paste electrode modified by CNF (CPE-CNF) was used to determine the dopamine (DA) in the
presence of ascorbic acid (AA). The detection limit is 0.05 μM, with the linear range from 0.05 μM to 6.4 μM.

1. Introduction

Carbonaceous materials, especially carbon nanotube (CNT),
attracted great research interests, and lots of investigations
have been done in the field of chemical biosensors and
fuel cells. Comparing with CNT, carbon nanofiber (CNF)
exhibits unique mechanical and catalytic properties, high
electrical conductivity, and chemical stability. However, due
to the hydrophobicity of CNF surface, the pristine CNF is
difficult to be dispersed in the water. As a result, it is necessary
to treat CNF for improving the hydrophilicity. Acidic
mixture solution is mostly used to treat CNF. So far, the
functionalization is carried out by the pretreatment of CNF
in HCl, HNO3, and KOH for improving its hydrophilicity
[1]. As for CNT, a sonochemical process has already been
developed to treat CNT in the acidic mixture solution to
create oxygen-rich groups for depositing metal nanoparticle
[2], which is found to be timesaving and effective. Except
for the acidic mixture solution, hydrogen peroxide (H2O2)
solution is also used to modify the CNT [3]. The results
indicated that the aldehydic groups formed on the CNT after
treated with the H2O2 solution, but the hydroxyl bands (–
OH) and the aldehydic groups (< C=O) formed after treated
with the acidic mixture solution. Although the pretreatment

using acidic mixture solution has verified its feasibility, such
a method is time-consuming and complicated. It is necessary
to develop a new way to treat CNF for improving the
hydrophilicity, which should be simple and effective.

Dopamine (DA) takes an important part in the func-
tioning of the human metabolism, central nervous and
renal systems [4]. DA possesses high electrochemical activity
and has been widely studied by electroanalytical techniques
[5]. However, ascorbic acid (AA) always coexists with DA
in the human body, and the oxidation potential of AA is
close to that of DA. As a result, it is difficult to determine
these two species separately using conventional electrodes.
A large number of attempts have already been made for the
determination of DA sensitively and selectively. Lots of new
materials, such as C60-functionalized multiwalled carbon
nanotube films [6], the boron-doped carbon nanotubes [7],
polymer film [8], and self-assembled monolayer [9], were
applied to detect DA in the presence of AA. Moreover, at a
physiological pH, DA (pKa = 8.9) is positively charged, yet
AA (pKa = 4.2) is negatively charged, when the electrode
surface is negatively charged, DA can be adsorbed and
detected selectively [10]. Some materials, such as nafion, clay
[11], and polymeric films [12], were precoated on the surface
of the electrode so as to make it negatively charged.
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We applied H2O2 solution to treat CNF in a laboratory
ultrasonic bath. Comparing with normal acid pretreatment,
this method is timesaving, and the resulting CNF shows good
hydrophilicity. The CNF-modified carbon paste electrode
(CNF-CPE) shows high electrochemical activity and large
effective electroactive surface area. The CNF-CPE exhibits
good electrochemical catalysis toward DA in the presence of
AA and it can detect DA sensitively and selectively. The CNF-
CPE used for the detection of DA is effective and simple in
comparison with other modified electrodes, which may be
applied to the practical analysis of DA.

2. Experiment

2.1. Materials. Polyacrylonitrile (PAN), dimethylformamide
(DMF), and graphite powder (2 μm) were purchased from
Aldrich. Mineral oil, 30% H2O2, and AA were from Beijing
Chemical Co. (China), DA from Alfa Aesar. All other rea-
gents were of analytical grade. The phosphate buffer solu-
tion was made from Na2HPO4 and NaH2PO4. All solut-
ions were prepared by the double-distilled water. The
electrochemical measurements were carried out on a CHI
832 electrochemical workstation (Shanghai, China) with a
conventional three-electrode system composed of a platinum
auxiliary, a Ag/AgCl (saturated KCl) reference, and a bare or
modified carbon paste working electrode.

The surface potential of the treated CNF was estimated by
zeta potential measurement (Malvern, Zetasizer ZEN3600).
A measurement cell was filled by the suspension of CNF and
the pH of the suspension was controlled by the addition
of HCl solution. The surface of the CNF was analyzed by
using X-ray photoelectron spectroscopy (Thermo, ESCALAB
250). A Fourier transform infrared spectrometry (FT-IR)
measurement was performed with a Bruker VERTEX 70
spectrometer.

2.2. Preparation of CNF. Carbon nanofiber was made from
carbonizing the electrospun PAN nanofibers as reported
[13]. 2 mg CNF was put into 4 mL 30% H2O2 solution. First,
the mixture solution was put in a laboratory ultrasonic bath
at 50◦C for 5 minutes to disperse the carbon nanofiber. Then
it was stirred for 10 minutes. This mixing and dispersion
process was repeated to break big carbon nanofiber aggre-
gates. After then, the mixture solution was stirred for 2 hours
to make sure that there was no H2O2 in the solution. The
mixture was separated from the solution in a centrifuge at
9000 rpm and washed with 5.0 mL of deionized water five
times. Finally, the CNF was dried at 80◦C. The resulting
CNF was dispersed in the water with a concentration of
1 mg mL−1.

2.3. Preparation of Electrodes. The carbon paste electrode
(CPE) was prepared by mixing graphite powder and mineral
oil (70 : 30, w/w), and then the mixture was packed into a
pipette tube (1.5 mm ID; 1.4 cm depth). Electrical contact
was made by inserting a copper wire. The CNF-CPE was
prepared by dropping 15 μL CNF (1 mg/mL) suspension on
the surface of CPE and dried at room temperature. The
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Figure 1: Cyclic voltammograms of 5 mM K3Fe(CN)6 at the CPE
(a) and CNF-CPE (b) Electrolyte, 0.5 M KCl; scan rate, 50 mVs−1.

resulting CNF-CPE was rinsed carefully with double-distilled
water before each measurement. For comparison, CPE which
was prepared by the same method was used.

3. Results and Discussion

3.1. Characterization of CNF-CPE. The modified electrode
prepared by a simple procedure was applied to investigate
the electrochemical performance of CNF by using 5 mM
[Fe(CN)6]3−/4− redox probe. The cyclic voltammogram for
[Fe(CN)6]3−/4− at CPE (curve a) and CNF-CPE (curve b)
was shown in Figure 1. At the CNF-CPE (curve b), a pair of
well-defined redox peaks for Fe(CN)6

−3/Fe(CN)6
4− appears

at 296 mV and 253 mV, and the peak-to-peak separation is
44 mV, whereas at the bare CPE the peak-to-peak separation
is over 119 mV (Figure 1, curve a). The result demonstrates
that the use of CNF can increase the electron transfer rate.
In contrast to anodic peak current of the bare CPE, that of
CNF-CPE is increased by 2.1-fold, which reveals that the
presence of CNF enlarged the effective electroactive surface
area. Therefore, the use of CNF significantly improves the
reversibility of the redox reaction and enlarges electroactive
surface area of the modified electrode which is due to the
high electric conductivity of CNF [13]. Although some inves-
tigations reveal that Fe(CN)6

−3/Fe(CN)6
4− is not catalyzed

by oxygen-rich groups, they do require a specific surface
interaction [14, 15]. It comes to that Fe(CN)6

−3/Fe(CN)6
4−

is “surface-sensitive” but not “oxide-sensitive”. Meantime,
some investigations reveal that the oxygen-rich groups, such
as carboxyl and phenol surface groups, are able to absorb
platinum ion to the surface of CNF during Pt/CNF synthesis
[16].

To confirm the presence of oxygen-rich groups, the ζ-
potentials of the treated CNF were measured in aqueous
solutions with various pH values. From the plots in Figure 2,
it can be confirmed that the treated CNF is negatively
charged in deionized water (pH ∼ 7), which implies the
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Figure 3: XPS scan spectrum of CNF (a) and treated CNF (b).

presence of oxygen-rich groups on the surface of the treated
CNF [17], because it is well-known that the oxygen-rich
groups formed on the carbon surface would make the surface
negatively charged [17]. In addition, XPS was also studied as
shown in Figure 3. The oxygen would present as oxygen-rich
groups, such as carbonyl and carboxyl groups. The resulting
O/C atomic ratio for the CNF is 0.0395, and for the treated
CNF increases to 0.0889, indicating the pretreatment of
CNF results in an increased amount of oxygen content [16].
Finally, a Fourier transform infrared (FT-IR) spectroscopy
measurement was conducted for the treated CNF and the
result is shown in Figure 4. The band at 1657 cm−1 and
1736 cm−1 can be assigned to carbonyl and carboxyl groups
[18]. As for the band at 1546 cm−1, the assignment is not
settled [18]. From the above results, it can be concluded
that oxygen-rich groups can be created after the treatment.
In summary, the high electroactivity of CNF-CPE in this
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Figure 4: IR spectrum of the treated CNF. The three arrows in the
figure indicate three IR peaks at 1736 (a), 1657 (b), and 1546 (c)
cm−1, respectively.
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Figure 5: Cyclic voltammograms of DA (0.2 mM) at the CPE (a)
and CNF-CPE (b) in 0.1 M PBS (pH 4.5). Scan rate, 50 mV s−1.

experiment can be attributed to the unique surface of CNF
resulting from the oxygen-rich groups on the surface.

3.2. Electrochemical Behavior of Dopamine at CNF-CPE. DA
shows high electrochemical activity and has been widely
studied by electroanalytical techniques. However, it is diffi-
cult to detect DA sensitively and selectively in the presence
of AA. In addition, the electrode fouling leads to poor
reproducibility and sensitivity, which is due to the adsorption
of oxidation product [19]. CNF-CPE was used to investigate
the electrochemical behavior of DA in PBS (pH 4.5) solution.
Figure 5 shows cyclic voltammograms of DA in 0.1 M PBS
at the bare CPE (curve a) and CNF-CPE (curve b). It can
be observed that DA occurs quasi-reversibly with the anodic
and cathodic peak potential at 473 mV and 233 mV at the
bare CPE. The peak-to-peak separation is 224 mV, indicating
the slow electron transfer at the bare CPE. However, the peak
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Figure 6: (a) Effect of pH value on the peak current of DA; (b) Effect of pH value on the anodic peak potential of DA.
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Figure 7: Cyclic voltammograms for the oxidation of DA at the
CNF-CPE in 0.1 M PBS (pH 6.0). Scan rate: 50, 100, 150, 200,
250, 300, 350, 400, 450, and 500 mV s−1. Inset plot shows the peak
current versus square root of scan rate.

potential of DA oxidation exhibits more negative with the
anodic and cathodic peak potential at 365 mV and 308 mV
at the CNF-CPE. The peak-to-peak separation is 57 mV,
which indicates that electron transfer is fast at the CNF-
CPE. Furthermore, the redox current of DA at the CNF
modified electrode is higher than that at the bare CPE, which
demonstrates that CNF modified electrode has a remarkable
catalytic activity to the redox process of DA in contrast to
the bare CPE. The superior electrocatalytic activity of the
CNF-CPE is mainly ascribed to the higher proportion of
oxygen-functional groups presented on the surface of CNF,
and large effective electroactive surface area. In addition,
the oxygen-rich groups on the surface of CNF made the
modified electrode negatively charged, while DA (pKa = 8.9)

was positively charged in 0.1 M PBS (pH 4.5). Therefore,
high redox current at the CNF-CPE can be attributed to the
adsorption of DA.

In order to further investigate the electrochemical
behavior of DA at CNF-CPE, the effect of pH value on
the determination of DA at the CNF-CPE was carefully
investigated by cyclic voltammograms in a wide pH range
(pH 4.5–7.5). Figure 6(a) shows cyclic voltammograms of
DA in 0.1 M PBS with different pH value at the CNF-CPE.
It can be observed that the peak current of DA increases
with a higher pH value until it reaches 6.0, and then it
decreases with a higher pH value. In order to obtain high
sensitivity, pH 6.0 was selected as an optimum pH value
for the determination of DA. Figure 6(b) illustrates the
relationship between the anodic peak potential (Epa) of DA
and the pH value of solution. It can be found that the anodic
peak potential of DA shifts negatively as the increase of the
pH value of solution and is linear with the pH value in the
range from 4.5 to 7.5. The corresponding linear equations
is Epa = −59.5pH + 0.626 with a slop of 59.5 mV/pH (r
= 0.998). It demonstrates that the redox of DA undergoes
a two-electron and two-proton process, which is consistent
with the previous reports [20].

Cyclic voltammograms was used to investigate the elec-
trochemical behavior of DA with the different scan rate in the
range from 50 to 500 mV s−1. Figure 7 shows that the peak
current of DA at the CNF-CPE is proportional to the scan
rate in the range from 50 to 500 mV s−1. It is found that the
anodic and cathodic peak currents increase as the increase
of the scan rate. The inset plot exhibits the corresponding
plot of peak currents versus scan rate. The anodic and
cathodic peak currents are linear with the square root of scan
rate and the corresponding linear equations for anodic and
cathodic peak currents are ia = 0.200υ1/2 – 0.7396(r = 0.995)
and ic= –0.1785υ1/2 + 0.7119(r = 0.992), and indicates that
the electrochemical oxidation of DA at the CNF-CPE is a
diffusion-controlled process [7].
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Figure 8: Differential pulse voltammograms at the CNF-CPE for
AA (5 μM) in the presence of DA with different concentrations: (a)
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with the pulse amplitude of 50 mV and the pulse width of 50 ms.
Inset plot shows the dependence of the response currents of the
CNF-CPE electrode on the concentration of DA in 0.1 M PBS (pH
6.0).

3.3. Determination of Dopamine. Differential pulse voltam-
metry (DPV) was used for the detection of DA in the
presence of AA. Figure 8 shows the DPV of DA with various
concentrations in the presence of 5 μM AA at the CNF-CPE.
It can be obtained that the anodic peak potential of DA and
AA at 228 mV and 120 mV, and the peak-to-peak separation
is about 110 mV. The oxidation current of DA shows a linear
relationship with the DA concentration from 0.05 μM to
6.4 μM. Moreover, the peak current of AA remains nearly
unchanged with the increase of DA concentration, which
demonstrates that the response of DA is not interfered
in the presence of 5 μM AA. The inset plot in Figure 8
shows the corresponding results of the DPV curves of DA
with different concentrations at the CNF-CPE. The linear
regression equation for the response of DA can be expressed
as Ip (nA) = 121.5c (μM) +15.2 with a correlation coefficient
of 0.998. The detection limit is 0.05 μM at signal-to-noise
ratio (SNR) of 3, and the linear range is 0.05 to 6.4 μM. The
detection limit obtained in this work is lower than that at
the cetylpyridinium bromide (CPB) modified SWCNTs [21]
and thionine-nafion modified multiwalled carbon nanotube
[22]. Comparing the linear range of dopamine obtained
at the CNF-CPE with the previous reports [21, 22], the
linear range at the CNF-CPE is not very wide, for the
adsorption of DA at the CNF-CPE would affect the detection
of dopamine.

The reproducibility and stability of the electrode were
investigated. The reproducibility for 0.1 μM DA at the CNF-
CPE was recorded with the RSD of 5.5% (n = 3). The DPV
response of 4.8 μM DA at the CNF-CPE remained 96% after
seven days. All the results above indicate that the CNF-CPE
exhibits a good reproducibility and stability.

Table 1: Determination of DA in dopamine hydrochloride injec-
tion.

DA specified (μM) Added (μM) Found (μM) Recovery (%)

2.1 0 1.8 —

2.1 1 3.3 106.4

2.1 2 4.2 102.4

2.1 3 4.6 92

3.4. Determination of DA in Dopamine Hydrochloride Injec-
tion. The method for analysis of DA was used in phar-
maceutical product to verify the reliability. This CNF-CPE
was applied to determine DA in dopamine hydrochloride
injection (10 mg mL−1 per injection). First, the sample was
diluted 10 times with double distilled water, and then
appropriate amounts of the diluted sample were transferred
into the electrochemical cell for the determination using
DPV. The analytical results are summarized in Table 1. It can
be observed that the recovery ranges from 92% to 106.4%,
which is acceptable for practical analysis.

4. Conclusions

A new method was employed to pretreat the CNF, which was
timesaving and effective. The resulting CNF showed good
hydrophilic, high electrochemical activity, and large effective
electroactive surface area, owing to the presence of the
oxygen-rich groups. The electrochemical redox behavior of
DA was improved obviously at the CNF-CPE. Furthermore,
AA with high concentration did not alter the response of
CNF-CPE toward the oxidation of DA. For the determination
of DA, CNF-CPE showed good characteristics, high sensitiv-
ity and selectivity.
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The graphene aggregates films were fabricated directly on Fe-Cr-Ni alloy substrates by microwave plasma chemical vapor
deposition system (MPCVD). The source gas was a mixture of H2 and CH4 with flow rates of 100 sccm and 12 sccm, respectively.
The micro- and nanostructures of the samples were characterized by Raman scattering spectroscopy, field emission scanning
electron microscopy (SEM), and transparent electron microscopy (TEM). The field emission properties of the films were measured
using a diode structure in a vacuum chamber. The turn-on field was about 1.0 V/µm. The current density of 2.1 mA/cm2 at electric
field of 2.4 V/µm was obtained.

1. Introduction

Graphene has grabbed appreciable attention due to its
exceptional electronic and optoelectronic properties [1].
One of the potential applications of graphene is in field
emission (FE) displays. Malesevic et al. synthesized vertically
aligned few-layer graphenes (FLGSs) using plasma-enhanced
chemical vapor deposition (PECVD) on titanium substrate,
and turn-on field of the field emission from the graphene
layer was as low as 1 V/µm [2]. Qi et al. prepared FLGSs by
radio-frequency PECVD on Si(100) substrates without any
catalyst, and turn-on field of its emission was 3.91 V/µm [3].
We previously reported that nanocrystalline graphitic films
on ceramic substrates by MPCVD using Fe-Ni-Cr layer as
catalyst were deposited, the turn-on field of 1.26 V/µm was
obtained [4].

In this paper, we present the field emission characteristics
of the graphene aggregates films, which were synthesized
by MPCVD directly on stainless steel substrate without any
catalyst. The structure of the films was also studied.

2. Experiment

The Fe-Cr-Ni alloy substrates were polished with abrasive
paper of W7 (particle size was about 15 µm) and then

ultrasonicaly cleaned with deionized water and acetone. The
graphene films were deposited directly on the substrates
without any catalyst by MPCVD. The source gas was
a mixture of H2 and CH4 with flow rates of 100 sccm
and 12 sccm, respectively. During the deposition, the total
pressure of 6.0 KPa, substrate temperature of 700◦C, and
microwave power of 1600 W were kept for 10 mins.

The structure of deposited films were analyzed by Raman
scattering, SEM, and TEM. The field emission properties
were measured using a diode structure, which was placed in
a vacuum chamber. The deposited film with area of 0.2 cm2

was used as a cathode. The anode of an indium tin oxide
(ITO-) coated glass was separated from the cathode by a mica
spacer with thickness of 600 µm.The base pressure in the
vacuum chamber was maintained below 1 × 10−4 Pa during
the measurements. The voltage was stepped up from 0 to
2500 V.

3. Results and Discussion

The Raman spectrum of the sample was shown in
Figure 1. The G- band appearing at 1583 cm−1 originates
from in-plane vibration of sp2 carbon atoms and is a doubly
degenerate (TO and LO) phonon mode (E2g symmetry) at
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Figure 2: SEM and TEM images of the sample; (a) top-view SEM image of as-grown sample, (b) SEM of an enlarged image, (c) TEM image
of agglomerated graphene sheets, and (d) HRTEM image of graphene sheet.

the Brillouin zone center. The band located at 1353 cm−1

corresponds to the D band of graphitic carbon species, which
is a disorder-activated Raman mode and is associated with
the TO branch near the K-point. The 2D band at 2700 cm−1

originates from a two-phonon double resonance Raman

process, and it is closely related to the band structure of
graphene layers and is to be used to confirm the presence
of graphene [5, 6]. The band at 1620 cm−1, termed as D′,
which arises from phonon scattering at the crystal-lattice
defects.The band at 2950 cm−1originates from D+G mode



Journal of Nanomaterials 3

1.2 1.5 1.8 2.1 2.4

0

500

1000

1500

2000

2500

0.4 0.5 0.6 0.7 0.8 0.9 1
1

2

3

4

5

6

ln
(J
/E

2
)

1/E

J
(µ

A
/c

m
2
)

E (V/µm)

Figure 3: I-V curve and its F-N plot of the sample.

[7]. The Raman spectrum of the sample indicated that the
deposited film was graphene film.

The morphology of the graphene film was shown in
Figure 2. Figures 2(a) and 2(b) showed the top-view SEM
images of as-grown sample, and it seemed to be consisted
of petal-like clusters of graphene sheets. Such kind of film
was named graphene aggregates film. The sizes of the
clusters were about 100–300 nanometers. In order to further
examine and confirm the nanostructure of the sample, TEM
measurements were performed. To prepare TEM samples,
the sample was ultrasonicaly treated in alcohol directly,
then dropped onto holey grids. Figure 2(c) revealed the
TEM image of agglomerated graphene sheets around an
amorphous carbon particle, which may hint that the growth
of the graphene sheets probably originated from amorphous
carbon structure. In the experimental condition, the detailed
growth mechanism of the agglomerated graphene needs
further study. The layered structure shown in HRTEM image
(Figure 2(d)) confirmed the structrue of graphene. It also
revealed the defects such as wrinkles and edge loops in
graphene sheet.

The field emission characteristics of the graphene aggre-
gates film were tested. The turn-on field of about 1.0 V/µm
and the current density of 2.1 mA/cm2 at electric field
of 2.4 V/µm were obtained. Figure 3 showed the current
versus voltage (I-V) curve of the field emission, and the
corresponding Fower-Nordheim (F-N) plot was inserted in
Figure 3, which characterized the tunnel effect of the field
emission from the graphene aggregates film. The F-N plot
exhibited two different slopes at low-field region and high-
field region. The current saturation of the emission and the
slope deviation of the F-N plot at high-field region were
observed in Figure 3. The same phenomena were observed
for carbon nanotubes emitter, reported by Choi et al. [8].
In the present case, we suggested that the current saturation
and F-N plot deviation were attributed to the same reason,
which was adsorbate desorption effect, especially hydrogen-
adsorbate desorption during the emission measurement. We
had also reported the hydrogen desorption effect during

the emission measurement for amorphous carbon emitter
[9]. During the graphene film deposition by CVD method,
hydrogen atoms were adsorbed on the surface and edges
of graphene aggregates to form the localized states near
the Fermi level, which were responsible for the emission.
During the emission measurement, the hydrogen adsorbates
gradually desorbed, and the localized states disappeared,
which probably led to the current saturation and F-N plot
deviation phenomena.

The above measured results indicate that the graphene
aggregates film was a good material for field electron emitter.
The good field emission properties would be attributed to
two possible mechanisms. (1) The graphene sheets were
extending to a height of several hundreds of nanometers
vertically aligned to their surfaces along the applied electric
field, and the field sites of which would cause a large-field
enhancement factor [10]. (2) the defects of the graphene
sheet lowered electron affinity that provided a low-energy
barrier and enhanced electron emission. Filleter et al.
reported that energy barrier of single-layer graphene grown
epitaxially on 6H-SiC (0001) had been determined to be
135± 9 meV by means of the Kelvin probe force microscopy
[11], which was much lower than that of 4.5 eV for
graphite.

4. Conclusion

In summary, we have demonstrated that the graphene film
can be directly grown on stainless steel surface employing
methane as the source gas in about a 10-min growth time.
The growth temperature was about 700◦C. The graphene
aggregates emitter has a very low turn-on field of only about
1 V/µm and an emission current density of 2.1 mA/cm2 at an
applied field of 2.4 V/µm. This promising field emission per-
formance can be attributed to the electric field enhancement,
and the defects induced low-work function of the graphene
aggregates film.
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We synthesized the novel nanocomposite consisting alternately of a stacked single graphene sheet and a C60 monolayer by using the
graphite intercalation technique in which alkylamine molecules help intercalate large C60 molecules into the graphite. Moreover,
it is found that the intercalated C60 molecules can rotate in between single graphene sheets by using 13C NMR measurements. This
preparation method provides a general way for intercalating huge fullerene molecules into graphite, which will lead to promising
materials with novel mechanical, physical, and electrical properties.

1. Introduction

C60 intercalated graphite has previously been designed,
and the electronic properties and stabilities have been
studied theoretically [1]. It is also reported that the C60

intercalated graphite may possess potential applications in
semiconductor [2] and hydrogen storage device [3]. On the
other hand, fullerene molecules, especially, C60, also have
unique lubrication effects, and they have been treated as a
lubricant due to their spherical shape [4–6]. Up to now,
we have studied C60 monolayers confined by graphite flakes
[7] and C60 monolayers included among graphite [8–10],
which, interestingly, exhibit ultralow friction, because quasi-
freely rotating C60 molecules act as molecular bearings.
However, it is quite difficult to perform a mass production
for intercalating C60 molecules into graphite and to provide
nanomaterials with a perfectly alternate stacking of C60

monolayer and graphene in previous studies.

Here we show nanocomposite materials consisting alter-
nately of a stacked single graphene sheet, by the graphite
intercalation technique in which alkylamine molecules help
intercalate large C60 molecules into the graphite.

2. Experimental

First, graphite oxide (GO) was synthesized from graphite
powder with an average size of 500 μm (Nippon Carbon Co.,
Ltd.) in accordance with the Hummers method [12] with
some modifications, and the intercalation of octylamine into
graphite (GO-OA) was performed as described previously
in [13, 14]. Next, octylamine-intercalated graphite oxide
(GO-OA) was added to fullerene solution (100 mg of C60

dissolved in 100 mL toluene), and after that, the toluene
used was evaporated at room temperature, leaving behind
in the products (GO-OA-C60). The C60 fullerene used in this
experiment was purchased from Frontier Carbon Co., Ltd, in
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Figure 1: XRD intensity from as-prepared samples. (a) XRD intensity from graphite oxide (GO) and alkylamine-intercalated graphite oxides
(GO-amine) with different chain lengths (CnH2n+1NH2) (n = 3–8). The peaks of GO and GO-amine are indicated by the arrows in the figure.
(b) XRD intensity from GO-amine with different chain lengths in C60 solution (n = 3–8).
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Figure 2: XRD intensity from the specimens heated for 80 minutes
at 600◦C under a high vacuum of 10−6 Torr for the GO-C60

specimens of Figure 1(b).

Japan. The products of GO-OA-C60 were treated with 0.1 N
hydrochloric acid solution at room temperature for at least
30 minutes and dried in air at 80◦C overnight to remove the
octylamine, resulting in the C60-intercalated graphite oxide
(GO-C60). Finally, in order to remove C60 powders that are
not intercalated into the graphite, and moreover, to remove
octylamines that are intercalated into the graphite, GO-C60

was heated for at least 80 minutes at 600◦C under a high
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Figure 3: XRD intensity from the specimens heated for 80
minutes at 600◦C under high vacuum of 10−6 Torr for alkylamine-
intercalated graphite oxide (GO-amine).

vacuum of 10−6 Torr, which results in the nanocomposite
consisting alternately of a stacked single graphene sheet and
a C60 monolayer. All specimens were analyzed by using
X-ray diffraction (Rigaku RINT 2200/PC diffractometer:
CuKα radiation at 40 kV and 30 mA), FT-IR spectroscopy
(FTIR: JASCO 480 Plus FT-IR spectrometer: the samples in
KBr pellets), NMR (our original 7.1 T spectrometer with a
Tecmag Apollo spectrometer and a Doty SuperSonic MAS
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Figure 5: The 13C NMR spectra for the specimens of Figure 2 at
room temperature. Only one sharp line with a peak position of
144 ppm [11] was observed.

7 mm probe head), and high-resolution electron microscopy
(JEM3100FEF: a lattice resolution of 0.1 nm when it is
operated at an acceleration voltage of 300 kV).

3. Results and Discussion

Figure 1(a) shows the X-ray diffraction (XRD) intensity
from graphite oxide (GO) and alkylamine-intercalated
graphite oxide (GO-amine) with different alkyl chain lengths
(CnH2n+1NH2) (n = 3 to 8). The appearance of a peak
in the GO of Figure 1(a) shows that the spacing between
graphite oxide sheets is approximately 8 Å, which is identical
to the published data [12]. It is found that the spacing
between graphite oxide sheets in the case of the GO-amine
(n = 3 to 8) increases with the increase in the length of
the alkyl chain incorporated in the interlayer space of the
GO. Figure 1(b) shows the XRD intensity from the GO-
amine (n = 3 to 8) in C60 solution, which we call the C60-
intercalated graphite oxide (GO-C60). It should be noted
that there appear drastic changes in the XRD intensity
between n = 5 and n = 6 in Figure 1(b), which indicates
that C60 molecules are intercalated in the interlayer space
of the GO by the driving force of alkylamine situated at
between the graphene oxide sheets when the interlayer space
is sufficiently larger than the C60 molecule. However, there
exist many C60 powders which are not intercalated into the
GO in these GO-C60 specimens because the stronger peaks,
(111), (220), (311), (222), (331), (420), (422), and (511),
of XRD intensity from C60 powders (JCPDS file No.44-0558)
appear in the spectra of Figure 1(b). In order to remove C60

powders that are not intercalated into the GO, and moreover,
to expel the alkylamines which are intercalated into the
graphite, the GO-C60 specimens of Figure 1(b) were heated
for 80 minutes at 600◦C under a high vacuum of 10−6 Torr,
as shown in Figure 2. It should be noted that n = 6, n = 7,
and n = 8 have broad peaks of A and B corresponding to
d-spacings of 9 Å and 4.6 Å, respectively, in addition to a
broad peak of d = 3.3 Å corresponding to the spacing of
graphite layers, although n = 3, n = 4, and n = 5 have
only a single broad peak of d = 3.3 Å. Since the GO-amine
reverts to the graphite layers when alkylamines leaves the
GO-amine host after heating at up to 600◦C, as shown in
the XRD intensity of Figure 3, the graphene oxide layers in
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Figure 6: High-resolution electron microscope (HR-TEM) image and structure model of alternately stacked graphene sheets and C60

monolayers. (a) High-resolution electron microscope (HR-TEM) image from the nanoribbon of the specimens of Figure 2. Graphene layers
(area: A) and C60 molecules between graphene sheets (area: B) are shown. (b) Structure model of alternately stacked graphene sheets and
C60 monolayers, where C60 molecules can rotate between graphene sheets.

the GO-C60, which do not include C60 molecules, also revert
to the graphite layers when alkylamines go out from it after
heating. It is expected that the peaks of A and B (n = 6 to 8)
in Figure 2 are due to the d-spacing between the graphenes
intercalating the C60 monolayer and their stacking faults (the
disorder of the stacking) [15], respectively. However, since
peak A is also widely distributed, the d-spacings between the
graphenes intercalating the C60 monolayer are considered to
be widely distributed.

Figure 4 shows the FT-IR spectra from the specimens of
Figure 2. This result is consistent with the conclusion based
on Figure 2 that C60 molecules can be intercalated into the
GO with alkylamine chains longer than that of n = 5 because
the FT-IR spectra from n = 6, n = 7, and n = 8 in
Figure 4 exhibit the C60 intermolecular IR-active (F1u) modes
[11] although those with the shorter alkylamine chains do
not exhibit these modes. However, one mode of 526 cm−1

among IR-active (F1u) modes only appears in these FT-IR
spectra because the number of C60 molecules included in the
specimens is rather small.

The rotational dynamics of C60 molecules between
graphenes have been investigated by 13C NMR in the
temperature range from room temperature to −80◦C. We
prepared C60 materials 20–30% enriched in 13C in order
to increase the 13C NMR signal. The present specimen
was mixed with Na2SO4 in a weight ratio of 1 : 50 to
avoid arcing in a NMR probe. The NMR experiments were
performed at 75.4 MHz for 13C in an external field of 7.1 T
by the pulse inversion recovery method. 13C NMR spectra
were taken by Fourier transforming the signal following
the π/2 pulse. The typical π/2 pulse width was 5.4 us.
It is well known that for C60 molecules in solid C60 at
room temperature, large rotational motion averages out the
chemical-shift anisotropy (CSA) and the 13C NMR spectra
show motional narrowing of 2.5 ppm in width. In contrast,
spectra broaden at low temperature and develop the CSA
power pattern with a CSA tensor with the principle values
δ11 = 213 ppm, δ22 = 182 ppm, and δ33 = 33 ppm [11].

Figure 5 shows the 13C NMR spectra for the specimens
of Figure 2 at room temperature, where the 13C NMR
spectrum at room temperature is the same as that at the
temperature of −80◦C. Only one sharp line with a peak
position of 144 ppm was observed, and its line shape is
a Gaussian-like function with an FWHM value of 5 ppm.
The positions are in good agreement with the average
principle values for C60 molecules in solid C60, and the
linewidth is about one-twentieth narrower than that of the
powder pattern [11]. These observations clearly demonstrate
the lack of the polymerization [16] of C60 molecules in
the present material. Furthermore, the observed Gaussian-
like line shape means a motional narrowing and that C60

molecules rotate quasi-freely with a correlation time on the
order of 10 ps. This correction time is similar to that of
the same case [17]. This means that no strong bonding
such as chemical bonding between the graphenes and C60

molecules is made, and C60 molecules easily rotate for outer
force.

It is possible that the specimens in the case of Figure 2
are broken into nanoribbons of nanometer thickness by
ultrasonic vibration, which is analogous to the preparation
method of the graphene nanoribbon. A high-resolution
electron microscope (HR-TEM) image of the nanoribbon
is shown in Figure 6(a). First, two parts of graphene layers
(areas A) are shown in Figure 6(a). A missing rows of
zigzag chains clearly appear in the graphene network, which
indicates that the thickness of the specimen is on an
atomic scale [18], and moreover, moire patterns formed
by graphenes also appear in area A. It is expected that
the contrast of area B originates from the C60 molecules
confined between graphene sheets, although we will dis-
cuss this contrast later in detail. Now we illustrate the
structure model of C60-intercalated graphite in Figure 6(b),
that is, the nanocomposite consisting of alternately stacked
graphene sheets and C60 monolayers in which C60 molecules
can form a monolayer and rotate between graphene
sheets.
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4. Conclusion

At present, preliminary experiment indicates it is possible
to intercalate huge fullerene molecules, such as C70 and
La@C82 larger than a C60 molecule into graphite. Hence it is
expected that the unique structure comprising huge fullerene
molecules intercalated into graphite will give rise to attractive
novel applications such as superlubrication materials, vari-
able nanocapacitance, nanoswitches, and hydrogen storage
in the future. Moreover, since the tribological test of grease
and oils with an additive of this nanocomposite powder
exhibits excellent lubricating performance with an ultralow
friction previously unattained, the structure and material
properties are expected to be more attractive also from sci-
entific and material points of view. These are examples of the
application that shows the novel mechanical property, and
the intercalated materials will lead to promising materials
with novel mechanical, physical, and electrical properties.
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Arc-discharge has been widely used in the bulk production of various carbon nanomaterials, especially for structurally more robust
single-walled carbon nanotubes. In this paper, the same bulk-production technique was applied to the synthesis of significantly
13C-enriched graphitic materials, from which graphene oxides similarly enriched with 13C were prepared and characterized. The
results demonstrate that arc-discharge is a convenient method to produce bulk quantities of 13C-enriched graphene materials from
relatively less expensive precursors (largely amorphous 13C powders).

1. Introduction

Graphene nanosheets (GNs) consisting of a single or few
layers of hexagonally arrayed sp2-bonded carbons in a two-
dimensional lattice have attracted tremendous amount of
recent attention for their interesting and/or unique proper-
ties, with a long list of predicted technological applications
[1–10]. For example, individual GNs have been found
to possess superior electronic properties arising from the
confinement of electrons in two dimensions [3], and as a
zero-bandgap semiconductor to feature long-range ballistic
transport and high carrier mobility at room temperature [8,
11, 12]. GNs also exhibit excellent thermal transport prop-
erties [10], with their dispersion into polymeric matrices
resulting in record-setting thermal conductive performances
[13–15].

The preparation or production in larger quantities of
GNs has been actively pursued in the research community
[16, 17]. Among widely investigated methods are those based
on the micromechanical cleavage of graphite [11], epitaxial
growth [18], and chemical exfoliation of graphite [13, 19],
especially the exfoliation through the route of graphene
oxides (GOs) [20]. For structural characterization and other
purposes, 13C-enriched GNs (or GOs as precursors) are

particularly valuable. However, the 13C-enrichment in bulk
quantities of graphene materials has hardly been a routine
task. There are only a few relevant studies in the literature (all
based on the same sample source), despite their obviously
high impact in the graphene research field [21–23]. The
sample of 13C-enriched graphite films in the available
studies was synthesized by using cold-wall chemical vapor
deposition (CVD) onto nickel substrate, with isotopically
enriched methane as the 13C source [22].

Beyond CVD, arc-discharge under inert atmosphere has
been widely used in the bulk production of various carbon
nanomaterials, including especially carbon nanotubes [24–
28]. In fact, single-walled carbon nanotubes from arc-
discharge production are generally structurally more robust
[26, 27]. Therefore, it is desirable to apply the same bulk-
production technique to the synthesis of graphite from
amorphous carbon powders (such as commercially supplied
13C powders). Here, we report the use of arc-discharge for the
production of significantly 13C-enriched graphitic materials,
from which graphene oxides (GOs) similarly enriched with
13C were prepared and characterized. The results demon-
strate that arc-discharge is a convenient method to produce
bulk quantities of 13C-enriched graphene materials from
relatively less expensive precursors (13C powders).
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2. Results and Discussion

The sample containing 13C-enriched graphite was synthe-
sized in an arc-discharge chamber. For the electrodes, the
anode was a hollow graphite rod completely filled with a
mixture of 13C powder (largely amorphous) and graphite.
The total 13C content in the anode rod was targeted to
be about 20%. The cathode was a solid graphite rod. In a
helium atmosphere, the arc-discharge was at a high current
to render a high temperature for the carbon evaporation,
thus to facilitate the formation of more graphitic carbon
materials. In principle, arc-discharge (or sometime called
plasma arcing) creates a high-temperature (up to 3,000◦C)
condition that evaporates and ionizes the carbon electrode
materials. The ultrahot carbon vapors and ions serve as
precursors to spontaneously form the targeted nanostruc-
tures (fullerenes, carbon nanotubes, or graphite sheets)
upon condensation in the arc-discharge chamber. In the
experiment reported here, there was a significant amount
of black deposit on the cathode, which was determined
as being more graphitic than the soot-like material in the
chamber according to thermogravimetric analysis (TGA).
The deposit was collected as a sample containing 13C-
enriched synthetic graphite. According to spectral shifts
in the Raman spectroscopy evaluation, the estimated 13C
content in the sample was on the order of 15%, slightly lower
than the original 13C loading in the anode rod.

The X-ray diffraction pattern for the 13C-enriched sam-
ple was generally similar to that of the commercially supplied
natural graphite (Figure 1), with diffraction peaks at 2θ of
26.2◦, 42.7◦, 54.0◦, and 78.0◦, corresponding to (002), (10),
(004), and (110) diffractions, respectively, in the graphitic
framework. However, the 13C-enriched sample was likely
more complex morphologically, as reflected in the signifi-
cantly broader (002) diffraction peak (Figure 1), though the
complexity should have little effect on the preparation of
graphene oxides (GOs) in terms of the Hummers method [1,
29]. The extreme processing conditions associated with the
Hummers method would push all surviving species toward
the well-exfoliated GOs.

In the Hummers method treatment of the 13C-enriched
sample, the same experimental conditions as those for
natural graphite were applied. A similarly homogeneous
aqueous dispersion of GOs was obtained (Figure 2), which
was stable over the duration of the project (several months).

The optically transparent aqueous dispersions were used
in UV/vis absorption measurements. Shown in Figure 2 is a
comparison of optical absorption spectra between GOs from
precursor samples with and without the 13C enrichment.
Both spectra exhibited the characteristic absorption bands at
230 nm and 300 nm, corresponding to the well-established
π-π∗ (due to the remaining graphene structure) and n-π∗

transitions in GOs, respectively [30], suggesting that the 13C-
enriched GOs were structurally similar to those from natural
graphite.

The 13C-enriched GOs from the Hummers method in
aqueous dispersion were deposited onto a solid substrate
for characterization by Raman spectroscopy. As shown in
Figure 3, the Raman spectrum of the 13C-enriched GOs
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Figure 1: X-ray diffraction patterns of the 13C-enriched sample
produced in arc-discharge (solid line) and the as-supplied natural
graphite (dashed line), along with the standard from JCPDS
database.

featured the same G-band and D-band as those typically
found in GOs from natural graphite (Figure 2) [31], except
that the Raman bands of the 13C-enriched GOs were at lower
frequencies (due to 13C being heavier than 12C). The Raman
results confirmed that the aqueous dispersion from the
Hummers method was indeed a dispersion of 13C-enriched
GOs. More quantitatively, the Raman spectral shifts were
used to estimate the 13C content in the enriched sample.
Under the assumption of same force constants for 12C and
13C bonds, the observed frequencies of a specific Raman
mode for the 13C-enriched sample (ω) and regular 12C
sample (ω12) are related to the 13C content in the enriched
sample (x) as follows [32, 33]:

ω = ω12

√
m12

m12(1− x) +m13x
, (1)

where m12 and m13 are atomic masses of 12C and 13C,
respectively. The Raman spectral shifts from different batches
of GOs were slightly different, so were the shifts of G-
band versus D-band between the 13C-enriched and regular
GOs. On average, however, the estimated 13C content in the
enriched sample was 18.5%, comparable with the targeted
13C enrichment in the anode used in arc-discharge (about
20%).

The presence of GOs in the 13C-enriched sample after
Hummers method treatment was further confirmed and
their morphology probed in electron microscopy analyses.
The specimen of the 13C-enriched GOs was prepared by
depositing a few drops of a diluted aqueous dispersion
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Figure 2: UV/vis absorption spectra of aqueous dispersions of the
13C-enriched GOs (solid line, a photo of the dispersion in the inset)
and GOs from the natural graphite (dashed line).
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Figure 3: Raman spectra of the 13C-enriched GOs (solid line) and
GOs from the natural graphite (dashed line).

(∼0.05 mg/mL) onto a holey carbon-coated copper grid,
followed by drying under ambient conditions. With the use
of a scanning transmission electron microscope (S-TEM),
the images obtained for the specimen in different imaging
modes (transmission and Z-contrast) exhibited consistently
a primary morphology of well-exfoliated sheets, which
appeared to be transparent to the electron beam (Figure 4).
The 13C-enriched GOs in TEM images were generally
similar to those from natural graphite (Figure 4), except
for the former appearing somewhat more wrinkled with
less regular edges (Figure 4). While the TEM results alone

300 nm
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300 nm

(b)

300 nm

(c)

Figure 4: TEM images of the 13C-enriched GOs (a) and GOs from
the natural graphite (b) on holey carbon-coated copper grid; and
the 13C-enriched GOs in the Z-contrast mode (c).

were hardly sufficient for any conclusions, the possibility
existed that the graphite material (as precursor to the GOs)
from the arc-discharge production had a smaller grain size
and contained more defects. Nevertheless, the production
conditions were not optimized, thus still more rooms for
significant improvements in arc-discharge production for
structurally more robust graphite precursors.

The results presented above clearly demonstrate that 13C-
enriched GOs in bulk quantity can be obtained from the
graphite precursor produced in an arc-discharge chamber.
A major advantage of this production approach is the use
of relatively less expensive 13C powders as starting material.
The overall yield from 13C powders to GOs was on the order
of 10% in terms of 13C conversion, and improvements may
be expected when the production conditions are optimized.
The soot-like material (also with significant 13C content)
collected from arc-discharge chamber could be recycled
(for graphite materials of lower 13C enrichment). Another
improvement to be pursued is the quality of the graphite
precursor and the resulting GOs, as it is well-established that
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arc-discharge is a preferred method to produce structurally
more robust carbon nanotubes.

The correlation between the 13C enrichment in the final
GOs and that in the starting anode rod for arc-discharge
is interesting and useful, as it may allow more predictable
production of graphene materials of various targeted 13C
enrichment ratios for different applications. Efforts on
such predictable production and on the optimization of
production conditions are in progress.

3. Experimental Section

3.1. Materials. The graphite sample, referred to as “natural
graphite”, was the surface-enhanced flake graphite (Grade
3805) supplied by Asbury Carbons. 13C powders (largely
amorphous, 13C content 97%) were purchased from Icon
Isotope, Inc. Fine-extruded graphite rods (carbon content
>99.9%, 6.4 mm in diameter and ∼30 cm in length) were
acquired from Graphitestore.com, Inc. Sulfuric acid (93%),
nitric acid (73%), hydrochloric acid (36%), hydrogen perox-
ide (35%), and phosphorus pentoxide (P2O5) were obtained
from ACROS, ammonium persulfate ((NH4)2S2O8) from
Aldrich, and postassium permanganate (KMnO4) from
Fisher Scientific. PVDF membrane filters (0.45 μm pore
size) were supplied by Fisher Scientific, dialysis membrane
tubing (MWCO ∼ 3,500) by Spectrum Laboratories, and
holey carbon-coated copper grids by SPI Supplies. Water was
deionized and purified by being passed through a Labconco
WaterPros water purification system.

3.2. Measurements. Thermogravimetric analysis (TGA) was
performed on a TA Instruments Q500 analyzer. Optical
absorption spectra were recorded on a Shimadzu UV-
3600 UV/vis/NIR spectrophotometer. Raman spectra were
obtained on a Jobin Yvon T64000 Raman spectrometer
equipped with a Melles-Griot He-Ne laser (35 mW) for
632.8 nm excitation, a triple monochromator, an Olympus
BX-41 microscopy, and a liquid nitrogen-cooled symphony
detector. Transmission electron microscopy (TEM) images
were acquired on Hitachi HD-2000 S-TEM systems.

3.3. Arc-Discharge. The arc-discharge production was car-
ried out in a water-cooled stainless steel chamber equipped
with an arc length controller (ALC-401, Jetline Engineering).
For the anode, a commercially supplied graphite rod was
cut in half to ∼15 cm in length and then drilled to become
hollow, with an inner diameter of ∼4 mm. The hollow cavity
was filled with a mixture of the natural graphite (0.54 g) and
13C powders (0.64 g). The targeted 13C content in the anode
rod was ∼20%. A solid graphite rod was used as cathode.
The arc-discharge, under helium atmosphere (1 atm), was at
a direct current of 70 A (28 V). The anode was consumed
in about 40 min. The black deposit (∼2 g) on the cathode
containing 13C-enriched graphite was collected.

3.4. Graphene Oxides. The Hummers method [29] with
minor modification was used for the preparation of graphene
oxides (GOs) from the arc-produced graphite sample.

Briefly, concentrated H2SO4 (10 mL) in a 500 mL flask
was heated to 80◦C, to which (NH4)2S2O8 (0.9 g) and
P2O5 (0.9 g) were added. The mixture was stirred until
the reagents were completely dissolved. The 13C-enriched
graphite sample (1 g) from the arc-discharge production was
added, and the resulting mixture was heated at 80◦C for 4.5
h. Upon being cooled to room temperature, the reaction
mixture was diluted with water (250 mL) and kept for ∼12
h. It was then filtrated and washed repeatedly with water,
followed by drying in a vacuum oven. The solid sample was
added to concentrated H2SO4 (40 mL) in a 500 mL flask
cooled in an ice bath. To the mixture was added slowly
KMnO4 (5 g over 40 min), during which the temperature
was kept at <10◦C. The reaction mixture, with a change
in color from black to greenish brown, was heated at 35◦C
for 2 h, followed by dilution with water (85 mL—Caution:
the temperature must be kept at <35◦C throughout) and
further stirring for 2 h. The reaction mixture was poured
into a large beaker, to which water (250 mL) and then
aqueous H2O2 (30%, 10 mL) were added. Bubbles from
the aqueous mixture along with a color change to brilliant
yellow were observed. The mixture was allowed to settle
for ∼12 h. The clear supernatant was decanted, and the
sediment was washed repeatedly with aqueous H2SO4 (5
wt%)-H2O2 (0.5 wt%) and HCl solution (10 wt%), followed
by washing repeatedly with water until no layers observed
in centrifuging. The sample was then dialyzed (MWCO ∼
3,500) against water for 7 days to yield a clean aqueous
dispersion of GOs.
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Adsorption behaviors of dodecanethiol (C12H25SH) molecules are investigated on the surface of single-walled carbon nanotubes
(SWCNTs) with vibrational and X-ray photoelectron spectrometers. The active adsorption sites are proved as Stone-Wales (SW)
defects (5–7 ring defects). The SW defect-removed SWCNTs formed by reacting nanotubes with allyl acrylate molecules are
compared with pristine SWCNTs in dispersion and field emission. The former shows higher dispersion and field emission than the
latter.

1. Introduction

Carbon nanotubes (CNTs) have a lot of defects such as,
vacancies, metastable atoms, pentagons, heptagons, Stone-
Wales (SW or a pair of 5–7 rings) defects, discontinuities
of walls, and heterogeneous atoms [1–5]. According to a
scanning tunneling microscopy (STM) observation, about
10% of the samples were found to exhibit stable defect
features under extended scanning [6]. SW defects are stable
and commonly present in CNTs and are believed to play key
roles in the mechanical [7], electronic [8], and chemical [9]
properties of CNTs.

In the studies of the interaction of CNTs with organic
compounds, amines have attracted special attention [10–
14]. Among these, the most extensively explored is the
formation of amide derivatives between carboxylic groups
on oxidized CNT tips and long-chain amines. Basiuk et al.
[15] reported that infrared (IR) spectra of oxidized single-
walled CNTs (SWCNTs) treated with amines under different
conditions could not correspond to amide derivatives on
SWNCT tips, because the very low concentration of the
terminal groups relative to the whole sample mass resulted
in a negligible contribution to the IR spectra. The bands
detectable in the case of long-chain amines were thought

to correspond to amine molecules physisorbed because of
strong hydrophobic interactions of their hydrocarbon chains
with SWCNT walls. Our previous studies [16] investigated
the adsorption behaviors of alkanethiol molecules on the
surface of SWCNTs with vibrational spectrophotometer. We
reported that alkanethiol molecules adsorbed strongly on the
SWCNT surface and suggested that the active activation sites
in the nanotube surface might be SW defects. According to
the theoretical calculation by Zhou and Shi [17], it was found
that the SW defects of the tube wall could reduce cohesive
energies for some foreign atoms such as, H, C, N, O, F, and P.
In other words, the heptagon rings generated during SWCNT
synthesis can be good candidates for an adsorption of foreign
molecules. More recently, first-principle calculations were
performed to investigate the dependence of alkanethiol’s
interaction with SWCNTs on nanotube’s type, curvature, and
chirality [18]. They reported that the affinities of ethanethiol
molecules for the semiconducting and metallic SWCNTs
were rather close, about 10% stronger in the former case,
and the binding energy of alkanethiol was increased for
adsorption on large diameter CNTs.

In this study, we investigate the effect of SW defects for
an adsorption of dodecanethiol (DT, C12H25SH) molecules
onto SWCNT surface to get more advanced evidence on
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active sites compared with our previous results. Moreover,
after removing (or changing) SW defects from nanotube
surface, the degree of dispersion and field emission (FE)
of SWCNTs, respectively, was measured and compared with
that of untreated pristine SWCNTs.

2. Experimental

SWCNTs and MWCNTs produced by arc-discharge process
and thermal chemical vapor deposition (CVD) technique,
respectively, were used for an adsorption of dodecanethiol
(DT). Both nanotubes were oxidized thermally to remove
carbon-containing materials, and subsequently sonificated
in HNO3. Both CNTs were dispersed in ethanol by an
ultrasonification for 8 h, sprayed on a glass, and then dried.
The CNTs were immersed in the DT-containing ethanol
solution for 1 min, and successively washed out several
times with ethanol to remove physisorbed DT molecules
from the surface of nanotubes. Adsorbed DT molecules
were characterized by infrared (IR) and X-ray photoelectron
spectrometer (XPS).

The removal (change) of 5–7 ring defects was carried
out by reacting SWCNTs with methyl acrylate or octyl
acrylate at 120◦C (Diels-Alder reaction). Ultraviolet- (UV-)
visible spectrometer was chosen to measure the degree of
dispersion of SWCNTs in solvent. The field emission (FE)
properties were measured using a two-parallel plate, that
is, diode type, in a vacuum pressure of ∼ 1.0 × 10−6 Torr
at room temperature. Indium tin oxide (ITO) was used for
two electrodes and the distance between them was kept at
300 μm.

3. Results and Discussion

Figure 1 shows the vibrational spectra of pristine SWC-
NTs, methyl acrylate-treated defect-removed SWCNTs, and
MWCNTs after an adsorption of DT molecules. In case of
pristine SWCNTs, the spectrum contains strong two bands
at 2856 and 2927 cm−1 which is assigned to symmetric and
asymmetric stretching of –CH2– of adsorbed DT molecules,
respectively. The shoulder around 2960 cm−1 is assigned to
the asymmetrical stretching of CH3 [19–21]. Our adsorption
experiments were performed in liquid phase and through a
consecutive washing condition. Therefore, our case would
allow only the strong adsorption between DTs and SWCNTs,
probably chemisorption.

The MWCNTs show no vibrational peaks of DTs,
indicating that DTs are hardly adsorbed on the surface
of MWCNTs. To understand the interactions between DT
molecules and nanotube surface, we observed XPS spectra in
the sulfur (2p) region of DT molecules. Figures 2(a) and 2(b)
show an Mg Kα-induced XPS spectrum of sulfur (2p) core
levels of DT molecules on SWCNT and MWCNT surface,
respectively. In general, the S (2p) spectra are composed
of 2p3/2 and 2p1/2 peaks with an intensity of 2 : 1, as
theoretically determined from the spin-orbit splitting effect
[22–26]. Figure 2(a) shows two peaks at 162.8 eV (S2p3/2)
and 164.4 eV (S2p1/2). Deconvolution of the sulfur (2p)

−0.04

0

A
bs

or
ba

n
ce

(a
.u

.)

0.04

0.08

3500 3400 3300

(a) pristine SWCNTs
(b) defect-removed SWCNTs
(c) MWCNTs

3200 3100 3000

Wavenumber (cm−1)

2900 2800 2700 2600 2500

Figure 1: IR spectra after an adsorption of alkanethiol (DT)
molecules for (a) pristine SWCNTs, (b) methyl acrylate-treated
(defect-removed) SWCNTs, and (c) MWCNTs.

550

600

650

C
/S 700

750

800

850

174 172 170 168 166

Binding energy (eV)

164 162 160

162.8 (S-2)(S2P)

168.3 (∼SO2)

S2P3/2

S2P1/2

158

(a)

0

50

100

C
/S

150

200

250

175 170

Binding energy (eV)

165 160

(S2P) 168.4 eV (SO2)

(b)

Figure 2: S2p XPS spectra of (a) DT-adsorbed SWCNTs and (b)
DT-adsorbed MWCNTs.



Journal of Nanomaterials 3

emission line shape reveals the characteristic intensity ratio
2 : 1 with the peak separation of 1.2 eV. The binding energy
of this state suggests the presence of a C-S bond, consistent
with chemisorbed thiolate [23, 24, 26]. On the other hand,
we cannot see S2p3/2 and S2p1/2 peaks on MWCNT surface
(Figure 2(b)), which strongly suggests that there is no
formation of thiolate species. In other words, DT molecules
are not adsorbed on the MWCNT surface. The broad peak
around 168.4 eV is believed due to sulfonate (or sulfoxide)
species.

For the methyl acrylate-treated SWCNTs (Figure 1(b)),
the two peaks at 2856 and 2927 cm−1 reduce drastically
or almost disappear, which is the same result in our
previous report [16]. We suggested that the active adsorption
sites in SWCNTs might be SW defects for an adsorption
of alkanethiols, thus DTs could not be adsorbed on the
surface of SWCNTs after removal of SW defects artificially
by reacting methyl acrylate (CH=CH−C=O(OCH3)) with
SWCNTs via Diels-Alder reaction in Scheme 1.

When we treated with methyl acrylate to remove SW
defects, the reaction products were not evident since any
characteristic vibrational peaks of the products were not
found in the IR spectrum. It would be attributed by the small
amount of the product sample.

We used octyl acrylate (CH=CH−C=O(OC8H17))
instead of methyl acrylate to treat SWCNT surface. Octyl
acrylate molecule has longer chain length and more carbon
atoms inside than methyl acrylate, thus it is expected that
vibrational spectrum due to long chain carbon atoms would
be shown if octyl acrylate reacts with SWCNT surface
through chemical reaction. Figure 3 represents the IR
spectrum of octyl acrylate-treated SWCNTs. Inset shows IR
spectrum of neat liquid sample of octyl acrylate molecules
for comparison. We can see clearly the peaks at 2856, 2927,
and 1725 cm−1 corresponding to symmetric and asymmetric
stretching of –CH2–, and conjugate C=O stretching of
octyl acrylate, respectively. The intensity of conjugated
C=C stretching mode at 1639 and 1618 cm−1 is reduced
largely compared with the neat sample in inset. IR spectrum
results strongly suggest that the 5–7 defects on SWCNTs
react with octyl acrylate molecules via Diels-Alder reaction
in Scheme 1. SWCNT tips are not considered here since
terminated carboxyl (−COOH) or hydroxyl (−OH) groups
hardly react with methyl acrylate.

Vibrational intensities of DT molecules are negligible
on the surface of MWCNTs as shown in Figure 1(c). As
elucidated in XPS results (Figure 2), DT molecules cannot
adsorb on MWCNT surface chemically. This implies that
the MWCNT surface has a relatively small number of 5–
7 ring defects. According to theoretical examination [17],
the energy barrier for bond rotation to form 5–7 defects
from hexagonal rings is smaller in the tubes than in planar
graphene because of the additional tubular strain. The above
statements imply that an SWCNT has an advantage over an
MWCNT to form 5–7 ring defects since the energy barrier for
bond rotation in the SWCNT is smaller than in the MWCNT
due to higher tubular strain. Consequently, the SWCNT has
more chance to make 5–7 defects during synthesis than the
MWCNT.
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Figure 4 shows UV-visible absorption spectra of pristine
SWCNTs, methyl acrylate-treated SWCNTs (defect-removed
SWCNTs) reacted for 3 hrs and 24 hrs in ethanol, respec-
tively. More intense absorption from the spectra implies
more stable homogeneous dispersion of SWCNTs in solvent
[12, 14, 27]. Therefore, it can be said that the methyl acrylate-
treated SWCNTs are dispersed more well rather than the
pristine SWCNTs.

SWCNTs always form aggregates because of very strong
van der Waals interaction between them. Keeping stable
dispersion of SWCNTs in solvent is significant, and also a
perquisite for application as additives for reinforcement of
composite materials. SWCNTs were solubilized in water with
the aid of surfactant, purified and length-selected [28–30],
but removing the surfactant afterwords was problematic.
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SWCNTs were also solubilized by functionalizing the end-
caps with long aliphatic amines. The above approaches
apparently work well, but have the disadvantage that the
most convenient chemical handles further modification, and
the acid-treated end-caps are tied-up by the solubilization
functionality. Our method to remove ring defects is useful
since it works well as shown in Figure 4. The interaction
between SWCNTs is thought as a hydrophobic force. More
stable homogeneous dispersion would be the results that
the protruded acrylate molecules attached on the SWCNT
surface can make SWCNTs to be exfoliated from the ropes.

We measured field emission (FE) current density of pris-
tine SWCNTs, methyl acrylate-treated SWCNTs for 3 hrs and
24 hrs, respectively. Figure 5(a) shows that methyl acrylate-
treated SWCNTs have higher FE current density than pristine
SWCNTs, and also FE current behavior of methyl acrylate-
treated SWCNTs is similar for both 3- and 24-hour-reacted
sample in solvent. The turn-on field of each sample, VT-O,
which is defined as the macroscopic field to produce a
current density of 10 μA/cm2, was obtained from the loga-
rithmic plot of Figure 5(a). The turn-on field decreased from
3.57 V/μm (pristine SWCNTs) to 2.8 and 2.73 V/μm for 3
hrs and 24 hrs, respectively. The maximum emission current
density gradually increased and reached 0.50 mA/cm2 for the
24-hour-reacted defect-removed SWCNTs, about ten times
higher than pristine SWCNTs (0.05 mA/cm2) at an electric
field of 4.7 V/μm. The same explanations can be adopted for
the enhanced FE current density, that is, the protruded acry-
late molecules on the SWCNT surface can make SWCNTs
exfoliate from the ropes as shown in Figure 5(b). The well
separated SWCNTs reduce the screening effect [31], which
leads to an emission decrease caused by neighboring tips
when the distance between tips is too small.

4. Conclusion

In summary, Thiol-containing DT molecules can be
adsorbed on the surface of SWCNTs, not MWCNTs, and
the active adsorption sites are proved as 5–7 ring defects
of the nanotube surface which can be removed (changed)
by reacting with allyl acrylate molecules via Diels-Alder
reaction. The defect-removed SWNCTs show higher degree
of dispersion in solvent and enhanced FE currents compared
with pristine SWCNTs.
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The nanoscale peeling of the graphene sheet on the graphite surface is numerically studied by molecular mechanics simulation.
For center-lifting case, the successive partial peelings of the graphene around the lifting center appear as discrete jumps in the
force curve, which induce the arched deformation of the graphene sheet. For edge-lifting case, marked atomic-scale friction of the
graphene sheet during the nanoscale peeling process is found. During the surface contact, the graphene sheet takes the atomic-
scale sliding motion. The period of the peeling force curve during the surface contact decreases to the lattice period of the graphite.
During the line contact, the graphene sheet also takes the stick-slip sliding motion. These findings indicate the possibility of not
only the direct observation of the atomic-scale friction of the graphene sheet at the tip/surface interface but also the identification
of the lattice orientation and the edge structure of the graphene sheet.

1. Introduction

Adhesion and peeling phenomena play important roles in
connecting two objects regardless of whether they are inor-
ganic, organic, or biological materials, which contributes to
building up microscopic devices. The carbon nanostructures
such as, carbon nanotube (CNT) and graphene have recently
attracted great interests as the components of the electronic,
magnetic, and optical devices. We have so far studied the
peeling mechanics of the carbon nanotube (CNT) adsorbed
onto the graphite surface both theoretically [1–3] and
experimentally [4, 5]. It is clarified that the transition from
the line- to the point-contact between the CNT and the
graphite surface occurs during the peeling process [1–5]. The
CNT on the sub-microscale has the same size as the spatulae
of the microscopic hairs aligned on the gecko foot [6, 7].
Therefore the study of the peeling process of the nanoscale
objects such as, CNT is useful for not only developing the
gecko-foot-mimic adhesives [8] but also understanding the
elementary process of adhesion.

On the other hand, since the success of its experimental
isolation [9], the potential of various applications of the
graphene such as, the components of the electronic devices

[10, 11] has been discussed by many researchers. There is also
a possibility that its adhesion with the substrate is applied
to the adhesive tape at nanoscale. Therefore the peeling
mechanics of the graphene sheet is very important, which
can be regarded as the elementary process of the macroscopic
sticky tape such as, the gecko-foot-mimic adhesives [6–
8] or that of the microscopic extension of the crack in
the fracture process. In our preliminary experiments, we
have already succeeded in peeling the multilayered graphene
plate with a thickness of several µm by using atomic-
force microscopy tip [12]. Here the two-component epoxy
resin adhesive is used to bond the graphene plate to the
AFM tip. Here the standard Si3N4 tip for the contact AFM
experiment is used. The junction formed between the AFM
tip and the graphene should be mechanically rigid enough
to measure the elasticity of the graphene sheet during the
peeling process. The two-component epoxy resin adhesive
satisfies the above condition. If the thickness of the peeled
graphene plate is reduced, the comparison between the
present simulation and the experiment will become possible.

Therefore, in this paper, ahead of experiment, we have
theoretically reported the nanoscale peeling behaviors of the
monolayer graphene sheet based on the molecular mechanics
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simulation [13, 14]. The peeling force curve exhibits the
nanoscale change of the graphene shape from the surface to
the line contact. The center position and the left edge are
chosen as the lifting position. In Section 3, the peeling of the
monolayer graphene sheet with the armchair edge for lifting
the center position is discussed. In Sections 4 and 5, the
peeling of the monolayer graphene sheet with the armchair-
and zigzag-edge for lifting the edge position is discussed,
respectively.

2. Model and Method of Simulation

In the simulation, a rectangular-shaped monolayer graphene
sheet with each side of 38 Å × 20 − 21 Å, comprised of 310
carbon atoms, is peeled from the rigid rectangular graphene
sheet (which is called, the “graphite surface,” hereafter)
with each side of 164 − 165 Å × 58 Å, comprised of 3536
carbon atoms [Figure 1(a)]. First, both the above graphene
sheets are separately optimized by minimizing the covalent
bonding energy described by the Tersoff potential energy
[15], Vcov, using the Polak-Rebiere-type conjugate gradient
(CG) method [16]. Here the convergence criterion is set so
that the maximum of absolute value of all the forces acting on
the movable atoms becomes lower than 10−5 eV/Å. Next, the
graphene sheet is put and adsorbed onto the graphite surface,
so that the AB stacking registry between the graphene sheet
and the graphite surface is satisfied as shown in Figures
1(b) and 1(c). Here the green-colored six-membered ring
at the center position or the outermost left edge of the
graphene sheet is assumed to be attached to the AFM tip
apex (Figure 1(a)), and then it is gradually moved upward
along the z direction, parallel to the [0001] axis, by 0.1 Å. For
each lifting position of the graphene sheet, z, the total energy
Vtotal = Vcov + VvdW is minimized using the CG method,
where VvdW is the nonbonding vdW interaction described by
the modified Lennard-Jones (LJ) potential energy [17, 18],
acting between the graphene sheet and the graphite surface.
Thus the optimized positions of the movable carbon atoms
of the graphene sheet, (x, y, z), the vertical peeling force
Fz, and the lateral sliding forces Fx and Fy , acting on the
lifting center, are calculated during the peeling process. In
this paper, the graphene sheets with armchair-(Figure 1(b))
and zigzag-edges (Figure 1(c)) are discussed.

3. Center-Lifting Case of
Armchair-Edge Graphene

When the six-membered ring located at the center position
of the monolayer graphene sheet is lifted, the graphene
sheet exhibits the characteristic transition of its shape during
the peeling process within the x− z plane as illustrated in
Figures 2(A)−2(J), corresponding to Figures 3(A)−3(J), the
vertical force acting on the lifting center position Fz plotted
as a function of the displacement from the initial position
along z-direction, z. At first the monolayer graphene sheet
takes an initial planar structure parallel to the rigid graphite
surface (Figure 2(A): z = 0 Å). Here the surface contact
is formed between the graphene sheet and the graphite
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Figure 1: (a) The schematic illustration of the model of the
monolayer graphene sheet physically adsorbed onto the rigid
graphite surface used in the simulation. The green-colored six-
membered ring at the center position or left edge of the graphene
sheet is assumed to be adsorbed onto the atomic force microscopy
tip apex indicated by broken lines, and it is moved upward along
the z (or [0001]) direction, by z = 0.1 Å. Initial AB stacking registry
of the red-colored graphene sheet with (b) armchair and (c) zigzag
edge adsorbed onto the blue-colored graphite surface within the
x − y plane.

surface. The vertical force Fz is zero (Figure 3(a)). Just after
the beginning of the peeling (Figure 2(B): z = 2.0 Å),
the attractive interaction force takes the minimum value,
−3.1 eV/ Å (Figure 3(B)).
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Between z = 2.0 Å and 2.1 Å, the first discrete partial
peeling of the graphene occurs (Figures 2(B)→ 2(C)), which
produces the 1st discontinuous jump in the force curve
(Figures 3(B)→ 3(C)). The partial peeled area around the
lifting center of the graphene is shown in Figures 4(B)→
4(C). Then, between z = 2.4 Å and 2.5 Å, the second discrete
partial peeling of the graphene occurs (Figures 2(D)→ 2(E)),
which produces the 2nd discontinuous jump in the force
curve (Figures 3(D)→ 3(E)). The partial peeled area of the
graphene is shown in Figures 4(D)→ 4(E). Which of these
two areas is peeled first is expected to be actually the
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Figure 3: The vertical force, Fz, acting on the center six-membered
ring, plotted as a function of the lifting displacement z. The
positions A−J correspond to those of Figure 2.

stochastic process under the room temperature condition.
Now the surface contact region is split into the left and
right sections (Figure 2(E)). After the two discrete jumps, Fz
increases as the peeling proceeds, since the attractive surface
contact region gradually decreases (Figure 2(F): z = 5.0 Å).
Then the surface contact continuously turns into the line
contact at z = 7.3 Å (Figure 2(G)). Here the ’line contact’ is
defined by the following two criteria: (1) The carbon atoms
on the left and right outermost arrays of the graphene sheet
(Figure 1(b)) receive the repulsive interaction force from
the graphite surface. (2) The carbon atoms on the second
arrays (Figure 1(b)) next to the outermost arrays receive the
attractive interaction force. As illustrated in Figure 5, the
average forces acting on one carbon atom on the outermost
and the second arrays satisfy the above criteria at z = 7.3 Å,
which corresponds to Figure 2(G).

Once the line contacts are formed between the free edges
(outermost arrays) of the peeled graphene sheet and the
graphite surface, they clearly slide on the graphite surface
as indicated by a circle in Figures 2(G)→ 2(H)→ 2(I) with
a rapid increase of the bending of the graphene sheet. Within
x-y plane, the right outermost array of the graphene sheet
slides nearly straightforward along −x direction, not so
sensitive to the lattice structure of the surface as illustrated
in Figures 6(a) and 6(b), which show the trajectories of the
two carbon atoms on the right outermost array illustrated
in Figure 1(b). The sliding of the outermost arrays during
G and I appears much more clearly than that during A and
G. During H and I, the decrease of Fz (Figures 3(H) and
3(I)) can be explained by the decrease of the repulsive force
acting on the carbon atoms on the left and right edges of the
graphene sheet as shown in Figure 5, that is to say, the relative
increase of the effect of the attractive interaction force.
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When the bending of the graphene sheet becomes larger
than a certain range, both the left and right line contacts
break and the graphene sheet is completely peeled from the
surface (Figures 2(I)→ 2(J): z = 14.8 Å → 14.9 Å), which
produces the 3rd discontinuous jump in the force curve
(Figures 3(I)→ 3(J)). As illustrated in Figures 2(I)→ 2(J) and
Figures 4(I)→ 4(J), the graphene sheet exhibits the transition
from the arched shape to the planer shape.

Thus the vertical peeling force Fz exhibits the character-
istic shape as shown in Figure 3, which reflects the transition
from the surface to the line contact between the graphene
sheet and the graphite surface. On the other hand, the lateral
sliding force Fx is zero due to the structural symmetry of
the system. However, the lateral sliding force Fy shows a
finite value with an oscillation whose period and amplitude
decrease as z increases. This oscillation of Figure 7 reflects the
trajectory of the graphene edges illustrated in Figure 6 at the
graphene-substrate interface during the peeling process. The
maximum lateral force Fy � 0.1 eV/Å which is only about
3% of the absolute value of the maximum adhesion force
|Fz| = 3.1 eV/Å.

4. Edge-Lifting Case of
Armchair-Edge Graphene

4.1. Nanoscale Peeling along Vertical Direction. When the
left edge of the monolayer graphene sheet with armchair
edge (Figure 1(b)) is lifted, the shape of the graphene sheet
markedly changes during the peeling process within the x−z
plane as illustrated in Figures 8(A)−8(J), corresponding to

Figures 9(a)A−9(a)J, the vertical force acting on the lifting
edge Fz plotted as a function of the edge height z.

4.1.1. Surface-Contact Region. At first the monolayer
graphene sheet takes an initial planar structure parallel
to the rigid graphite surface (Figure 8(A): z = 0 Å), and
the vertical force Fz is zero (Figure 9(a)A), which means
the graphene sheet completely takes the surface contact
with the graphite surface. Just after the start of the peeling
(Figure 8(B): z = 1.1 Å), the attractive interaction force |Fz|
becomes the maximum, 0.74 eV/Å (Figure 9(a)B). After that
the surface contact area gradually decreases as the peeling
proceeds (Figures 8(C)−8(E)), where Figure 9(a) exhibits the
atomic-scale zigzag structures (Figures 9(a)C−E), which will
be explained in the Section 4.2.

4.1.2. Line-Contact Region. After the surface contact van-
ishes, the line contact appears (Figure 8(F)). Here the “line
contact” is defined by the following two criteria similar to
the case of the center-lifting peeling. (1) The outermost array
of the free edge of the graphene sheet (Figure 1(b)) receives
the averaged repulsive interaction force per one carbon atom
from the graphite surface. (2) The second array next to the
outermost array (Figure 1(b)) receives the averaged attractive
interaction force per one carbon atom. As illustrated in
Figure 9(b), the edge height z = 31.3 Å satisfies the above
criteria (Figure 8(F)). Here the free edge adsorbed onto the
graphite surface is nearly fixed even if the left edge is lifted
(Figure 8(F)→Figure 8(G): z = 33.9 Å). As a result, the in-
plane bending of the graphene sheet markedly decreases,
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Line contactSurface contact

−0.02

0

0.02

0.04

Atom on the outermost array
Atom on the second array

Figure 5: The averaged forces acting on one atom on the left and
right outermost arrays (red-colored) and those on the left and right
second arrays (blue-colored), as a function of the displacement of
the lifting center position from the initial position, z(Å).
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and |Fz| decreases to zero (Figures 9(a)F−G). After that the
free edge slides on the surface until the graphene sheet takes
planar structure within the y-z plane (Figure 8(H): z =
37.9 Å), where |Fz| increases again (Figure 9(a)H).

4.1.3. Toward Complete Peeling. Then the graphene sheet is
continuously moved upward (Figure 8(I): z = 38.0 Å →
Figure 8(J): z = 38.4 Å) and is completely peeled from the
surface. It is noted that the line contact clearly vanishes at
z = 38.0 Å (Figure 9(b)I). The attractive interaction force
|Fz| increases to take the maximum value (Figures 9(a)I→ J),
and then it gradually decreases to zero toward the complete
peeling.

4.2. Atomic-Scale Sliding within Lateral Plane. Figure 9(a)
shows the atomic-scale zigzag structures within the surface-
and line-contact regions, which can be explained by the
following atomic-scale sliding motions of the graphene sheet
within the x − y plane.

4.2.1. Surface-Contact Region. During the surface contact
region between C and E in Figure 9(a), z − Fz curve takes
the atomic-scale zigzag structures from I to VII. The zigzag
behaviors exhibit the transition from the continuous (Figures
10(a)I-II) to the sawtooth shapes (Figures 10(a)III−VII).
First Figures 10(a)1→ 2→ 3→ 4→ 5 correspond to Figures
10(b)1→ 2→ 3→ 4→ 5, which show that the graphene sheet
continuously slides passing over the nearest neighboring
AB stacking sites with the graphite surface. The trajectories
of the graphene sheet exhibit the continuous zigzag paths
as shown in Figure 10(b)5. Next Figures 10(a)6→ 7→ 8→
9→ 10 correspond to Figures 10(c)6→ 7→ 8→ 9→ 10 which
show that the graphene sheet takes the zigzag stick-slip
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motions between the nearest neighboring AB stacking sites.
Just before the slip, the graphene sheet deviates quite a
little from the AB-stacking site (Figure 10(c)6: z = 17.3 Å).
Then it discretely jumps or slips to the neighboring AB-
stacking site (Figure 10(c)7: z = 17.4 Å). As the peeling
proceeds, the graphene sheet continuously slides quite a little
(Figure 10(c)8: z = 18.2 Å), then it discretely slips again to
the neighboring AB stacking site (Figure 10(c)9: z = 18.3 Å).
After that the graphene sheet continuously slides quite a
little again (Figure 10(c)10: z = 20.1 Å) until the next slip
toward the neighboring AB stacking site occurs. As a result
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Figure 9: (a) The vertical force, Fz, acting on the lifting edge,
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of Figure 8. (b) The red-colored averaged force per one atom acting
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the trajectories of the graphene sheet exhibit the discrete
zigzag paths connecting the nearest neighboring AB-stacking
sites as shown in Figure 10(c)10. The period of the zigzag
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6: 17.3 Å 7: 17.4 Å
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“Stick-slip sliding”

(c)
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free edge from 1 to 5 indicated in (a). (c) The trajectories of the two
carbon atoms on the free edge from 6 to 10 indicated in (a).

behavior of the Fz curve decreases from 3.7 Å to 2.5 Å as
shown in Figure 10(a) as the peeling proceeds. The lattice
spacing of the graphite surface, 2.5 Å, appears in the peeling
force curve particularly for the stick-slip region.

4.2.2. Line-Contact Region. During the line contact region
between G and H in Figure 9(a), z − Fz curve takes another
atomic-scale zigzag structures as shown in Figure 11(a). One
of the zigzag behaviors in the force curve (Figures 11(a)1→
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Figure 11: (a) Enlargement of part of the z−Fz curve (Figure 9(a))
corresponding to the nearly straight stick-slip region during the line
contact. (b) The trajectories of the two carbon atoms on the free
edge from 1 to 3 indicated in (a).

2→ 3) corresponds to the stick-slip sliding motion of the
graphene sheet (Figures 11(b)1→ 2→ 3). Here the free edge
of the graphene sheet slides with nearly the straight stick-slip
motions. One of the carbon atoms on the free edge passes
over the carbon-carbon bonds as shown in Figures 11(b)1
and 3.

5. Edge-Lifting Case of Zigzag-Edge Graphene

Recently it has been reported that the edge structure of the
graphene sheet plays quite an important role in electronic,
magnetic, and optical properties of graphene, which can be
also expected to give influences on the mechanical properties
such as, the peeling process. Therefore, in this section, the
peeling process of the graphene sheet with zigzag edge is
discussed. In the simulation, the model obtained by rotating
Figure 1(b) by 30◦ is used (Figure 1(c)), and the left zigzag
edge is lifted to simulate the peeling process, while the right
free edge is zigzag type. As a result, the nanoscale peeling
process within the x − z plane and the global shape of the
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force curve (Figure 12) is similar to that of Figures 8 and 9,
respectively. The qualitative tendency of the decrease of the
period and amplitude of the force curve (Figure 12(b)I-IV)
is similar to that for Figure 9(a)I−VII. However, the details
of the atomic-scale mechanics of the zigzag edge are clearly
different from those of the armchair edge as follows.

During the surface contact, the graphene sheet first
takes zigzag (Figures 13(b)1−6) and then straight stick-
slip motions (Figures 13(c)7−11), passing over the nearest
neighboring AB-stacking site along [1010] direction. It is
noted to avoid AA-stacking registry, the graphene sheet takes
zigzag slip toward the nearest neighboring AB-stacking site
as shown in Figure 13(b)1→ 2, although it takes straight
slip as shown in Figure 13(c)7→ 8. The minimum period of
the force curve of 4.4 Å (Figure 13(a)IV) reflects the lattice
period of the graphite surface along the [1010] direction,
while 2.5 Å for the armchair-type edge (Figure 10(a)VII)
reflects that along the [1230] direction. Thus the edge
structure gives the marked effects on the atomic-scale
dynamics depending on the lattice orientation of the surface.

During the line contact, the difference between the
armchair- and zigzag-type edge is enhanced. Figure 14(a)
reflects the zigzag stick-slip motion of the graphene sheet
(Figures 14(b)1−9) unlike nearly the straight stick-slip
motion (Figures 10(b)1−3). Important point of the line-
contact sliding is that each carbon atom on the free edge
takes stick-slip motion between the nearest neighboring six-
membered rings. When each atom is located on the hollow
site of the six-membered ring, the graphene sheet does not
deform along the y direction (Figures 14(b)1, 4-5, and 8-
9). However, when each atom is located a little far from
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Figure 13: (a) Enlargement of part of the z−Fz curve (Figure 12(b))
corresponding to the zigzag and straight stick-slip process during
the surface contact. (b) The trajectories of the two carbon atoms on
the free edge from 1 to 6 indicated in (a). (c) The trajectories of the
two carbon atoms on the free edge from 7 to 11 indicated in (a).

the hollow site or near the carbon bond, the graphene sheet
bends toward the y direction to decrease the total interaction
energy (Figures 14(b)2-3 and 6-7). Thus, in the case of
the zigzag-type edge, collective motion of the single carbon
“atom” on the free edge nearly dominates the graphene
mechanics together with its deformation. On the other hand,
for the armchair-type edge, collective motion of the single
carbon “bond” is dominant.
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6. Discussions and Conclusions

In this work molecular mechanics study of the nanoscale
peeling of the monolayer graphene sheet has been per-
formed. The peeling force curve clearly exhibits the change
of the graphene shape from the surface- to the line-contact.

In Section 3, the peeling of the monolayer graphene sheet
with the armchair edge for lifting the center position is
discussed. It is noted that the maximum lateral sliding force
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/Å
)

−F
z

(e
V

/Å
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Figure 15: (a) Schematic illustration of the increase of the peeled
area and the decrease of the surface contact area from C (z = 6.1 Å)
to D (z = 18.3 Å) for the graphene sheet with armchair-type free
edge. (b)−Fz and Fx plotted as a function of the edge height z, show
qualitatively the same behavior to each other for the graphene sheet
with armchair-type free edge.

Fy � 0.1 eV/Å is only about 3% of the absolute value of
the maximum adhesion force |Fz| � 3.1 eV/Å. This small
sliding force Fy is derived from the superlubricity at the
interface between the graphene sheet and the graphite surface
[13] and atomic-scale wear [19]. There is a possibility that
such anisotropy between the vertical force Fz and the lateral
sliding force Fy can be applied to the adhesives, which can
be strongly adhered to the substrate but can easily slide on it.
Our AFM measurement exhibits that the maximum pull-off
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force is about several hundreds of nN, which is clearly much
larger than the binding force, 3 eV/Å � 4.8 nN, assumed in
our simulation.

In Sections 4 and 5, the peeling of the monolayer
graphene sheet with the armchair- and zigzag-edge for lifting
the edge position is discussed, respectively. The atomic-
scale sliding motion of the monolayer graphene sheet during
the peeling process is found. For the graphene sheet with
armchair edge, the transition from the continuous to the
stick-slip motion of the graphene sheet is found, which
can be explained as follows. The peeling process induces
the increase of the peeled area of the graphene sheet and
the decrease of the surface contact area. Considering that
the peeled area of the graphene sheet acts as an effective
spring as shown in Figure 15, the increase of the peeled
area makes the effective spring softer, and the decrease of
the surface contact area decreases the energy barrier to
slide the graphene sheet. Finally the peeling process induces
the transition from the continuous to the stick-slip sliding
motion of the graphene sheet, together with the decrease of
the period and amplitude of the z − Fz curve. An important
point is that the period of the peeling force curve for
the armchair-edge graphene for the surface contact region
corresponds to the lattice spacing of the graphite surface
along [1230] direction, 2.5 Å. On the other hand, for the
zigzag-edge graphene, the period becomes the lattice spacing
along [1010] direction, 4.4 Å. This means the sliding length
of the graphene sheet along x direction becomes nearly
equal to the peeled length along z direction. The zigzag
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Figure 17: (a) The model of the red-colored monolayer graphene
sheet physically adsorbed onto the blue-colored rigid graphite
surface within the x–y plane. The green-colored six-membered ring
at the center position is moved upward along the z (or [0001])
direction, by z = 0.1 Å. Initial AB stacking registry of the red-
colored graphene sheet with the blue-colored graphite surface is
assumed. (b) The vertical force, Fz, acting on the center six-
membered ring, plotted as a function of the lifting displacement
z.

structures of the peeling force curve with the same period of
about several Å have been also observed by our preliminary
experiments using the multilayered graphene, which will be
reported elsewhere [12]. Of course, if the number of the
peeled graphene sheets is reduced, the direct comparison
between the present simulation and the experiment will
become possible.

As a result, the center-lifting case requires the largest
attractive peeling force, −3.1 eV/Å, in order to peel the
graphene sheet as shown in Figure 16(a). On the other hand,
the edge-lifting case requires only −0.74 eV/Å, about 20% of
that for the center-lifting case as shown in Figures 16(b) and
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16(c). The edge structures give little influences on the basic
features of the force curve. However, the sliding direction
and the edge structure clearly give marked influences on the
surface- and line-contact regions, respectively.

Another important point is that the behavior of the
lateral force curve (Fx(z)) is qualitatively the same as that
of the vertical force curve (Fz(z)) during the surface contact
as shown in Figure 9(b). Therefore, it can be said that
the peeling force curve, Fz(z), directly reflects the atomic-
scale friction force, Fx(z), which decreases to 0.019 eV/Å �
30 pN for z = 27.8 Å (Figure 9(b)). This ultralow friction
force, Fx, is derived from the superlubricity at the interface
between the graphene sheet and the graphite surface [19–
21]. Furthermore, effect of the edge structure on the peeling
process is clarified by comparison of the free edge between
the armchair- and zigzag-types. As mentioned above, the
atomic-scale structure of the force curve during the surface
contact reflects the lattice spacing of the graphite surface.
So the minimum period of the atomic-scale structure of the
force curve can tell us the atomic-scale lattice orientation
and structure of the free edge of graphene. Such information
can be used for the control of the electronic properties of
the graphene sheet adsorbed onto the substrate. Therefore,
this paper indicates the possibility of the identification of
the lattice orientation and the edge structure of the graphene
sheet.

In this paper, we discussed the importance of the
dynamics of the free edge during the peeling process. On the
other hand, we also found the importance of the shape of the
graphene sheet. Additional simulated model and results are
shown in Figure 17. As shown in Figure 17(a), rectangular
graphene sheet whose aspect ratio is different from that of
the graphene sheet of Figure 1(b) is used. The basic shape
of the vertical force curve, Figure 17(b), is similar to that
of Figure 3. However, the armchair-type edge is peeled first
for Figure 10(a), although the zigzag-type edge is peeled first
for Figure 1(b) as discussed in Section III. This means that
the shape of the graphene sheet plays an important role for
deciding which edge is peeled first. Effect of the graphene
shape on the peeling process will be discussed in detail
somewhere in the near future.

Lastly it should be noted that the peeling process
discussed in this paper is closely related to the atomic-scale
wear of the graphite and the graphene tip formation in
the friction force microscopy [22]. When the tip is pushed
onto the surface for less than the critical tip height, the
outermost graphene layer is attached to the FFM tip, which
results in the formation of the graphene tip. In that case,
the graphene sheet takes the surface contact with the second
layer graphene, and it takes the two-dimensional stick-slip
motion. However, it is difficult to observe directly the stick-
slip motion during the scan process, due to the very small gap
between the FFM tip and the graphite surface. On the other
hand, if the peeling process is used, it can be expected that the
contact at the AFM tip/graphite interface has a wider space to
be observed directly by ex Transmission Electron Microscopy
(TEM). This paper indicates the possibility of a direct
observation of the stick-slip motion of the graphene sheet,
that is to say, the elementary process of the atomic-scale

friction or superlubricity which occurs at the tip/graphite
surface interface.
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