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Carbon has long been known to exist in three forms:
amorphous carbon, graphite, and diamond. However, the
discovery of buckyballs in 1985 has created an entirely new
branch of carbon chemistry. The subsequent discovery of
carbon nanotubes (CNTs) in 1991 has opened up a new
era in materials science and nanotechnology. The wonder
of the carbon world remains with the successful isolation
of monolayer graphene from graphite simply using adhesive
tape in 2004. Over the last decades, carbon nanotechnol-
ogy has been evolved into a truly interdisciplinary field,
encompassing chemistry, physics, materials science, and
mechanics. The research excitement was largely driven by
the unique properties and diverse applications of these low-
dimensional carbon nanomaterials. For example, they are
promising candidates for nanofillers to strengthen polymeric
composites because of their high strength and stiffness; CNTs
can be functionalized to serve as nanoscale probes and can
be used as a drug delivery system because of their hollow
center; nanodiamond has recently found applications in
nanomedicine; due to its exceptional electrical properties,
graphene may replace silicon as the next-generation elec-
tronic materials.

This special issue features research and review articles
that cover a wide range of recent progress on the studies
of low-dimensional carbon nanomaterials. These studies
span from theoretical/computational to experimental efforts,
from pristine to defected low-dimensional carbon nanoma-
terials, from their mechanical and thermal to their electrical
properties, and from their synthesis to their patterning and

applications of various kinds. Highlighted below are several
important contributions from this special issue.

Mechanical properties of low-dimensional carbon nano-
materials continue to be one of the important research
topics. Using atomistic simulations, Jun et al. rationalized
the underlying physics of the nonlinear elastic softening
of monolayer graphene under high pressure. They also
predicted that the elastic softening is size dependent. Com-
bining the shear-lag model and fracture mechanics, Liu
et al. carried out a hierarchical failure analysis on CNT-
reinforced composites with hard matrix. Their analyses
predicted an optimal interfacial bond density for enhanced
fracture toughness. They further predicted that the interface
length plays a key role in determining the fracture toughness
of the CNT-reinforced composites. This study is particularly
useful to the rational design CNT-based composites. Zhang
and Li addressed the morphologic interaction between
graphene and Si nanowires on a SiO2 substrate using
molecular mechanics simulations. Their predictive results
provide valuable guidance in patterning of graphene sheets
on substrates with nanoscale scaffolds. Lu et al. quantified
adhesive interactions of small functionalized single-walled
CNT (SWCNT) bundles using an atomic force microscopy-
based adhesive force mapping technique combined with a
statistical analysis method. This measurement turns out to
be important in the design and fabrication of SWCNT-
reinforced nanocomposites. Ya’akobovitz et al. developed
a geometrically nonlinear string model to analyze the
mechanical behavior of SWCNTs under thermoelectrical
loading.



2 Journal of Nanomaterials

Several articles addressed new synthesis approaches
of low-dimensional carbon nanomaterials. Peng et al.
fabricated multiwalled carbon nanotube-(MWCNT-)-based
circuits and characterized their electrical properties. Yang
et al. synthesized onion-like fullerenes by chemical vapor
deposition and characterized their ferromagnetic properties.
Li et al. developed a catalyzed carbonization approach
with which homogeneous CNT/carbon composites are
fabricated. Lentz et al. synthesized and characterized glassy
carbon nanowires. He and Gao developed a novel method to
synthesize Fe3O4/Pt nanoparticles-decorated CNTs. These
synthesis approaches add new capabilities to the community
on making carbon nanomaterials of unique properties.

Novel applications of low-dimensional carbon nano-
materials have been proposed in this special issue. Cao et
al. demonstrated the promise of MWCNT-based humidity
sensor. Lee et al. proposed that Au-decorated single-walled
carbon nanotube field effect transistors can be used as single
nucleotide polymorphism detector. He and Gao pointed out
that Fe3O4/Pt nanoparticles-decorated CNTs can be used as
magnetically recyclable catalysts.

Finally, Mostofizadeh et al. thoroughly reviewed the syn-
thesis, properties, and applications of low-dimensional car-
bon nanomaterials, ranging and 0-dimensional fullerenes,
carbon-encapsulated metal nanoparticles, nanodiamnonds,
1-dimensional carbon nanofibers, CNTs, and 2-dimensional
graphene sheets. The review article provided the latest update
of the progress in the low-dimensional carbon nanomaterials
research and would serve as a convenient resource for the
researchers in the field.

We would like to thank the authors across the world
for their valuable contributions to this special issue as well
as the reviewers for their constructive comments to the
manuscripts. We envision that low-dimensional carbon will
continue to be one of the promising research fields in
the years to come, manifested by the active responses of
researchers in the course of this special issue. We are happy
to be informed that, owing to the great success of this special
issue, Journal of Nanomaterials has decided, for the first
time since its launch, to establish an annual/special issue on
low-dimensional carbon nanomaterials. We encourage and
appreciate your further support for this annual/special issue
series.

Sulin Zhang
Teng Li

Jianyu Huang
Vivek Shenoy
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In recent years, many theoretical and experimental studies have been carried out to develop one of the most interesting aspects
of the science and nanotechnology which is called carbon-related nanomaterials. The goal of this paper is to provide a review
of some of the most exciting and important developments in the synthesis, properties, and applications of low-dimensional
carbon nanomaterials. Carbon nanomaterials are formed in various structural features using several different processing methods.
The synthesis techniques used to produce specific kinds of low-dimensional carbon nanomaterials such as zero-dimensional
carbon nanomaterials (including fullerene, carbon-encapsulated metal nanoparticles, nanodiamond, and onion-like carbons),
one-dimensional carbon nanomaterials (including carbon nanofibers and carbon nanotubes), and two-dimensional carbon
nanomaterials (including graphene and carbon nanowalls) are discussed in this paper. Subsequently, the paper deals with an
overview of the properties of the mainly important products as well as some important applications and the future outlooks of
these advanced nanomaterials.

1. Introduction

Carbon (from the Latin language, Carbo means coal) as a
non-metal element can be found in every living organism;
therefore, it can be bravely confirmed that the basis of one
aspect of life is carbon. Carbon, as the original component
presented in millions of various compounds, is capable to be
very hard such as diamond or very soft as graphite. The use
of this unique chemical element is almost unlimited from the
hardest diamond for drilling to the softest form, graphite, for
using as a lubricant in skin health and beauty. This nontoxic
element is used as a filter to reduce other toxins. It has
the highest melting point among all the known elements
and occurs free in nature. On the other hand, carbon
nanomaterials are known as the chemical fruits of the mother
tree of carbon and most importantly carbon 60 molecules.
Since a series of exciting carbon nanomaterials are arising,
they have attracted tremendous attention and have been
intensively studied on numerous carbon-based nanomateri-
als because of their unique structure, electronic, mechanical,

optical, and chemical characteristics. Low-dimensional car-
bon nanomaterials can be divided into categories of different
dimensionality ranging from zero-dimensional (0-D) to one-
dimensional (1-D) and two-dimensional (2-D) depending
on their nanoscale range (<100 nm) in different spatial
directions. The representatives in family of low-dimensional
carbon nanomaterials focus on fullerene, onion-like carbon,
carbon-encapsulated metal nanoparticles, nanodiamond (0-
D), carbon nanofibers, carbon nanotubes (1-D), graphene,
and carbon nanowall (2-D).

As a brief history, it is worth to remember that in
1952 Radushkevich and Lukyanovich introduced the hollow
graphitic carbon fibers with 50 nm in diameter in the Soviet
Journal of Physical Chemistry mentioned in [1]. In 1960,
Bollmann and Spreadborough [2] showed the structure of
multiwall carbon nanotubes (MWNTs) using an electron
microscope. They investigated the friction properties of
carbon due to rolling sheets of graphene in “Nature” [2].
In 1976, Oberlin et al. [3] showed the CVD growth of
nanometer-scale carbon fibers. In 1985, the revolutionary



2 Journal of Nanomaterials

discovery in this area occurred, which was the discovery
of fullerenes by Kroto et al. [4]. The discovery of fullerene
seems to be very important because it might be the first
new allotrope of carbon to be discovered in the 20th
century [5]. The nickname for fullerene comes from Richard
Buckminster “Bucky” Fuller (July 12, 1895–July 1, 1983), an
American architect, author, designer, inventor, and futurist
who used geodesic spheres structures in his work. Other
important well-known carbon nanomaterials are carbon
nanotubes (CNTs) which will be introduced with the full
features and aspects in this paper. As a pictorial introduction,
we have summarized the main structures of various low-
dimensional carbon nanomaterials in Figure 1 [6–11].

In the past decade, by using nanotechnology and carbon-
based nanomaterials, the world might be able to see an
industrial revolution surpassing any one before. This new
technology could end the world’s hunger, make affordable
goods, have massive implications for medical breakthroughs,
and unfortunately also be used in military applications. In
this paper, we will discuss the synthesis, properties, and
applications of these characteristic examples as well as the
latest research results and developments, that hopefully more
researchers can address the area and look forward to more
research results.

2. Carbon Nanomaterials Synthesis

In this paper, our purpose is to summarize the well-known
methods and to provide recent progress synthesizes of the
entire nanostructure class of carbon nanomaterials. Where
appropriate, we also provide a short historical background
and the structure description of carbon nanomaterials.

2.1. Zero-Dimensional Carbon Nanomaterials (0-DCNs)

2.1.1. Fullerene. Fullerenes are spherical, caged molecules
with carbon atoms located at the corner of a polyhedral
structure consisting of pentagons and hexagons. A spherical
fullerene looks like a soccer ball and is often called “buck-
yball.” Fullerenes were named after Richard Buckminster
Fuller, an architect known for the design of geodesic domes
which resemble spherical fullerenes in appearance. In fact,
fullerenes were discovered as an unexpected surprise during
laser spectroscopy experiments in 1985, by researchers at
Rice University. As mentioned in the Nobel Prize records at
[12], the 1996 Nobel Prize in chemistry was awarded jointly
to Robert F. Curl, Jr., Richard E. Smalley, and Sir Harold W.
Kroto “for their discovery of fullerenes” [12]. The first method
of production of fullerenes shown in Figure 2 by Kroto et
al. in 1985 [4] used laser vaporization of carbon in an inert
atmosphere in which microscopic amounts of fullerenes were
produced. However, for the first time in 1990, the physicists
Krätschmer et al. [13] produced isolable quantities of C60 by
using an arc to vaporize graphite. The way was thus open for
studying an entirely new branch of chemistry. Alekseyev and
Dyuzhev [14] systemically discussed fullerene formation in
an arc discharge and all the aspects of the problem from arc

discharge calculations to the immediate fullerene molecule
assembly.

Fullerene chemistry has become a very hot research field
in the last two decades. A variety of fullerene derivatives with
unique properties were produced, and several techniques for
producing them in greater volumes have been suggested. In
1991 and 1992, Howard et al. [15, 16] observed fullerenes
C60 and C70 from benzene/oxygen flames and developed
a method of synthesis of fullerenes in combustion. On
the other hand, Xie et al. [17] synthesized fullerenes C60
and C70 via microwave plasma from chloroform at low-
pressure argon atmosphere. The microwave plasma synthesis
from chloroform opened a new way to large quantity and
low-cost production of fullerenes, various perchlorinated
intermediates of fullerenes, and the perchlorinated carbon
clusters. Taylor et al. [18] introduced a synthesis of C60 and
C70 by pyrolysis of naphthalene at 1,000◦C. The advantages
involve a continuous process that does not require rod
replacement, and closed fullerene cages can be prepared
from well-defined aromatic fragments. Koshio et al. [19]
also used a method of fullerene by pyrolysis ragged single-
wall carbon nanotubesntreated by ultrasonication with an
organic solvent followed by heating in oxygen gas. As a new
event in 2009, Chen and Lou [20] reported that C60 can also
be synthesized from the reduction CO2 via metallic lithium
or MgCO3 at 700◦C, ca. 100 MPa. Although the yield via the
above method was low, this method could resolve the biggest
contamination problem in the previous synthesis methods
and could provide some new insights for the formation of
C60.

Koprinarov et al. [21] reported fullerene structures (FSs),
and FSs with incorporated iron atoms were obtained via DC
arc discharge between carbon electrodes in Ar and ferrocene
gas mixture ambient. The method supplied the electrode
deposit growth with carbon from the ferrocene, which
made fullerene creation easier and increased the product
quantity. Richter et al. [22] made a detailed research on the
process of fullerene formation in acetylene/oxygen/argon flat
flames with adding chlorine and burning at low pressure.
Recently, many chemical syntheses of fullerenes also have
been reported in [23].

2.1.2. Carbon-Encapsulated Metal Nanoparticles (CEM-
NPs). Carbon-encapsulated metal (magnetic) nanoparticles
(CEMNPs) represent a new class of Zero-dimensional
carbon-metal composite nanomaterials. It is the shape of
core-shell structure on the nanoscale. The polyhedral metal-
lic core is entirely encapsulated by the multilayer-graphitized
carbon shell. So, the carbon layers isolate the particles
magnetically from external environment and protect them
against corrosion and magnetic coupling between individual
particles.

Since the first report on LaC2 encapsulated within
nanoscale polyhedral carbon particles in a carbon arc syn-
thesized by Ruoff et al. [24] and Tomita [25] in 1993, carbon-
encapsulated metal nanoparticles have received considerable
attention because of their novel structures and obvious
technological promise. Several groups have succeeded in
encapsulating various materials into a hollow graphitic
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Fullerenes

Au core

ND OLC

CEMNPs

Carbon shell

(a)

CNTs
CNFs

(b)

Graphene

CNWs

(c)

Figure 1: Crystal structures of the different low-dimensional nanocarbon. From left to right: (a) Fullerene, Carbon-encapsulated metal
nanoparticles, Nanodiamond, and Onion-like carbon, (0-D); (b) carbon nanotube and carbon nanofibers, (1-D); (c) graphene and carbon
nanowalls, (2-D) [6–11].

cage by arc discharge method. Saito [26] reported that 13
rare earth metals and iron-group metals were wrapped in
graphitic carbon in 1995. Dravid et al. [27] solved the
major problem about the production of large amounts of
unwanted carbonaceous debris in the standard arc method
with the synthesis of graphite-encapsulated nanocrystals.

They used tungsten arc technique which lowers the amount
of carbonaceous debris produced by lowering the carbon
content of the arc. Host et al. [28] also reported the structure
and magnetic studies of carbon-coated nanocrystals of nickel
and cobalt synthesized in a special low carbon to metal
ratio arc chamber using tungsten arc techniques. Host et
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Rotating graphite disk
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Figure 2: The schematic diagram of fullerene fabrication system
using laser vaporization [4].

al. in 1998 [28] and Jiao et al. in 1996 and 1998 [29, 30]
reported that a set of carbon encapsulated Ni, Co, Cu,
and Ti particles were prepared by an arc discharge process
modified in the geometry of the anode and the flow pattern
of helium gas. However, the traditional method requires
an expensive vacuum system to generate the arc plasma,
and the carbon-encapsulated nanoparticles are only found
in the soot deposited on the cathode. In 2004, Qiu and
Tsang [31] reported the preparation of carbon-coated nickel
metal nanoparticles using the arcing coal-based carbon rods
submerged in deionized water. The coal-based carbon rods
were prepared from a mixture of coal and nickel powders,
and the arc discharge was carried out in water instead of in
inert gases. The mentioned method resolved a variety of the
previous problems.

In 1998, Harris and Tsang [32] described a new technique
for carrying out the high-temperature heat treatments on
microporous carbons used to encapsulate molybdenum,
uranium, and cobalt. The method based on their researches
solved the difficulties with the scaleup of low yield. In
2002, Flahaut et al. [33] reported cobalt nanoparticles
encapsulated in graphitized carbon shells synthesized using
catalytic chemical vapor deposition (CCVD) in high yield
involving the reduction by an H2/CH4 mixture of an Mg1-
xCoxO solid solution prepared by the combustion method.
In 2003, during the researches made by Wang et al. [34],
carbon-coated cobalt nanocapsules were synthesized by the
chemical vapor-condensation process with cobalt carbonyl
(Co(CO)) used as a precursor and carbon monoxide (CO)
as a carrier gas. Tsai et al. [35] reported that a method using
microwave plasma enhanced chemical vapor deposition
(MPECVD) system to synthesize pure carbon-encapsulated
metal nanoparticles on silicon wafer without the existence of
other carbon nanostructures.

Liu et al. demonstrated in their paper [36] that carbon-
encapsulated cobalt nanoparticles were synthesized via the
modified catalytic pyrolysis, the mechanical milling derived
Co/NaCl as catalyst, and the productivity was almost 100%.
This method is superior to early catalytic methods in high
productivity and is fully separated from the supporting
materials by simple washing process, especially the by-
products carbon nanotubes (CNTs) [37].

In 2005, Lu et al. [38] reported the synthesis of carbon-
encapsulated Fe nanoparticles via a picric acid-detonation-
induced pyrolysis of ferrocene. Their technique was a

self-heating and extremely fast process. Wu et al. [39]
reported a novel method for the synthesis of amorphous
carbon-encapsulated Fe7C3 nanocrystals via the explosion
of a hybrid xerogel containing oxidized pitch and iron
nitrate. Wang et al. [40] reported a continuous synthesis of
high purity, high coercive force and good ferromagnetism
CEMNPs based on the spray pyrolysis of a mixture of
iron carbonyl and alcohol at 500–900◦C. The technique
based on spray pyrolysis offers a large-scale production, the
simplicity of the apparatus, and good productivity. Song
et al. [41] proposed that the similar carbon-encapsulated
Fe3C nanoparticles can be synthesized on a large scale
via the cocarbonization of 1, 2, 4, 5-tetramethylbenzene
and ferrocene under autogenous pressure. Huo et al. [42]
synthesized Carbon-encapsulated iron nanoparticles with
uniform diameters by cocarbonization of an aromatic heavy
oil and ferrocene at 480◦C under autogenous pressure. This
preparation method of CEMNs is characterized by simplicity,
low cost, controllability, and high yields. Bystrzejewski et al.
[43] synthesized Fe, Fe3C, and NdC2 carbon-encapsulated
magnetic nanoparticles using thermal radio frequency (RF)
plasma torch technique. In that paper, authors found the
nonlinear transmission behavior in CEMNPs material with
the smallest saturation.

In 2008, Park et al. [44] reported a method (pulsed
laser irradiation synthesis, PLIS) to synthesize CEMNPs
such as Fe–C, Ni–C, and Co–C by irradiating nanosecond
laser pulses into a metalocene-xylene solution under room
temperature and atmospheric pressure. There will be more
CEMNP synthesis arising, because the PLIS method is
simple and can be operated under ambient conditions. In
2006, Nishijo et al. [45] synthesized the carbon-encapsulated
nanoparticles via thermal decomposition of metal acetylide
at a low temperature. Using this method, nanoparticles of
low-melting point Sn and metastable carbide phases of Pd,
Ni, and Co were successfully encapsulated in amorphous
carbon shells owing to the low synthesis temperature.
Recently, Maya et al. [46] have produced and characterized
encapsulated silver nanoparticles provided by high-current
pulsed electric arcs system in an argon atmosphere. The main
advantage of this method is that the metal nanoparticles are
encapsulated in amorphous carbon from the beginning, and
this layer acts as an efficient chemical barrier.

In summary, as briefed in Table 1, CEMNPs can be
synthesized by a variety of techniques such as arc discharge
method, tungsten arc techniques, high-temperature heat
treatments, the mechanical milling, cocarbonization, pulsed
laser irradiation, and high-current pulsed electric arcs sys-
tem.

2.1.3. Nanodiamond (ND). As we all know, diamond is
one of the carbon allotropes as graphite. Graphite is the
most stable form of carbon at ambient pressure. Spherical
and truncated octahedron diamond with predominant sp3-
bonded carbon is one of the hardest materials known to date
and is often regarded as the king of all gemstone and top-
drawer materials because of its excellent scientific qualities
in hardness, chemical corrosiveness, thermal expansion and
conductivity, electrical insulation, and biocompatibility. On
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the other hand, nanodiamond (ND) is a cubic structural
diamond. It possesses diamond structure and diamond
properties. The average size is mere 5 nm in diameter. In the
wide sense of the word, “nanodiamond” contains a variety of
diamond-based materials at the nanoscale (the length scale
of approximately 1–100 nm) including pure-phase diamond
films, diamond particles, and their structural assemblies.
Several synthesis methods have been developed to synthesize
laboratory-produced nanodiamonds. There are two main
methods for fabrication of nanodiamond: transformation
of graphite under high temperature and high pressure and
detonation of the carbon explosive materials.

In 1955, Bundy et al. [47] realized the 30-year dream
of many scientists in which diamond can be transformed
from graphite. Under the title “Man-made diamonds” in
Nature [47], Bundy and his coworkers successfully reported
the synthesis of diamond using a high-temperature and high-
pressure process. However, the synthesis of diamond by the
detonation of explosives with a negative oxygen balance in
a steel container under vacuum condition was reported in
the 1980s [48, 49]. There are also some related literatures
in recent reports shown two mentioned methods [50–
55]. Explosive detonation is still widely used; however, the
process of the detonator explosion is extremely fast and very
complex. Moreover, there are some disadvantages observed
in detonation method. In fact, the fraction of surface to bulk
atom and oxygen, hydrogen, and nitrogen content in the
nanodiamond resulting from after- purification process are
difficult to remove.

As an interesting matter, most previous researches on
detonation synthesis have been done at military or com-
mercial plants; thus several reports are available for the
scientific community. Therefore, the best method is to
develop new techniques to the synthesis of well-dispersed
and pure nanodiamonds. Recently, more researches also
about the aspects of low energy, low cost, easily controlled,
few byproducts, controlled-sized, and large scale have been
reported in related literatures, such as microwave plasma
chemical vapor deposition [56–58], hot filament chemical
vapor deposition [59], pulse laser ablation [60–62], electron
irradiation [63], and high-energy X-ray diffraction [64].

2.1.4. Onion-Like Carbons (OLCs). Ugarte [65] in 1992
reported that carbon soot particles and tubular graphitic
structures were radiated by intense electron-beam and reor-
ganized into quasispherical particles. Subsequently, Harris
and Tsang [66] in 1997 studied the structure of two typical
nongraphitizing carbons by heat treatment. They observed
the fullerene-like structure close to carbon nanoparticles.
Then, a new model for nongraphitizing carbons was pro-
posed which was different with the other representatives
of the carbon family graphite, fullerenes, and nanotubes.
The onion-like carbons (OLCs) have the three to eight
closed graphitic shell structures with the hollow core.
The outer diameters are in the range of 20–100 nm. The
polyhedral nanoparticles exhibited a well aligned concentric
and high degree of symmetry structure. Quasispherical
shape, nanometer size, and surface specificity of OLCs have
attracted enormous attention. Several routes were developed

from synthesis of carbon onions including arc discharge
[67, 68], high-electron irradiation [69], chemical vapor
deposition [70], radio frequency plasma [71] and high-
dose carbon ion implantation into metals [72], and [73, 74]
thermal annealing of diamond nanoparticles [75].

The current researches on OLCs are limited because of
unmanageable reaction, many byproducts, complex equip-
ments, and high cost. Extensive research has been devoted
to search the optimal synthetical route. At present, the most
OLCs were synthesized using vacuum annealing of nanodi-
amond particles at fixed temperatures [75]. For instance,
in 2007, Bulusheva et al. [76] produced quasispherical and
polyhedral OLCs using vacuum annealing of nanodiamond
(ND) particles, and the first researched quantum chemistry
characterization and the electronic structure of OLCs by X-
ray absorption spectroscopy. Recently, in 2010, Bystrzejewsk
et al. [77] described a simple, facile, and low-cost process
of the synthesis of OLCs by a catalyst-free (NaN3-C6Cl6
mixture) thermolysis route, and meanwhile, this method
solved the problem of separation.

Zhao et al. [78] reported a large quantities synthesis
of OLCs using carbonization of the solid-state catalyst of
PF resin as the carbon resource and ferric nitrate as the
precursor at 1000◦C. Liu et al. [79] also synthesized OLCs
using Fe/Al2O3 as catalyst by chemical vapor deposition
(CVD) at a relatively low temperature (400◦C) and efficiently
avoided the growth of CNTs. Du et al. [80] synthesized high-
purity OLCs in high yields from coal by radio frequency
plasma economically.

2.2. One-Dimensional Carbon Nanomaterials (1-DCNs)

2.2.1. Carbon Nanofibers. Carbon nanofibers (CNFs) are
composed of stacked and curved graphene layers from a
quasi-one-dimensional (1D) filament. CNFs have cylindrical
or conical nanostructures. Their diameters vary from a few
to hundred nanometers, while lengths range from less than a
micrometer to millimeters. As shown in Figure 3, according
to the angle between graphene layers and fiber axis, the
morphological structure is often divided into plate CNFs,
ribbon-like CNFs, herringbone CNFs [81].

CNFs known as filamentous carbon have been known
for a long time [82]. However, the synthesis of filamentous
carbons did not evoke great interest of scientists in those
early years until the discovery of carbon nanotubes by
Iijima in 1991 [83]. Generally, CNFs can be synthesized
through the traditional vapor growth method [84–86],
cocatalyst deoxidization process [84], catalytic combustion
technique [85], plasma-enhanced chemical vapor deposition
[87, 88], hot filament-assisted sputtering [89], ultrasonic
spray pyrolysis [90], and ion beam irradiation [91].

The large-scale production of CNFs has usually been
carried out by using PECVD in which CNFs are grown
by catalytic decomposition of hydrocarbon under high
temperature. Catalytic PECVD provides a means for the
controlled synthesis of CNTs and CNFs and grows indi-
vidual nanostructures with deterministic characteristics by
changing the starting materials or plasma conditions during
growth. This review will focus on the catalytic PECVD
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Figure 3: The schematic diagram of three different CNFs: platet
CNFs and ribbon-like CNFs, herringbon CNFs [81].
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Figure 4: Two methods of synthesizing VACNFs: (a), “seeded
catalyst on a flat plate” and (b), “ floating catalyst” [92].

growth process used to produce vapor grown carbon fibers
(VGCFs) as depicted. As shown in Figure 4, there are two
methods to synthesize VACNFs. First, the method based on
“seeded catalyst on a flat plate” and second, the “floating
catalyst method”. The first technique uses the catalysts seeded
on a substrate within the reactor, while in another method,
the catalyst is deposited on a selected substrate as a film by
sputtering or evaporation techniques.

Firstly, the commonest way used thin films of Ni, Fe,
or Co metallic catalyst [93, 94] or their alloys [95], Cu–
Ni composition [96], nickel-copper-aluminum takovite [97],
mixture of Ni(OH)2–Mg(OH)2 [98], ferrocene [99], copper
titrate [100], and cobaltocene [101] as catalyst precursors.
Moreover, a buffer-layer such as Ti was often used as a barrier
to diffuse and promote particle formation. Secondly, it is
a“pretreatment step”; Carrier gas such as ammonia (NH3)

or hydrogen (H2) is introduced as the chamber to a few Torr,
and the sample is heated to the desired temperature, usually
500–700◦C. Plasma is then initiated for several seconds to
minutes. Lastly, there is the carbon source gas (such as C2H6

[102], C2H5OC2H5 [103], C2H2 [104], C60 [105]) in the
plasma, which immediately initiates CNF growth. The later
way uses the catalysts and the carbon source gas floating in
the reactor space at the same time.

This paper focuses mainly on the PECVD technique
from the aspects of metal catalyst, carbon source, processing
method, and other techniques by virtue of the classical
examples and the recent reports. Pham-Huu et al. [102]
showed that large-scale and uniform carbon nanofibers with
a diameter of about 50 nm can be synthesized using the
catalytic decomposition of a mixture of ethane and hydrogen
over a nickel catalyst decorating carbon nanotubes at 550–
650◦C. The attained CNFs need not subsequent purification,
due to the use of carbon nanotubes as support, the high
nanofiber yields, and the purity reached. Zou et al. [103]
reported that CNFs were prepared by cocatalyst Zn and Fe
powders deoxidization process using C2H5OC2H5 as starting
material at 650◦C. The obtained nanofibers possessed diam-
eters about 80 nm, lengths ranging from several micrometers
to tens of micrometers, low graphitic crystalline, and good
electrochemical properties. The cocatalyst synergetic effect
is valuable in controlling the resultant nanofiber diameter
for synthesis and the study of other carbonous materials.
Yu et al. [104] synthesized carbon nanofibers using the
thermal decomposition of acetylene by a copper nanocatalyst
derived from cupric nitrate trihydrate at a low temperature of
260◦C. The copper nanoparticle size has a considerable effect
on the morphology of carbon nanofibers. Helical carbon
nanofibers and straight carbon nanofibers laid on catalyst
copper nanoparticles with a grain size less than 50 nm or
within 50–200 nm. The present study further assumes that
it is possible to control the diameter of CNFs by controlling
the size of the catalyst particle. Zhang et al. [105] successfully
prepared carbon nanofibers with a diameter of about 100 ∼
500 nm using C60, graphite-carbon, and boron powders via
the ultrasonic spray pyrolysis method of ethanol without
using metal catalysts. The experiment indicates that the
clusters composed of carbon- and boron-related materials
act as nucleating sites for CNFs formation. Kimura et
al. [106] synthesized CNFs (lengths of 1–20 μm, uniform
diameters of 20–100 nm) with high electrical conductivity
by ion beam irradiation of decacyclene whiskers at ambient
temperature. This novel method of preparation without
catalyst is advantageous for aligning the fibers as desired.
The mechanisms of CNFs formation were shown in detail
and found that CNFs were not grown from the film but
were generated by the conversion of pre-existing whiskers of
decacyclene on the film. Matsumoto et al. [107] described
that carbon nanofibers were obtained using a hot filament-
assisted sputtering system with pure argon gas as the
sputtering gas, with a tungsten hot filament as the thermal
electron emission source. Guláš et al. [108] observed that
CNFs and related structures with outer diameters 20–60 nm
were prepared by combination of aerosol synthesis and
plasma-enhanced catalytic chemical vapor deposition with
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alcohol as carbon precursor catalytic CVD (PE CCVD).
Al2O3 and Si coated Fe and Ni were deposited as catalysts.
Ethanol and isopropyl alcohol vapors were used as a carbon
source. HCGD is used as a gas activation process without
any specific heating of the substrate that plays an important
role in gas decomposition and activation for CNFs growth.
On the other hand, Ren et al. [109] reported a simple
synthesis method of carbon nanofibers using combustion
of ethyl alcohol. Copper plate was employed as substrate,
iron nitrate, and iron chloride as catalyst precursor and
ethanol as carbon source. Carbon nanofibers with diameters
of 10–100 nm were produced in bulk by the floating catalyst
method by Ci et al. [110]. Several experiments showed the
growth of carbon fibers depending on the reactor conditions
and experimental parameters, so it was easily controlled
to synthesize the large scale of carbon nanofibers. Mori
and Suzuki [111] demonstrated that vertically aligned free-
standing CNFs can be synthesized at low temperature as low
as 90◦C by plasma-enhanced chemical vapor deposition at
low temperature CO/Ar DC plasma. The low-temperature
synthesis of carbon nanofibers was demonstrated that the
addition of a small amount of O2 was favorable for the
synthesis of CNFs, because it suppresses the deposition of
amorphous carbon.

2.2.2. Carbon Nanotubes. Carbon nanotubes are rolledup
into tubular structures by sp2-bonded graphite sheets with
nanometer diameter and large length ratio. The nanotubes
may consist of two different types of carbon nanotubes.
Namely, singlewall nanotubes (SWNTs) made of single
layers of graphene cylinders with typical diameter of the
order of 1.4 nm and the multiwall nanotubes (MWNTs)
made of 4–24 concentric cylinders of graphene layers with
adjacent shells separation of 0.34 nm and a diameter typically
of the order 10–20 nm. Nowadays, carbon nanotubes are
still mainly synthesized by the arc-discharge, laser-ablation
(vaporization), and chemical vapor decomposition (CVD)
method.

The MWNTs were first observed which deposited on the
negative electrode during the direct current arc-discharge
of two graphite electrodes for preparation of fullerenes in
an argon-filled vessel by Iijima in 1991 [112]. Large–scale
and high-quality MWNTs were achieved by arc-discharge
technique first by Ebbesen and Ajayan in 1992 [113]. In 1993,
singlewall carbon nanotubes (SWNTs) are almost simulta-
neously obtained by arc-discharge and catalyst-assited arc-
discharge by Iijima and Ichihashi [114] and Bethune et al.
[115]. Iijima and Ichihashi [114] used arc-discharge chamber
that installed two vertical thin electrodes with a small piece of
iron filled with a gas mixture of methane and argon. On the
other hand, Bethune et al. [115] reported that SWNTs can
be obtained by arc-discharge of anode thin electrodes with
bored holes powdered metal catalysts (Fe, Ni or Co) incor-
porated into anode. As the arc method, metal catalysts were
needed for the growth of SWNTs in contrary to MWNTs.
Journet et al. [116] obtained large quantities of SWNTs by
arc-discharge using a carbon anode with yttrium and nickel
as catalysts. In 1996, high-yield SWNTs were produced using
laser-ablation method of graphite with Ni and Co catalysts at
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Figure 5: The schematic diagram of CNTs fabrication using the
laser CVD reactor [129].

1200◦C by Thess et al. [117]. The techniques based on arc-
discharge and laser-ablation both have the advantage of high
yield but also face the problem of high temperature needed
and impurity. The chemical vapor deposition has been used
successfully for producing carbon fiber and filament since
the 1960s. Yacaman et al. [118] first produced the MWNTs
by chemical vapor decomposition method in 1993. Flahaut
et al. [119] made bulk amounts of SWNTs using CVD of
methane catalysted on mixed oxide spinels. When using
CVD for synthesized CNTs, catalysts brought high yield
because the increased metal-supporting interactions were
propitious to the growth of carbon nanotube, which also
caused impurity and aggregation of the metal nanoparticles.
A diagram of CNTs fabrication by the method of CVD is
schematically shown in Figure 5. Vast amount of reviews on
carbon nanotubes have been discussed in the recent literature
in detail, including the synthesis and growth mechanisms
of CNT [120–129]; therefore, we described only three main
productions in brief.

2.3. Two-Dimensional Carbon Nanomaterials (2-DCNs)

2.3.1. Graphene. Graphene, one-atom-thick planar sheet of
sp2-bonded carbon atoms, is arranged densely in a two-
dimensional hexagonal honeycomb crystal lattice. There
are three extremely strong σ bonds in-plane result in
the mechanical stability of the carbon sheet, π orbitals
perpendicular to the plane interactions between graphene
and a substrate or between graphene layers are responsible
for the electron conduction. It is the basic building block
of (0-D) fullerenes, (1-D) carbon nanotubes, and (3-D)
graphite.

In a large scientific community, more allotropes of
carbon have been reported in succession. Diamond and
graphit have been known for centuries, and the recently
discovered fullerenes and nanotubes also have been studied
in the last two decades. For a long time, graphene was
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only considered as theoretical concept. Until 2004, [130] a
physicists group led by Andre Geim and Kostya Novoselov
from Manchester University, UK used mechanical exfoliation
approach to obtain graphene. The discovery of isolated
graphene monolayer has attracted wide attention to inves-
tigate the properties of this new yet ancient two-dimensional
carbon nanomaterial due to its exceptional electronic and
mechanical properties. More and more simple methods were
searched for the growth of graphene. Several typical methods
have been developed and reviewed as follows.

Mechanical Exfoliation. As mentioned above, [130] gra-
phene flakes were first produced by continuously cleaving
a bulk graphite crystal with a common adhesive tape
and then transferred the thinned down graphite onto a
cleaned oxidized silicon wafer substrate with visible color.
The technique started with three-dimensional graphite and
extracted a single sheet (a monolayer of atoms) called
mechanical exfoliation or micromechanical cleavage.

Until now, mechanical exfoliation of graphite is still
the best method to provide a small amount of high-
quality samples for the study of a variety of graphene
properties. Furthermore, the venerable technique has been
used easily to obtain large size (up to 100 μm), high-
quality, two-dimensional graphene crystallites, which imme-
diately brought enormous experimental researches [131–
134]. Meanwhile, modified techniques are needed to provide
a high yield of graphene for industrial production.

Epitaxial Growth. Recently, graphene was obtained by the
epitaxial growth of graphene layers on metal carbides using
thermal desorption of metal atoms from the carbides surface,
or directly on metal surfaces by chemical vapor deposition
(CVD). The typical carbide is SiC; silicon carbide heated to
very high temperatures leads to evaporation of Si and the
reformation of graphite; the control of sublimation results
in a very thin graphene coatings over the entire surface of
SiC wafers, which initially showed more performances than
devices made from exfoliated graphene. So far, all of known
synthesis approaches, however, are required in specialized
laboratories for graphene sheets whose electronic properties
are often altered by interactions with substrate materials.
The development of graphene required an economical
fabrication method compatible with mass production. The
latest modified method was demonstrated by Aristov et al.
[135]. Based on their work, for the first time, graphene
was synthesized commercially on available cubic β-SiC/Si
substrates, which was a simple and cheap procedure to
obtain industrial mass production graphene, which meets
the need of technological application. Moreover, many other
types of carbide have been exploited to produce supported
graphene, such as TiC (111), TiC (410), and TaC (111).
It is well proved that metal surfaces can efficiently catalyze
decomposition of hydrocarbons into graphitic materials to
support growth of graphene on metallic surfaces by CVD.
The advantage of epitaxial growth is large-scale area, but it
is difficult to control morphology, adsorption energy, and
high-temperature process.

Chemical Exfoliation. The theory of chemical exfoliation is
to insert reactants in the interlayer space for weakening the
van der Waals cohesion. At first, the graphite flakes are
forced upon oxidative intercalation of potassium chlorate
in concentrated sulphuric and nitric acid, received carbon
sheets with hydroxyl and carboxyl moieties. The suspension
is known as graphite oxide (GO). The GO is highly
dispersible in water, and it can be easily deposited onto
SiO2 substrates. The precipitate of GO is sonicated to form
separated graphene oxide sheet, then another reduction, and
finally graphene sheet is formed. When KClO3 is used, it
generates a lot of chlorine dioxide gas and emits a great deal
of heat, so the mixture is highly hazardous [136]. In 1958,
Hummers and Offeman [136] reported a modified method
which was much faster and safer. Based on the technique
introduced by them, graphite is dispersed into a mixture of
concentrated sulfuric acid, sodium nitrate, and potassium
permanganate in contrast to KClO3 [137]. Meanwhile, it
must use H2O2 to eliminate the MnO2 generated from
KMnO4 time after time. This process faced a similar situation
when it used m-CPBA [138] as an oxidant. Chandra et al.
[139] also reported a novel synthetic route using oxidation
acidified dichromate, to get high quality and stable aqueous
dispersed graphene sheets. After GOs were deposited, chem-
ical reduction of GO was accompanied by the elimination of
epoxy and carboxyl groups using different reductants such
as hydrazine [140], dimethylhydrazine [141], hydroquinone
[142], and NaBH4 [143], under alkaline conditions [144]
or with thermal methods [145]. Because the reductants are
usually hazardous, there are lots of interests on green routes
to speed deoxygenation of graphene oxide. Wakeland et al.
[146] introduced an approach to synthesize graphene from
GO using urea as expansion reducing agent heated in an inert
gas environment (N2) for a very short time to a moderate
temperature (600◦C). Chen et al. [147] successfully achieved
thermal reduction of graphene oxide (GO) to graphene with
the assistance of microwaves in a mixed solution of N, N-
dimethylacetamide, and water (DMAc/H2O). The reduction
of GO can be accomplished rapidly and mildly. This method
is rapid, not requiring any solvents or stabilizers, inexpensive,
and easy to scale up.

2.3.2. Carbon Nanowalls. Carbon nanowalls (CNWs) con-
sist of vertical aligned graphene sheets standing on the
substrates, form two-dimensional wall structure with large
surface areas and sharp edges. The thickness of CNWs ranges
from a few nm to a few tens nm. So far, research groups
have explored different synthesis methods of CNWs based
on plasma-enhanced chemical vapor deposition techniques.
The main approaches are as follows.

(1) Microwave plasma-enhanced chemical vapor deposi-
tion (MWPECVD).

(2) Radio-frequency plasma-enhanced chemical vapor
deposition (RFPECVD) (RF inductively coupled
plasma (ICP) and RF capacitively coupled plasma
(CCP)).

(3) Hot-wire chemical vapor deposition (HWCVD).
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(4) Electron beam excited plasma-enhanced chemical
vapor deposition (EBEPECVD).

For the first time, carbon nanowalls were accidentally
discovered during the growth of carbon nanotubes by Wu
et al. [148] using MWPECVD. In the experiment, the NiFe-
catalyzed substrate (Si, SiO2/Si, sapphire) was preheated to
about 650–700◦C in hydrogen plasma; the mixtures of CH4

and H2 were utilized as flow gases. The nanowalls were
monitored using SEM in different growth stages. The well-
controlled MWPECVD synthesis process induced further
studies to search more flexible control of the growth of
CNWs, which aided to understand the mechanisms of CNWs
growth and solving unwanted byproduct owing to the use of
metal catalyst particles.

Recently, some groups have prepared CNWs without
catalysts, using RFPECVD, assisted by a hydrogen atom
injection. Shiji et al. [149, 150] synthesized carbon nanowalls
on a Si substrate without catalysts using capacitively cou-
pled RFPECVD by H atom injection. The grown samples
employed fluorocarbon/hydrogen mixtures, used C2F6, CF4,
CH4, and CHF3 as the carbon source gas, and heated a
substrate temperature of 500◦C. The SEM images monitored
the grow of carbon nanowalls using different system and
the vacuum ultraviolet absorption spectroscopy (VUVAS)
measured H atom density in the plasma in order to discuss
the growth mechanism of carbon nanowalls. The experiment
demonstrated that the structure and growth rate of carbon
nanowalls depended on the types of carbon source gases and
H atoms and played an important role for the formation of
carbon nanowalls.

Considering the practical applications of carbon
nanowalls, large scales of CNWs using MWPECVD and
RFPECVD are difficult to provide. A promising method
such as HWCVD enables to access the large scales easily
compared with the above two methods. Moreover, HWCVD/
CAT-CVD have the additional advantage of a high-hydrogen
radical density.

Itoh et al. [151] reported that CNW films have been
successfully prepared using only CH4 by HWCVD. In the
growth of CNWs, a substrate heated over 500◦C would
be needed. The hydrogen H2 pressure is of 133 Pa by
radical treatment. The structure of the CNWs has been
studied by scanning electron microscope (SEM) and Raman
spectroscopy. There are two reports about CNWs synthesis
using CH4 with different hydrogen dilution [152] and
without hydrogen dilution [151] by HWCVD. Furthermore,
Mori et al. [153] studied fabrication of vertically aligned
and definite CNWs by an EBEPECVD employing a mixture
of CH4 and H2 at relatively low temperature of 570◦C.
Figure 6 shows a schematic diagram of CNWs fabrication
using EBEPECVD. An EBEP is a high-density plasma directly
obtained by a high-current and low-energy electron beam.
CNWs were characterized using SEM, TEM, and MRS [153].

According to the recent progress report [154], carbon
nanowalls with large-surface areas and sharp edges were
obtained on nickel-coated oxidized silicon substrates by
PECVD in a radiofrequency Ar plasma beam injected with
acetylene at temperature of 600◦C. The formation of carbon

nanowalls was proved by SEM, TEM, ED, and Raman
spectra. The mentioned study showed that the shape, surface
distribution, and size of the nanostructures depended on the
nature of the active gas and on the gas mass flow ratio in the
Ar/H2/C2H2 mixture.

Different from previous reports, various growth mech-
anisms and deposition parameters (catalyst, the effect of
localized plasma) of CNWs were explored on a flat substrate,
where existed a different growth mechanism. Non-surface-
bound (freestanding) growth of CNWs by the method of
MWPECVD without using the metal catalyst under a gas
mixture of C2H2 and NH3 was developed by Chuang et al.
[155]. A growth stage was used to facilitate energy-intensive,
localized plasma for the growth of carbon nanowalls. Owing
to the freestanding nature of their growth and the absence
of catalyst, the synthesis process easily obtains a large scale
of carbon nanowalls without impurity by metal catalyst
particles and processed for various applications. There is
a similar report [156] of freestanding graphite sheets with
thickness less than 1 nm, in which “carbon nanosheets” were
synthesized on a variety of substrates by RFPECVD without
any catalyst or special substrate treatment. Further studies
will be required to understand the formation of non-surface-
bound (freestanding) carbon nanowall materials.

Sato et al. [157] investigated the density peak in argon
plasma and found that the helicon wave was effectively
excitated and produced the plasma antenna. For the first
time, the helicon-wave discharge was demonstrated to be
used as PECVD source for the growth of CNWs. Using
the helicon-wave reactive plasma as a precursor source for
plasma-enhanced chemical vapor deposition, well-aligned
carbon nanowalls are found to be formed even in a very
low gas pressure of 0.7 Pa. Table 1 briefs the main synthesis
methods of different low-dimensional carbon nanomaterials
as described in this section. Further development in this field
is expected on their rich physics and potential applications.

3. Properties and Applications

There are several various allotropes of carbon such as
graphite, diamond, and amorphous carbon. Therefore, the
physical and mechanical properties of carbon strongly
depended on the allotropic forms of carbon. As an example
for the mechanical property of hardness, diamond is known
as one of the hardest materials, while graphite is soft enough
to be used for making pencils. About the property of
color, diamond is considered transparent while graphite is
an opaque material and black. As another example, while
graphite is a good conductor, diamond just demonstrates
a low electrical conductivity. On the other hand, diamond
is normally known as a highly thermal conductive, while
graphite is considered as the most thermodynamically stable
material.

3.1. Fullerene. As described in Section 2.1.1, fullerene
belongs to zero-dimensional carbon nanomaterials. Applica-
tions of fullerene include the applications in medicine such
as their aid to produce the specific antibiotics and drugs for
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Figure 6: The schematic diagram of CNWs fabrication using EBEPECVD [153].

Table 1: Comparison of the main synthesis methods of different low-dimensional carbon nanomaterials.

LDC-nanomaterial Synthesis methods

Fullerene Laser vaporization, Arc discharge, Combustion, Microwave plasma Pyrolysis, Flat flames

CEMNPs Arc-discharge, high-temperature heat treatment, mechanical milling, Co-carbonization, Pulse-laser irradiation

ND MPCVD, Hot-filament, CVD, Pulse laser ablation, Electro irradiation, High-energy X-ray diffraction

OLCs Arc-discharge, High-electron irradiation, CVD, RFP Thermal annealing of diamond nano-particle

CNFs
Traditional vapor growth, Catalytic combustion, PECVD, Hot filament-assisted sputtering, Ultrasonic spray
pyrolysis, Ion beam

CNTs Arc-discharge, Laser-ablation, CVD, Other methods

Graphene Mechanical exfoliation, Epitaxial growth, Chemical exfoliation

CNWs MWPECVD, RFPECVD, HWCVD, EBEPECVD

certain cancers particularly melanoma. On the other hand,
due to their specific properties, fullerenes have had great
applications in the field of superconductivity.

In 1991, Haddon et al. [158] reported the preparation
of alkali-metal-doped films of C60 and C70 which have
electrical conductivities at room temperature that are com-
parable to those attained by n-type-doped polyacetylene.
They observed the highest conductivities in the doped films
equal to 4 Scm−1 (Cs/C60), 100 (Rb/C60), 500 (K/C60), 20
(Na/C60), 10 (Li/C60), and 2 (K/C70) [152]. In the same
year, Hebard et al. [159] reported that potassium-doped C60
becomes superconducting at 18 K [159]. As the researchers
stated in their paper [159], the observed superconductivity
at 18 K was the highest yet observed for a molecular super-
conductor. Furthermore, the superconductivity in fullerene
doped with various other alkali metals was reported by some
other researchers [160, 161]. Subsequently, Zhou et al. in
1992 [162] and Brown et al. in 1999 [163] showed that the
superconducting transition temperature in alkaline-metal-
doped fullerene was elevated while the unit-cell volume V
was increased. In 2008, Ganin et al. [164] reported the bulk
superconductivity at 38 K in a molecular system. The system
introduced by the researchers was bulk Cs3C60 as a key
material in this family [164], and as the authors explained,

cesium-doped fullerene is an important material in the same
family [164].

On the other hand, fullerenes are almost stable chem-
ically, however, not completely uncreative. In the view of
the solubility, apart from some fullerene structures which
are not soluble due to the presence of a small band gap in
their structure between the ground and excited states, they
are generally soluble in various solvents. In fact, fullerenes
are the only carbon allotropes which can be dissolved in
common solvents at room temperature. The mentioned
common solvents can be aromatics such as toluene and
carbon disulfide.

3.2. Nanodiamond Properties. The physical properties of
nanodiamonds (NDs) are briefed in Table 2 [165]. Due to
the unique structure of nanodiamonds, they are known as
the nanomaterials with significant properties. In fact, 30
percent of nanodiamond atoms are located on the surface
of their structure. The maximum size of the single grains
of nanodiamonds is 10 nm, while the average particle size is
obtained between 4 and 6 nm [50, 166].

In 2000, Iakoubovskii et al. [50] applied the method
of X-ray diffraction (XRD) to study the characterization
of the structure and defects in detonation synthesis and



Journal of Nanomaterials 11

Table 2: Physical properties of nanodiamond [165].

Structure Cubic (a = 0.3573 nm)

Particle size 4.5 nm

Number of C atoms ca. 10,000

Molar mass 120,000 g

Specific surface area 300 m2/g

Graphitization temperature 1100◦C

Zeta potential −78.44 mV

Refractive index 2.55

ultradisperse diamond (UDD). In 2008, Iakoubovskii et al.
have applied the method based on high-resolution trans-
mission electron microscopy (HRTEM) [166]. They have
showed that the surface area of nanodiamond is relatively
large, and the size of diamond grains is distributed around
5 nm. According to a FTIR study of the adsorption of
water on ultradispersed diamond powder surface by Ji et al.
[167], the surface of detonation nanodiamonds can naturally
adsorb the water and hydrocarbon molecules from the
environment atmosphere [167]. As the result of the research
work by Iakoubovskii et al. using HRTEM, although the
detonation nanodiamond grains were mostly cubic lattice,
yet they were not perfect structures. According to the results
of HRTEM, the main defects are shown as the multiple twins
[166].

Applications of nanodiamonds cover a wide range,
mainly including the commercial products such as the
polishing products, additives to engine oils, reinforcing fillers
for plastics and rubbers, dry lubricants for metal industry,
and their applications in galvanic electrolytes. On the other
hand, the recent researches on application of nanodiamonds
in medical science particularly in chemotherapy drugs
production are being performed.

3.3. Carbon Nanotubes. Due to the amazing structure and
properties of CNTs, these materials have found great applica-
tions in very wide areas of science and technology including
nanotechnology, electronics, optics, materials science, and
architecture. In the view of the structural applications of
CNTs, these applications cover a wide ranges of industrials
such as clothes, sports equipment such as stronger and
lighter tennis rackets, bike, various kinds of balls, combat
jacket like combat jackets, concrete as the increase of the
tensile strength, polyethylene, the possibility of the space
elevator, synthetic muscles in medical science and sports,
high tensile strength fibers, applications in the build of
bridges, ultrahigh-speed flywheels, and applications in fire
protection.

In electromagnetic field, the applications of CNTs are
briefed in respect of their uses in chemical nanowires,
conductive films, electric motor brushes, magnets, optical
ignition, their applications to produce light bulb filament
(as an alternative for tungsten filaments), the applications
related to their fine superconductivity properties, in dis-
play screens such as field emission displays (FEDs), the

applications in transistor industrial, and the electromagnetic
antenna.

Other applications of CNTs are briefed in repect of
their chemical applications, including air pollution filters,
biotech containers, hydrogen storage, water filtration, and
the mechanical applications such as using them as the
faster oscillators, nanotube membrane, slick surface, carbon
nanotube actuators, infrared detector, radiometric standard,
and their application as the thermal radiation for space
satellites.

This is worth to know that the wide range of applications
of CNTs mentioned above is due to their unique mechanical,
electrical, thermal, and optical properties which are briefly
introduced in this section.

3.3.1. Strength. Carbon nanotubes (CNTs) are the strongest
materials yet discovered, which is due to the covalent sp2

bonds between the individual carbon atoms. In 2000, Yu et
al. [168] tested a multiwalled carbon nanotube (MWCNT) to
access the tensile strength up to 63 GPa. The specific strength
is defined as the material’s strength (force per unit area at
breaking point) divided by its density. Considering the low
density of CNTs (1.3 to 1.4 g cm−3), the specific strength of
CNTs is obtained up to 48 × 103 kN m kg−1. This value is
dramatically the best of the known materials.

To compare the strength property of various CNTs to
some other strong materials such as stainless steel and kevlar,
the tensile strength and Young’s modulus of these materials
have been briefed in Table 3 [168–175].

The first row of Table 3 shows the data for SWNT ropes
based on the “experimental” measurements by Yu et al.
using the microscopy method based on AFM [171, 173].
Yu et al. [173] measured the mechanical responses of 15
SWCNT ropes under the tensile load [173]. As they have
stated in their paper [173], they considered all SWNT
samples as (10, 10) nanotubes, with the measured diameter
of 1.36 nm [173]. According to their experiments, as it is seen
in Table 3, the average breaking strength value varies from
13 to 52 GPa [173]. Furthermore, in the same evaluation,
Yu et al. measured the average Young’s modulus values of
the SWNT rope samples equal to 1002 GP (from 320 to
1470 GPa or about 1 TP in Table 3). In the same study,
the failure strains occur at 16%. In addition, Yu et al.
reported the similar data for 19 samples of MWNTs. Based
on their report [173], the strength and Young’s modulus
values for MWNT samples vary from 11 to 63 GPa and 270
to 950 GPa, respectively (Table 3). In addition, Demczyk et
al. [174] observed the force required to break the samples of
MCNTs directly using transition electron microscopy. Based
on the conducted pulling and bending tests on individual
MWNTs, the mentioned researchers have measured the
tensile strength and elastic modulus of MCNTs equal to
150 GPa and 800 GPa, respectively [174].

On the other hand, the second and third rows of Table 3
show the related data as the “predicted” strength tensile
values based on the analytical simulation models. Various
“analytical” simulations and models have been recently
applied to calculate the tensile and Young’s modulus values
for CNTs. An interesting model based on a molecular
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Table 3: Comparison of the mechanical properties of various nanotubes [168–175].

Material Tensile strength (GPa) Young’s modulus (GPa) Failure strain (%)

SWNT 13 to 53 (measured) 1002 (∼1 TPa) (measured) 16

Armchair SWNT 126.2 (predicted) 940 (predicted) 23.1

Zigzag SWNT 94.5 (predicted) 940 (predicted) 15.6–17.5

Chiral SWNT — 920 —

MWNT 11 to 150 270 to 950 —

Stainless steel 0.38 to 1.55 186 to 214 15 to 50

Kevlar 3.6 to 3.8 60 to 180 ∼2

mechanics by Xiao et al. [175] predicts the maximum values
of 126.2 GP and 94 GP for Armchair SWNT and Zigzag
SWNT, respectively. As given in Table 3, the predicted failure
strains in the study by Xiao et al. are 23.1% and within
15.6–17.5% for armchair nanotubes and zigzag nanotubes,
respectively [175].

Generally, as it is seen from Table 3, both the Young
modulus and tensile strength of various carbon nanotubes
are significantly more elevated than those for stainless steel
and kevlar. It seems that CNTs are tended to a permanent
deformation under a strong tensile strain. Furthermore, due
to the hollow structure and high aspect ratio of CNTs, it
seems that their strength is limited under compression or
bending stress. On the other hand, as it can be seen from the
simple geometry of CNT, carbon nanotubes should be softer
in the radial direction than along the tube axis. In 1993, Ruoff
et al. studied the Radial deformation of carbon nanotubes by
van der Waals forces using transmission electron microscopy
(TEM) [176]. According to their suggestion, two near
nanotubes can be deformed even by van der Waals forces.
Furthermore, according to the studies by Yu et al. in 2000 on
radial deformability of individual carbon nanotubes under
controlled indentation force (Figure 7) [177] and by Palaci
et al. in 2005 [178] on radial elasticity of multiwalled carbon
nanotubes, as can be seen in Figure 8, carbon nanotubes are
rather soft in their radial direction.

3.3.2. Hardness. In 2002, Popov et al. [179] reported the
synthesis of a super-hard phase (SP) composed of single-
wall carbon nanotubes, measured by a nanoindenter within
62–152 GPa. The synthesis treatment was performed by
compressing SWNTs to above 24 GPa at room temperature.
The authors considered the hardness of diamond and boron
nitride samples (150 and 62 GPa, resp.) as mentioned in the
references in their work [179]. The high mechanical prop-
erties of SP-SWNT, namely bulk modulus, were obtained as
462–546 GPa, surpassing the value of 420 GPa for diamond
[179]. The authors have found the hardness of SP-SWNT in
the range of 62 to 150 GPa and attributed SP-SWNT to the
class of super-hard materials [179].

3.3.3. Electrical Properties. The electrical properties of a
nanotube strongly depend on its structure due to the sym-
metrical and exceptionally electronic structure of graphene.
For example, as shown in Figure 9, in a graphene crystal
lattice, n and m are the number of unit vectors along

two directions in which the graphene sheet is wrapped to
make nanotube, so that (n,m) is called the chiral vector.
Zigzag nanotubes are formed by wrapping a graphene sheet
whenever m = 0, and in the same way, the structure is called
armchair nanotube if n = m; Otherwise, they are called chiral
nanotubes. In the view point of the electrical properties
of CNTs, according to the model described by Lu et al.
mentioned above [180], armchair nanotubes (n = m) are
metallic. On the other hand, if n is not equal to m, however,
(n − m) is a multiple of 3, the nanotube is semiconducting
with a very small band gap; otherwise, the nanotube is a
moderate semiconductor [180].

According to the mentioned rule, the structure of (5,
0) SWNTs should be semiconductor; however, exceptionally
according to the calculations, due to the curvature effects in
small diameter carbon nanotubes, this structure is metallic
[180]. On the other hand, zigzag and chiral SWNTs with
small diameters that are expected to be metallic have actually
a finite gap [180].

In general, as Zhou et al. [181] have mentioned, SWNTs
show excellent electronic properties such as the carrier
mobility about 104 cm2V−1s−1 [182] which is higher than
that of silicon. On the other hand, as Dai et al. have described
[182, 183], CNTs can carry an electrical current density of
about 4 × 109 Acm−2. Such a current density is three orders
of magnitude higher than a typical metal, for example, Cu or
Al [182].

Furthermore, in order to describe the electrical proper-
ties of multiwalled carbon nanotubes (MWNTs), it is worth
to mention that, in 2006, Takesue et al. [184] have confirmed
that the entirely end-banded MWNTs exhibit superconduc-
tivity with a transition temperature as high as 12 K which is
approximately 30 times greater than that for ropes of SWNTs
or for MWNTs with usually noninterconnected shells [184].

3.3.4. Thermal Properties of CNTs. As shown in Figure 10,
the thermal conductivity of an SWNT at room temperature
along its axis with the length L ≈ 2.6μm and the diameter
d ≈ 1.7 nm was reported as k ≈ 3500 Wm−1K−1 by Pop et
al. [185]. In order to compare the reported value by Pop et
al. [185] with a good metallic thermal conductor, Cu shows a
thermal conductivity about 385 Wm−1K−1. Furthermore, as
Thostenson et al. [186] have mentioned, SWNTs show the
stability to the temperature up to 2800◦C in vacuum and
750◦C in air, while metallic wires in microchips are melted
at 600–1000◦C [186].
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Figure 7: Deformability of a MWCNT deposited on an patterned silicon wafer as visualized with tapping-mode AFM operated far below
mechanical resonance of a cantilever at different set points [177].
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3.3.5. Optical Absorption. The optical absorption in carbon
nanotubes determined by Liu et al. [187] is shown in
Figure 11. On the other hand, Margulis [188] has studied
theoretically to indicate that zigzag SWNTs have positive low-
frequency third-order susceptibilities. The Optical absorp-
tion in CNTs is occurred due to the electronic transitions
from the levels v2 to c2 or v1 to c1, and so forth [172, 189].
The mentioned transition is sharp, so it can be used to
identify the type of nanotube. As it was shown by Itkis et al.
[190], optical absorption is used to obtain the quality of the
CNTs’ powders [191].

On the other hand, according to an interesting study by
Mizuno et al. in 2009 [191], SWNTs can have absorbances
of 0.98–0.99 from the far-ultraviolet (200 nm) to far-infrared
(200 μm) wavelengths. Therefore, compared to an ideal black
body (with the absorbance of 1.0), a typical carbon nanotube
is considered as a “practical black body” [191].

3.4. Graphene. In 2007, Meyer et al. [192] used transmission
electron microscopy (TEM) to study the atomic structure of
a single-layer graphene. As they reported, they have studied
individual graphene sheets freely suspended on a micro-
fabricated scaffold in vacuum or the air. The membranes
were only one-atom thick, yet they still displayed long-
range crystalline order [192]. According to their studies using
TEM, the suspended graphene sheets are not perfectly flat.
In other words, the suspended graphenes were observed as
rippling of the flat sheet, with amplitude of about 1 nm [192].
As the authors explained, the atomically thin single-crystal
membranes offered ample scope for fundamental research
and new technologies, whereas the observed corrugations
in the third dimension may provide subtle reasons for the
stability of two-dimensional crystals [192].

3.4.1. Mobility of Graphene and the Applications. Graphene
is known as a high electron mobility material at room
temperature, so that the reported value is 15,000 cm2V−1s−1

[193]. In 2005, Novoselov et al. [194] considered graphene
as a condensed-matter system in which electron transport
is essentially governed by Dirac’s (relativistic) equation
[194]. In 2008, Morozov et al. [195] studied temperature
dependences of electron transport in graphene and showed
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that the electron mobility higher than 2 × 105 cm2V−1s is
achievable if extrinsic disorder is eliminated. In the same
year, Chen et al. [196] studied the intrinsic and extrinsic
performance limits of graphene devices on SiO2. According
to the studies mentioned above, it seems that the electron
mobility in graphene should be almost independent of the
temperature between 10 K and 100 K [194–196].

Due to the high mobility of graphene, this material is
known as a promising nanomaterial particularly for those
applications in which transistors need to switch extremely
fast. Furthermore, the high mobility of graphene involves
this material in the applications related to chemical and
biochemical sensing.

On the other hand, the resistivity of the graphene sheets
is 10−6 Ω cm which is less than the resistivity of silver as
known as the lowest resistivity at room temperature. Such
a unique low resistivity and also the very low thickness of
graphene have made this material to have a great role in many
applications such as mechanical fields, electrical conducting,
and transparent films which are necessarily applicable in
the field of electronics such as producing touch screens and
photovoltaic cells.

4. Conclusion and the Future Outlooks

As described in this paper, the unique structure and
properties of low-dimensional carbon nanomaterials as the
advanced materials have led them to have a strong and
important potential role in various scientific fields and engi-
neering such as nanoscale electronic devices, field emission
displays, diodes, transistors, sensors, composite polymers,
artificial muscles, mechanical reinforcements, capacitors,
and hydrogen storage. For example, carbon nanobuds
are the recently produced materials from two previously
known allotropes of carbon nanotubes and fullerenes. These
fullerene-like “buds” have found the unique properties of
both fullerenes and CNTs which have many applications
as good field emitters as well as their role to improve the
mechanical properties of composites. As another example,
the application of CNTs to develop the biofuel products
is being noticeably growing due to their strongly deferent
properties comparing to the previous products.

The list of companies which are working on the new
features of carbon nanomaterials can show the importance
of the use of these key materials in industry as well as
the scientific areas. Taken the examples of such companies
and their products, we can mention the Eagle Windpower
Ltd. (windmills with lightweight blades), Easton (on bicycle
components), Xintek (on Nanotube-based cathodes, AFM
probes, and X-ray tubes), Nanomix (sensors for detect-
ing chemical vapors), Nano-Proprietary, Inc. (analyzing
chemicals in liquid samples), Zyvex Preformance Materials
(epoxy resins strengthened with carbon nanotubes), Hype-
rion (Nanotube-based plastic mold compounds), Nano Lab
(functionalized nanotubes and nanotube arrays), Nanoledge
(Nanotube-based resins), Nanocs (Functionalized nan-
otubes), Nanocyl (nanotube-based epoxy resins), Amroy
Europe Oy (Nanotube-based epoxy resins), Bayer Material

Science (Carbon nanotubes), Cheap Tubes (Carbon nan-
otubes), Catalytic Materials (Carbon nanotubes and graphite
nanofibers), MER Corporation (Carbon nanotubes and
buckyballs), NanoCarbLab (Carbon nanotubes), NanoAmor
(Carbon nanotubes, carbon nanofibers, nanowires, and
nanoparticles), Nanothinx (Carbon nanotubes), Rosseter
Holdings (Carbon nanotubes), and many others.

As a matter of fact, due to the unique mechanical,
optical, and electronic properties of carbon nanotubes, the
publication statistics show that CNTs have successed to
attract the main body of the authors’ interest since 1991
up to now. However, as described in this paper, carbon
nanomaterials are not limited to CNTs. Therefore, the
future outlook of applications of these materials depends
on the capability of the use of each one. As an interesting
bioapplication example, nanodiamonds may be capable to
be used for biolistic delivery in gene therapy, drug delivery,
and vaccines as a solid support matrix. Furthermore, there
is a strong possibility in near future to use nanodiamonds in
the medical immunoassays as either the detection tag or the
solid support matrix [197].

As the definition of the low-dimensional carbon nano-
material, these materials also cover a wide range of carbon-
related nanostructurs such as nanodiamonds, fibers, cones,
scrolls, whiskers, and graphite polyhedral crystals. In fact,
there are expectable outlooks for the use of these materials
in the fields of molecular electronics, sensoring, nanoelec-
tromechanic devices, field-emission displays, energy storage,
and composite materials, as well as their growing applica-
tions in medical science, health, and daily life [198].
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The delocalised nature of π-electrons in carbon-based compounds has opened a huge path for new fundamental and technological
developments using carbon-based materials of different dimensionality (from clusters, to surfaces, nanotubes and graphene,
among others). The success of this field has prompted the proposal that other inorganic structures based on B and N and more
recently on Si and Ge could be formed with specific structural, mechanical, and electronic properties. In this paper we provide an
analysis of the similarities of the two fields starting from the analysis of the Si6H6 molecule, the analogue of the benzene molecule
but now being nonplanar. Then we move to the study of the two-dimensional (buckled) analogues of graphene but now formed
by Si and Ge. Similarly, we look to nonplanar compounds based on boron and boron-carbon nitrogen composites. In particular,
we focus on the mechanical properties of those new materials that exhibit a very high stiffness, resilience, and flexibility. Possible
applications in the fields of catalysis, lubrication, electronic, and photonic devices now seem a likely by-product. We also address
future directions triggered by the predicted superconducting properties of graphene, among other areas.

1. Background and Outline

Both authors have been concerned since their early re-
searches with (somewhat different) aspects of C nanoassem-
blies. Thus in Section 1.1 below, work on the electron density
in C6H6 is briefly summarized while in Section 3 studies
on mechanical properties of C nanotubes are considered.
Thus, structural, mechanical, and electronic properties of
such C assemblies will be reviewed below, drawing of course
on the contributions of many authors, concerned with both
theory and experiment. With the background also of the
present authors on B, N, and Si being relevant again to nano-
assemblies, it seemed natural from time to time to refer
to these atoms (plus Ge also occasionally) in the course of
present discussion, to compare and contrast with purely C-
based structures.

1.1. Electron Density in Benzene, Using Experimentally Known
Geometry. In early work [1], one of us compared the
ground-state electron density of benzene at its experimen-
tally known geometry as given by the LCAO-MO approx-
imation with that from the semiclassical Thomas-Fermi
theory [2], the forerunner of modern density functional
theory [3]. Some further contact with experiment came from
comparison of the calculated electron densities with available
X-ray diffraction experiments of Robertson et al. [4, 5] on
naphthalene, in its crystalline state.

As will be discussed in somewhat more detail in
Section 3, it was considerably later that Grassi et al. [6]
carried out first-principles calculations on Si6H6, using
both restricted and unrestricted Hartree-Fock (HF) theory.
While their main objective was to examine theoretically,
as chemical bonds were stretched, whether there would be
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a Coulson-Fischer-like point (for H2 in their example [7]) in
the sense of a transition from ring currents to localized π-
electrons, in [6] a buckled Si6H6 structure was predicted, to
obtain all real vibrational frequencies.

In connection with graphene, in a work on exfoliated
monolayer MnO2 sheets, Wang et al. [8] wrote, and we
quote them: “strictly speaking no perfect 2D crystalline sheet
structure would exist in free space unless it became an
inherent part of a bulk crystal”.

In the above context, Meyer et al. [9], and also Stankovich
et al. [10], found significant local curvature within graphene.
In relation to the above remarks on the planar benzene
molecule and, as will be discussed a little more in connection
with the distortion from planarity of the as yet unsynthesized
molecule Si6H6, we can expect any Si or Ge analogues of
graphene which may be synthesized in the future to have
notable departures from planarity. These will, of course,
affect molecular vibrational properties and hence mechanical
behaviour.

Returning briefly to benzene [1–5], a quite recent survey
of ab initio calculations can be found in Moran et al. [11].

1.2. Strained Graphenic Fragments due to Embedded Impurity
Cluster. Dietz et al. [12] considered a variety of localized
defect states (e.g., impurity defects) as well as topological
defects, in two-dimensional graphite. Independently, Peeters
et al. [13] have reported results on a planar B12 cluster
embedded in graphenic fragments of different sizes. Below as
we are dominantly concerned with nanomaterials, we focus
on the main findings of Peeters et al. The basic motivation for
their study was twofold: first, to shed light on bonding in a
variety of carborazines (systems involving C, B and N atoms),
either in pairs [14, 15] or with all three different types of
atoms present, and second to gain understanding of the way
the C nuclei relax in such two-dimensional fragments due to
the stress induced when a defect structure replaces a portion
of the network, so that perfect accommodation cannot be
retained.

Within the first octet row of the Periodic Table where
directed bonding is particularly in evidence, B, C, and N are
the most highly branched nonmetal species, which are then
natural combinations to build up complex networks. Further
understanding of bonding involving C with B and N holds
promise of important consequences for nanoscale structures
and in design of materials. In addition, clusters embedded
in, as well as adsorbed on, large polycyclic aromatic hydro-
carbons have signicance for molecular electronics (see, e.g.,
Stabel et al. [16]).

The B12 clusters discussed below are favorable for
chemical bonding in free space and have been studied by
Boustani (see e.g., [17, 18]). Below, we report results from
Peeters et al. [13] in which two of Boustani’s more favorable
B12 clusters are considered, surrounded first by quite a
small number of C atoms. The chemical picture for such
small carborane clusters was then refined by Hartree-Fock
calculations in order to find (i) the stable cluster geometry
and (ii) the deformation electron density distribution. Then,
we summarize the effects of adding on the periphery of such

nanofragments, further C atoms, all the surface C species
being bonded to peripheral H atoms.

Turning to specific B clusters and fragments, Figure 1(a)
shows one B12 cluster to be embedded in a series of graphenic
fragments. A second B12 cluster studied by Boustani and
others is depicted in part (b) of Figure 1 and this is also
treated briefly below.

A good choice for an appropriate graphenic fragment is
the 16-atom “pyrene” cluster. In the small cluster studied
by Peeters et al. [13], the B12 clusters were surrounded by
just two layers of C atoms. Then H atoms, as mentioned
above, are added at the periphery of these fragments. The
formula for these smallest graphenic fragments is B12C64H22.
As discussed by Peeters et al., the geometry of B12 as in
Figure 1(a) is significantly different from the geometry of
an isolated molecule in the above fragment. The molecular
deformation electron density distribution is shown in Figure
3 of Peeters et al. [13].

1.2.1. Embedding of B12 in Larger Graphenic Fragments. The
largest Hartree-Fock computations were performed with 6
layers of C atoms surrounding the two B clusters shown
in Figure 1. The geometry of B12 in Figure 1(a) with 2 and
6 C layers is very similar. For the cluster in part (b), the
differences between the 2 and 6 C layers are larger.

In general, of course, the relaxation of the C nuclei
positions in the graphenic fragments on insertion of the
B12 impurity cluster is a function of the distance from the
impurities. Table 2 in Peeters et al. records quantitative values
of such relaxations. Grossly, the deviation (y) seems to decay
approximately as an inverse square root of the distance (r)
from the impurity: y ≈ c (1/r1/2) where c is a constant. If
one examines, though, the individual atomic deviations, a
fair degree of scattering is in evidence, perhaps because of the
outer edges of the graphenic nanofragment under discussion.
The “zigzag” edges, such as those manifested in the study
by Klein and Bytautus [19] give rise to “bond order”
fluctuations near such edges. In [13], this was expected to
be reflected as bond lengths fluctuate away from that of an
infinite graphene monolayer.

We also note that the bonding electron density for the
largest fragment considered by Peeters et al. [13] is shown
in Figure 7 of their article. We want to conclude this
subsection by emphasizing that in Section 2 below, quite a
lot of attention is paid to the study of mechanical properties
of graphenic fragments, that is, to observable manifestations
of strains such as we have discussed microscopically above
in this particular example of B12 embedded in graphenic
nanofragments.

2. Nanotube Nanomechanics

Since the discovery of carbon nanotubes (CNTs) by Iijima
(1991) [20], we have witnessed an explosive development
of the nanotube science and technology. There is a great
variety of potential applications for nanotubes, ranging from
energy storage, composites, nanoelectronics, and other solid-
state devices, to sensors and actuators (see for example, the
reviews of Baughman et al. [21] and Loiseau et al. [22]).
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Figure 1: (a) Boron structure A embedded in graphenic fragments; (b) Boron structure B.

Several structural varieties of nanotubes have been
identified and classified based on criteria such as helicity
(also known as chirality), number of walls, and inclusion
of pentagons-heptagons and. The simplest form is the
singlewalled carbon nanotube (SWNT) which resembles a
rolled honeycomb graphite layer into a mono-atomic-thick
cylinder. Several concentrically embedded SWNTs form a
multiwalled carbon nanotube (MWNT). Other nanotube
varieties include nanotube bundles or ropes, intertube
junctions, nanotori, coiled nanotubes, and so forth. Due to
their relative simplicity and atomically precise morphology,
single-walled carbon nanotubes offer the opportunity of
assessing the validity of different macro- and microscopic
models.

The properties of carbon nanotubes can be usefully
grouped into three categories: structural, mechanical, and
electronic. From the structural point of view, in most situa-
tions CNTs can be considered one-dimensional (1D) objects,
with typical diameters (dt) in the nm-range and lengths
(L) reaching several micrometers. This one-dimensionality
of tubes impacts on and is visible mostly through the
mechanical and electronic properties. However, the structure
of nanotubes can be exploited in itself such as for instance
by field emitters or gas break-down sensors, which are based
on the “sharpness” of CNTs giving rise to huge local electric
fields.

While the prediction of electronic properties of carbon
nanotubes required relatively subtle theoretical analysis, their
unique mechanical behavior could be intuitively anticipated
based on several features: strength of carbon bonds, their
uniform arrangement within the graphitic sheet, and the
seamless folding of this network into a tubule. The mechan-
ical properties class is encompassing the elastic, thermal,
vibrational, or any other properties related to the motion
of the tube’s atoms. In nanotubes, carbon is sp2-hybridized
resulting in strong s-bonds weakly reinforced by π-bonds.
Considering the hybridization, it is natural to assume a
certain overlap between nanotube and graphite (graphene)
elastic properties, such as Young’s modulus, bending, tensile
and torsional stiffness, and yield strength. SWNTs have
tensile moduli close to 1TPa (stiff as diamond) and strengths
≈50 GPa (corresponding to 5%–10% maximal strain), which

earned them the title of ultimate fibers. Despite their
stiffness, CNTs retain a high bending flexibility due to their
high aspect ratios. With some exceptions, the thermal and
vibrational properties of nanotubes also show similarities
with graphite. Since the in-plane thermal conductivity of
pyrolytic graphite is very high, it is to be expected that the
on-axis thermal conductivity of defect-free tubes would be
even higher.

The understanding of the mechanical response of nan-
otubes to external forces is of relevance for the application
of nanotubes as a composite material reinforcement as well
as in electronic devices, where the deformation of the tubes
induced by the substrate alter locally the electronic properties
of the nanotube. A broad discussion of potential applications
of the nanotube can be found in existing reviews [23–26],
also outlining the challenges of implementation. There are
two actual applications already, where the carbon nanotube
can commercially compete with other materials units, and the
mechanics of carbon nanotubes plays either a central or an
important secondary role in both cases.

Carbon as well as composite BN nanotubes demonstrate
very high stiffness to an axial load or a bending of small
amplitude, which translates in the record-high efficient
linear-elastic moduli. At larger strains, the nanotubes (espe-
cially, the singlewalled type) are prone to buckling, kink
forming, and collapse, due to the hollow shell-like structure.
These abrupt changes (bifurcations) manifest themselves
as singularities in the nonlinear stress-strain curve, but
are reversible and involve no bond-breaking or atomic
rearrangements. This resilience corresponds, quantitatively,
to a very small subangstrom efficient thickness of the
constituent graphitic shells. Irreversible yield of nanotubes
begins at extremely high deformation (from several to dozens
percent of in-plane strain, depending on the strain rate)
and high temperature. The failure threshold (yield strength)
turns out to depend explicitly on nanotube helicity, which
thus demonstrates again the profound role of symmetry
for the physical properties, either electrical conductivity or
mechanical strength. Finally, the manifestation of mechani-
cal strength in the multiwalled or bundled nanotubes (ropes)
is obscured by the poor load transfer from the exterior to the
core of such larger structures.
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Figure 2: (a): Young modulus for armchair and zig-zag carbon and BN nanotubes. The values are given in the proper unit of TPa nm for
SWNTs (left axis) and converted to TPa (right axis) by taking a value for the graphene thickness of 0.34 nm. The experimental values for
carbon nanotubes are reported on the right-hand side: (a) 1.28 TPa [27]; (b) 1.25 TPa [28]; (c) 1 TPa for MWNTs [29]. (b): Young modulus
versus tube diameter in different arrangements. Open symbols correspond to the multiwall geometry (10-layer tube with an interlayer
distance of 0.34 nm), and solid symbols for the single-wall-nanotube crystalline-rope configuration. In the MWNT geometry, the value
of the Young modulus does not depend on the specific number of layers. The experimental value of the c11 = 1.06 TPa elastic constant of
graphite is also shown.

The similarities among graphite and other sp2-like
bonded materials such as hexagonal boron nitride and
boron-carbon-nitrogen compounds lead us to the theoretical
proposition that BxCyNz nanotubes would be stable [30–
33]. Specific synthesis of these nanotubes was achieved
afterwards: boron-nitride [34, 35] and BC2N and BC3 [36,
37] as well as other inorganic tubular forms of WS2 and
MoS2 [38, 39]. The predicted properties of these tubules
are quite different from those of carbon with numerous
possible technological applications in the fields of catalysis,
lubrication, electronic, and photonic devices [32, 33].

Calculations of the stiffness of SWNTs demonstrated
that the Young modulus shows a small dependence on the
tube diameter and chirality for the experimental range of
nanotube diameters (between 1.3 and 1.4 nm). It is predicted
that carbon nanotubes have the highest Young’s modulus of
all the different types of composite tubes considered (BN,
BC3, BC2N, C3N4, CN) [40]. Those results for the C and
BN nanotubes are reproduced in the left panel of Figure 2.
Furthermore, the Young modulus approaches, from below,
the graphitic limit for diameters of the order of 1.2 nm. The
computed value of C for the wider carbon nanotubes of
0.43 TPa nm, that corresponds to 1.26 TPa modulus in our
convention, is in excellent agreement with the experimental
value for SWNT’s of 1.25 TPa [41]. It is also in rather
good agreement with the value of 1.28 TPa reported for
multiwall nanotubes (MWNT) [27]. Although this result is
for MWNT, the similarity between SWNT is not surprising
as the intrawall C–C bonds mainly determine the Young’s
modulus. From this result, we can estimate the Young
modulus considering two different geometries of practical

relevance:

(i) multiwall like geometry, in which the normal area is
calculated using the wall-wall distance as the one in
MWNTs, which is very approximately equal to the
one of graphite,

(ii) nanorope or bundle configuration of SWNTs, where
the tubes would be arranged forming a hexagonal
close-packed lattice, with a lattice constant of (2R+
3.4), R being the tube radius.

The results for these two cases are presented in the right
panel of Figure 2. The MWNT geometry gives a value that is
very close to the graphitic one; however, the rope geometry
shows a decrease of the Young modulus with increasing the
tube radius due to the quadratic increase of the effective area
in this configuration, while the number of atoms increases
only linearly with the tube diameter. The computed values
for the SWNT ropes experimentally observed are, however,
still very high (0.5 TPa), even comparing with other known
carbon fibers. This value is in quite good agreement with
AFM experiments on anchored SWNTs ropes [42] (Y ∼
0.6 TPa) and for stress-strain puller measurements of the
Young modulus for aligned nanotube ropes of MWNTs (Y ∼
0.45 ± 0.23 Tpa) [43].

For composite nanotubes, the results of [44] for the
Young modulus of BN MWNT’s give 1.22 TPa, which is
somewhat larger than the result obtained for these tubes
in the TB calculations (∼0.9 TPa) [45], but nevertheless the
agreement is close. We indicate that BN and BC3 tubes have
similar values of the Young modulus (the calculated average
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Young modulus is 0.9 TPa and 0.92 Tpa for BN and BC3,
resp.), although the latter have slightly larger values. In those
studies C3N4 nanotubes are shown to be much softer than
any other type of tube, the reason being that for a given
amount of tube surface, there is a smaller density of chemical
bonds [40].

The Poisson ratio is given by the variation of the radius
of the SWNT resulting from longitudinal deformations along
the tube axis. In all cases, the computed Poisson ratio is
positive: an elongation of the tube reduces its diameter. The
ab initio values are 0.14 (from 0.12 to 0.16) for the armchair
(n,n) tubes, and a little larger for other chiralities: 0.19 for
(10,0) and 0.18 for (8,4). The uncertainty of the obtained
values is of the order of 10%. In summary, the ab initio
calculations indicate that the Poisson ratio retains graphitic
values except for a possible slight reduction for small radii.
It shows chirality dependence: (n,n) tubes display smaller
values than (10,0) and (8,4). Similar differences are found
between the ab initio and TB calculations for BN tubes,
namely, for the (6,6) tube the ab-initio value for the Poisson
ratio is 0.23 whereas the TB one is 0.30 [45].

2.1. Experimental Evidence of Nanotube Resilience. Collapsed
forms of the nanotube (“nanoribbons”) have been observed
in experiment, and their stability can be explained by the
competition between the van der Waals attraction and elastic
energy. The basic physics can be understood by noticing that
the elastic curvature energy per unit length is proportional
to 1/R (R, radii of the tube); however, for a fully collapsed
single-wall tubule with the opposite tubule walls at the
typical van der Waals contact distance c, the energy per unit
length would be composed of a higher curvature energy
due to the edges which is independent of the initial tubule
diameter, and a negative van der Waals contribution, εvdW

0.03-0.04 eV/atom, that is, ∝ R per unit length. Collapse
occurs when the latter term prevails above a certain critical
tube radii Rc that depends on the number N of shells of
the nanotube, Rc (N = 1)∼8c and Rc (N = 8)∼19c
[46], and the thickness of the collapsed strip-ribbon is (2N-
1)c. Any additional torsional strain imposed on a tube in
experimental environment also favors flattening [47, 48] and
facilitates the collapse.

The bending seems fully reversible up to very large
bending angles despite the occurrence of kinks and highly
strained tubule regions in simulations, that are in excellent
morphological agreement with the experimental images
[49]. Similar bent-buckled shapes have been reported by
several groups [49–51], Figure 4.4. This apparent flexibility
stems from the ability of the sp2 network to rehybridize
when deformed out of plane, with the degree of sp2-sp3

rehybridization being proportional to the local curvature
[52].

In this context, the recent work of Colombo [53, 54]
is very relevant as it presents a very detailed combined
continuum and atomistic approach to the elastic properties
of graphene and C nanoribbons. In a little more detail, the
stress-strain nonlinear constitutive equation is worked out by
Colombo using continuum theory in both small-strain and
large-strain circumstances. Then by atomistic simulations,

the relevant linear and non-linear elastic moduli have been
computed (see also, [53]). In particular, Colombo throws
light on the physical meaning of the effective non-linear
elastic modulus measured by nanoindentation of a free-
standing monolayer graphene sample [55]. Through a stress-
strain plot, Colombo also predicts a very high failure stress,
in good accordance with experimental data recorded by Lee
et al. [55]. The corresponding effective 3D failure stress is
found by Colombo to be ∼1300 Pa, which exceeds that in
most materials, including multiwalled nanotubes.

In relation to bending elasticity, Colombo identifies the
bending rigidity modulus by continuum theory and charac-
terizes it by the local curvature of a bended ribbon. Then this
bending modulus is calculated by tight-binding atomistic
simulations (see also [54]). Finally, the elastic behaviour
of various curved nanoribbons is studied and the onset of
nanoscale features is discussed. It is shown, in particular, that
atomic-scale relaxations on bending induce an additional
strain field of in-plane stretching. An important issue is then
raised as to the way in which to disentangle bending and
stretching features for small-width nanoribbons.

3. Parallels between Low-Dimensional
Assemblies of C and of Si and Ge Atoms

Our interest in this area has been rekindled by the very
recent study of Cahangirov et al. [56]. These authors reported
calculations of structure optimization, phonon modes, and
finite temperature molecular dynamics. Their predictions
were that both Si and Ge can have stable, two-dimensional,
low-buckled honeycomb structures. Therefore, in this paper,
we shall, first of all, use available work from both experiment
and theory to compare especially Si–Si equilibrium bond
lengths in a number of structures, both finite molecular
and clusters and in honeycomb lattices, with the geometry
predicted in [6] for Si6H6. It is natural here, therefore, to
elaborate somewhat on the results reported in [6].

First of all, results were obtained on the equilibrium
geometry of Si6H6 from spin-compensated (restricted) HF
(HRF) calculations. The bond lengths predicted by this
method were 2.21 Å for the Si–Si bonds and for the Si–H
lengths were 1.47 Å. Also binding was demonstrated with
respect to 6Si and 6H isolated atoms.

But a central part of the study in [6] was to consider the
stretching of chemical bonds in the (as yet unsynthesized)
Si6H6 molecule. Such stretching was first carried out by
Grassi et al. [6] in which the stretching was uniform; that
is, all Si–Si and Si–H bonds were changed by a common
scale factor λ. Figure 1 in [6] displays before RHF and UHF
potential energy curves of Si6H6 as a function of λ.

3.1. Itinerant versus Localized π-Electrons. Since there is a
sense in which a UHF treatment reflects electron “cor-
relation” by putting ↑ and ↓ spins in different space
orbitals, Grassi et al. [6] attempted to draw conclusions
about itinerant versus localized behaviour of π-electrons
in Si6H6. Of course, the “sister” molecule benzene is a
form for comparison. In this latter system, the diamagnetic
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Table 1: Bond-lengths for different Si-structures (Å)∗. Note that for
the Si=Si double bond lengths of disilenes vary between 2.14 and
2.29 Å and are nearly 5 to 10% shorter than the Si–Si single bond
lengths of corresponding disilanes. This rate of bond shortening is
less than 13% in carbon compounds [57].

Si-bulk [59] 2.35

Si2(en silicon-carbene-complex) [60] 2.2294 ± 0.0011

Si-nanowire (H-terminated) [57] 2.34 to 2.36

nanocrystal: Si87H76 [57] 2.35

Si6H6 Si-H [6]∗ 1.47
∗

Compare 1.07 Å for C–H length in benzene, which is the same as in the CH
radical itself.

susceptibility plus properties relating to ring currents testify,
from experiment, to the delocalization of the π-electrons.
In their Figures 3 and 4, Grassi et al. [6] display the spin
population magnitudes on the Si and H atoms of the Si6H6

ring, as a function of uniform stretching λ. Their conclusion
was that the π-electrons have their densities dominantly
around the Si nuclei, with a tendency towards delocalization
(ring currents) for low values of the scaling factor λ.

As already mentioned in Section 1.1 above, in [6] it
was demonstrated that for planar Si6H6 a study of the
normal modes of vibration reveals that not all the vibrational
frequencies are real. This led these authors to consider
the effect of buckling of the planar structure on these
frequencies. The minimum energy structure was obtained
by an optimization procedure at the UHF-singlet level.
The buckled structure was such that all vibrational mode
frequencies were now real. The reader is referred to [6] if
fuller details are eventually required.

To begin the above programme, we collect in Table 1
available results, which are mainly from presently available
theoretical and experimental work, for Si–Si equilibrium
bond lengths in some rather different environments. Thus,
for the predicted buckled Si6H6 molecule in [6], the
restricted HF prediction is 2.21 Å (see Table 1 of [6]). One
experimentally accessible Si–Si distance is from a study of
an Si nanowire [57] and from gas-phase infrared spectra of
cationic Si-clusters (n = 6–17); see supplementary material
in Reference [58]. Returning to theory, we next note that Si
nanowires potentially have structures resembling assemblies
of smaller Si clusters.

In this context, it is relevant to mention work on the
silicon clathrate compound (Na, Ba)XSi46 studied in Kawaji
et al. [61]. As these authors stress, the Si–Si atoms are bonded
tetrahedrally with approximately the same bond distances
as in ordinary diamond structure of Si. These distances are
recorded in Table 1. We have also added Si–Si lengths in
some smaller Si free space clusters (see, e.g., Alonso’s book
[62]). It is also relevant to refer to work of Phillips [63]
at this point. He concluded from analyzing fragmentation
and contration experiments that Si clusters with less that ten
atoms have a unique structure with little or no resemblance
to the diamond lattice. It is of interest to refer to Figure 9
of Merson and Sattler [64] which depicts electron density
isosurfaces of the fullerenic Si24. The left-side of their Figure

9 gives a side view with a pentagonal-like surface. The right-
hand side shows a hexagonal of Si atoms.

At this point, we return to the work of Cahangirov et al.
[56]. In their figures, these authors first present the calculated
variations of the binding energy of the relaxed honeycomb
structure of Si and Ge as a function of lattice constant.
In that Figure, planar (PL), low-buckled (LB), and high-
buckled (HB) honeycomb structures correspond to distinct
minima. They find that the PL honeycomb structure is the
least energetic state and is not stable. They then address the
issue as to whether these puckered LB and HB geometries
correspond to real local minima in the Born-Oppenheimer
surface.

The PL structure of Si has some phonon modes which
have imaginary frequencies analogous to planar Si6H6

reported by Grassi et al. [6].
In contrast, the phonon dispersion curves shown in

Figure 1 of Cahangirov et al. [56] indicate that the 2D
periodic LB honeycomb structure of Si is stable. There is
an equilibrium buckling of 0.44 Å for Si and 0.64 Å for
Ge. The stability of these LB structures of both Si and Ge
was tested in addition by the means of extensive ab initio
finite temperature molecular dynamics calculations using
time steps of 2 × 10−15 secs. They record the facts that the
2D periodic LB structure of Si (Ge) is not lost by raising the
temperature from T = 0 to 1000 K (800 K) for 10 picoseconds
(ps). In this paper, it is especially noteworthy that a finite size,
large hexagonal LB flake of Si (Ge), with hydrogen passivated
edge atoms, remains intact on raising T from 0 to 1000 K
(800 K) in 100 steps, and holding it there for more than 3 ps.

Finally, we note that calculated band structures and
their corresponding electronic density of states of LB Si
and Ge are presented in Figure 2 of Cahangirov et al. [56].
Also their Table 1 summarizes binding energy and structural
parameters calculated for the LB honeycomb structure. As to
possible subsequent experiments on the synthesis of Si and
Ge nanoribbons with honeycomb structures, it is of interest
to add that recent work by Nakano et al. [65] reports the soft
synthesis of a single Si monolayer sheet on a substrate.

4. Future Directions

Superconducting graphene has recently been predicted [66–
68] with a high transition temperature, though at the time
of writing no experimental discovery has been reported. The
discussion of the possible pairing mechanism in graphite
intercalated compounds (GIC) by Capone et al. [69] is also
relevant in the present context (see for example, the recent
work by Pellegrino et al. [70] on relevant topic of pairing
symmetry). However, there is clearly an area of potential
interest there, both fundamental and technological, for the
future.

Also, in connection with low-dimensional C-atom struc-
tures, we want to mention work on experimental detection
of plasmon modes which has been utilized to investigate
the dynamical behaviour of electrons in graphene layers
[71–74]. In this general area, it is also relevant here to
note the very recent study of Wang and Chakraborty [75]
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on Coulomb screening and collective excitations in biased
bilayer graphene. The plasmon-phonon strongly coupled
mode in doped graphene has been explored by Liu and Willis
[76].

Additionally, in relation to our discussion of strain effects
above, the study of Choi et al. [77] has reported calculations
on electronic properties of graphene subjected to uniaxial
and isotropic strains, respectively. As consequences of these
numerical studies, the semimetallic character is predicted to
persist up to a very large uniaxial strain of some 30%, except
in a very narrow strain range where a tiny energy gap is
predicted. The work function is studied theoretically also,
and is found to increase substantially as both the uniaxial
and the isotropic strains increase. The impact on the optical
conductivity has been addressed by Pellegrino et al. [78, 79].

Of potential fundamental interest for the future, we
note the very recent theoretical work by Novoselov et al.
[80] on the theory of the quantum Hall effect (QHE) in
finite graphene devices. Already, prior to this study, several
experiments have examined the QHE in graphene [81–83].
In the theoretical work of Novoselov et al. [80], the QHE
in graphene is studied based on the current injection model,
which takes some account of the finite rectangular geometry
with source and drain electrodes. In their work, the presence
of disorder does not play a significant role. Instead, the
boundary conditions during the injection into the graphene
sheet, which are enforced by the presence of the Ohmic
contacts, determine the current-voltage characteristics.
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The advent of carbon-based micro- and nanoelectromechanical systems has revived the interest in glassy carbon, whose
properties are relatively unknown at lower dimensions. In this paper, electrical conductivity of individual glassy carbon
nanowires was measured as a function of microstructure (controlled by heat treatment temperature) and ambient temperature.
The semiconducting nanowires with average diameter of 150 nm were synthesized from polyfurfuryl alcohol precursors and
characterized using transmission electron and Raman microscopy. DC electrical measurements made at 90 K to 450 K show very
strong dependence of temperature, following mixed modes of activation energy and hopping-based conduction.

1. Introduction

Semiconducting amorphous materials are widely used in
electronics applications due to their favorable optical and
dielectric properties, tunable band gaps, and low manufac-
turing costs [1–3]. Amorphous or glassy carbon (a-C) is of
particular interest because of the versatility of the carbon
material system with a diverse range of physical properties
based on the nature and the spatial arrangement of the
chemical bonds [4]. A common method of glassy carbon
synthesis is the pyrolysis of a polymeric precursor. Such
polymer-derived carbons are considered to be either graphi-
tizing or nongraphitizing depending on their tendency to
transform to graphite when subjected to temperatures above
1000◦C. Nongraphitizing carbons are globally amorphous,
meaning that they are disordered and noncrystalline though
they may have some small graphitic regions with local
order. Though a long range graphitic structure is the most
thermodynamically stable form of carbon, nongraphitizing
carbons remain thermally stable and resistant to chemical
attack at high temperature. This stability is attributed to
crosslinking in the polymeric precursor, which results in a
disordered, chaotic misalignment of graphene layers in the
carbon after pyrolysis [5].

The composition of the carbon-carbon bond types in
a given glassy carbon material is, along with the material

microstructure, one of the most influential parameters in
determining the electrical transport properties. The presence
of more delocalized π electrons due to sp2 bonding facilitates
in-plane electron transport in graphitic carbon, which is not
the case for the rigid and localized sp3 bonds in diamond-
like carbons. In tetrahedral carbon systems, for instance, an
increase in electrical conductivity is generally observed with
increase in the sp2/sp3 ratio in the material [6]. Therefore,
even in materials with a low sp2/sp3 ratio, it is the sp2

arrangement that determines the electrical properties of the
material. A range of band gaps from 1–4 eV is seen in the
literature for glassy carbon [7–9], where variations arise from
the composition of sp3 and sp2 carbon and from defect
induced variation in the density of states.

In this study, we investigate the role of microstructure
and ambient temperature on the electrical properties of
glassy carbon, which has a disordered structure with pri-
marily sp2 carbon. Though lacking in long-range order,
these carbons are regular solids; they contain structural
elements of the same type that are chaotically arranged in
space. This regularity is observed in their inherent nanoscale
porosity, which is narrowly distributed around an average
pore size of 0.5 nm [10]. Such nanoporous carbons have
found applications in filtration, electrical [11–13], and
electrochemical applications [14–16]. The motivation for
this study comes from a resurgence of the interest in nano
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[14, 17–20] and biological [21, 22] applications of glassy
carbon materials. Carbon is clearly a more suitable material
over silicon for biological applications because life on earth
is carbon-, and not silicon-based. In particular, a new area
called “carbon MEMS (micro-electro-mechanical systems) is
developing rapidly. The uniqueness of the technique is that
nanofabrication processes are cleverly exploited to pyrolize
polymeric nanostructures to carbon-MEMS that can range
from micro- to nanoscale [23] and different aspect ratios
[24]. It is important to note that all these applications require
comprehensive characterization of the electrical conductivity
of the nanoscale glassy carbon. The literature contains ample
information on the bulk glassy carbon properties [7–9, 25,
26], but only a few studies are available that investigate the
size effect on electrical properties at the nanoscale [27, 28].
For example, compared to microporous bulk glassy carbon,
a nanoporous nanowire has higher surface area/volume ratio,
as well as defects due to the presence of 5- and 7-membered
aromatic rings and uncoordinated carbon surface atoms.
Because of these defects, many of the charge carriers in
the system exist in localized states in the semiconductor
band gap, altering the electrical transport properties of the
material.

2. Literature Review

2.1. Synthesis and Structure. Glassy carbon is typically syn-
thesized by pyrolizing any polymeric precursor that cross-
links at elevated temperatures. Specifically, the nanowires
synthesized in this study are based on polymerized furfuryl
alcohol (PPFA), which is a common furanic derivative
of natural biomasses [29]. Fitzer and Schäfer [30] used
infrared spectroscopy (IR) to examine the mechanism for
the pyrolysis of PFA, at increasing temperatures from a
starting point of 130◦C. The furan ring remains stable up
to 275◦C, only fully rupturing between 300 and 400◦C.
At 400◦C, aromatic groups begin to form spontaneously
from the fragments of the furan rings. As temperature
increases above 450◦C, the aromatic groups coalesce to form
a final, highly unsaturated polymer network. Between 500
and 1200◦C, called the dehydrogenation phase, hydrogen
atoms are expelled, and the linear conjugated links coalesce
to form aromatic systems. The final phase is annealing, which
occurs at heat treatment above 1200◦C. During this stage,
structural defects such as five- and seven-membered rings
are progressively removed from the system as temperature is
increased. Multiple models for the structures of nongraphi-
tizing carbons exist. The final microstructure is composed
of randomly oriented graphitic crystallites connected by
disordered carbon sheets, or a three-dimensional network of
curved graphitic ribbons, which loop around each other in
no specific orientation [31–33].

2.2. Electrical Characterization of Glassy Carbon. Glassy
carbons are considered to be Anderson insulators, where
the systemic disorder, through particle localization, induces
a transition from metallic conduction to an increasingly
insulating state as disorder increases [34]. This is a strong

function of structural order, which is driven by stress
relaxation [35]. For heat treatment temperatures above
500◦C, rapid removal of hydrogen atoms produce mobile
carriers via a method in which an edge carbon atom
attracts electrons from a carbon atom in the interior of the
aromatic sheet, producing a negatively charged edge ion and
a mobile interior hole. This results in an increase in the
number of mobile carriers, causing the steep decrease in
resistivity. However, this process slows down exponentially
after 1000◦C.

In disordered carbon the charge carrier transport occurs
in three regimes—tunneling transport between the localized
states in the mobility gap at very low temperatures (<20 K),
hopping-based conduction between localized states at low
temperatures (<250 K) and thermally-activated conduction
from the Fermi level to the mobility edges at room
temperature and higher [36]. The hopping-based charge
transfer occurs by phononassisted tunneling from occupied
to unoccupied electronic states. The hopping conduction
model predicts a T−1/(d+1) relationship with the logarithm
of the conductivity, where d is the dimensionality of the
hopping space [33],

σ(T) = σ0 exp

(
−
[
T0

T

]1/(d+1)
)
. (1)

For glassy carbon, hopping is commonly observed to be
three dimensional (d = 3) in a range of ambient temperatures
from 60 K to 300 K [37]. With hopping conduction, the con-
ductivity approaches zero as temperature approaches zero. In
addition to the effects of localized states, a Coulomb gap can
have an effect on the hopping conductivity mechanism [33],
resulting in a T−1/2 dependence of logarithm of conductivity,
regardless of hopping space dimension. This is given by,

σ = σ0 exp

⌊
−
(
T0

T

)1/2
⌋

, where T0 = 6e2

πkB

1
4πε

1
ξ
. (2)

Here, σ0 is the conductivity at T = ∞, ε is the permittivity
representing screening effects on charges at small graphitic
regions, and ξ is the localization length of the wave function,
defined as the spatial extension of the localized energy state.
The Coulomb gap is calculated to be equal to kBe4D0ξ/ε,
where D0 is the density of states at the Fermi energy.
The contribution of the Coulomb interactions can occur
when the thermal energy is smaller than the Coulomb gap
width. This occurs below a characteristic temperature, TC =
(e4D0ξ)/ε2.

At or above room temperature, thermally-activated
transport mechanism is expected. Here, the relationship
between ln(conductivity) and surface temperature is indica-
tive of the activation energy gap between the Fermi level and
the extended states in the disordered carbon’s mobility edge,
(εg = εV − εF),

σ(T) = σ0e
−εg /kBT , (3)

where σ0 is a constant, and kB is the Boltzmann constant [22].
Bulk electrical properties of glassy carbon are very well

studied in the literature. Kuriyama and Dresselhaus [34]
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studied the metal-insulator transition in activated phenol-
derived, nongraphitizing carbon fibers. They determine
that the metal-insulator transition occurs at approximately
1000◦C, at which point the σ → 0 as T → 0 relationship
begins to fail as fewer states are localized. Takai et al.
[33] performed a study on a primarily sp2, nongraphitic
carbon, heat-treated over a range of 200◦C to 1500◦C. They
observed variation in conductivity with both heat treatment
temperature (HTT) and with ambient temperature over a
range from 4.2 K to room temperature. With successive heat
treatment at intervals of ∼200◦C up to a HTT ≤600◦C,
the conductivity shows a drastic increase of four orders
of magnitude. Wang et al. [31] observed the hopping
conduction mechanism at temperatures from 75 K to 275 K.

In comparison, very little is known about the lower
dimensional properties of glassy carbon, which may be due
to the fact that all the applications hitherto have been
macroscopic. However, the advent of carbon-based micro-
and nanodevices necessitates the fundament understanding
in conduction at such reduced dimensions. Park et al.
[38] studied the electrical properties of glassy carbon films
derived from epoxy and phenolic resins and found the
properties similar to bulk glassy carbon. Our previous study
involved individual glassy carbon nanowires above room
temperature to show about less than 1 order of magnitude
change in conductivity as surface temperature increased
from 300 K to 460 K. All the specimens were heat treated at
600◦C only, therefore the study did not show the role speci-
men microstructure and low temperature conduction [39].

3. Experimental Techniques

Furfuryl alcohol was polymerized inside the pores of
an anodized alumina template to form the nanowires,
which were subsequently pyrolized at temperature ranging
from 600 to 2000◦C. In a typical process [10] 1 M p-
toluenesulfonic acid solution is added to 5 ml of Triton X-
100. 5 ml furfuryl alcohol (FA) is added to the resultant
solution using a syringe pump at a rate of 10 ml min−1.
The solution is allowed to polymerize (PFA) in an ice bath
for 24 h and then filled inside Anodisc anodic alumina
membrane (Whatman) with 200 nm pores by capillary effect.
The PFA-lled template is then pyrolyzed for 8 h and then dis-
solved in 6 M KOH aqueous solution to produced dispersed
nanowires. High temperature treatment (HTT) was carried
out in a Red Devil furnace (R.D. Webb Company, Natick,
MA). The hot zone was evacuated to 10−3 mbar for 24 h
prior to annealing, then backfilled to atmospheric pressure
with argon. A 25◦C min−1 heating rate was employed with a
1 h soak at temperatures between 1200 and 2000◦C. Figure 1
shows the nanowire synthesis technique. The nanowires are
then inspected with a JEOL 2010 LaB6 transmission electron
microscope to obtain information about the crystallite
structure within the samples. The average diameter was
found to be 150 nm (±10 nm), which is due to the volume
shrinkage during pyrolysis.

Figure 2 shows the bright field and electron diffrac-
tion images for heat treatment temperatures of 600 and

2000◦C. The 600◦C treated specimens (PPFA600) show
no observable short-range structure, and the diffraction
pattern shows Laue rings typical of glassy carbon, primarily
diffused with two expected rings corresponding to the first
and second coordination shells of carbon [39]. At higher
temperatures (800◦C, 1200◦C, 1500◦C), graphitic clusters
less than 10 nm in size appear, leading to ribbon-like
morphology. The width of the Laue rings of the diffraction
pattern appears narrower for these samples than for the
lower temperature specimens. At 2000◦C (PPFA 2000),
we observe large ribbon-like chains (<20 nm) which are
distributed in random orientation throughout the sample.
The surface morphology of these nanowires also is jagged
and different from all the other specimens. Therefore, from
TEM microscopy we can conclude that the nanowires, while
still remaining disordered, exhibit a remarkable decrease
in the degree of disorder with increase in heat treatment
temperature.

The TEM evidence of enhanced graphitic nanostructures
at higher heat treatment temperatures is also corroborated by
reflected light Raman spectroscopy performed on a clump of
nanowires. The spectra were obtained on a WITec Confocal
Raman instrument at an excitation wavelength of 514 nm
and at 100X magnification. The results are shown in Figure 3.
Peak broadening is observed at lower pyrolysis temperatures,
which is indicative of bond length scatter (and disorder)
at the molecular level in the form of strained bonds. With
increasing heat treatment temperature some of these strains
are relieved, possibly through contraction, expansion, or
coalescence of C–C bonds at the atomic scale. As shown
in Figure 3, a sharp increase in the intensity of G peak
(compared to the D peak) is seen at 2000◦C, which implies
that a sizeable number of the linear sp2 carbon have coalesced
to form aromatic structures [40]. This is confirmed in the
TEM image as an increase in the graphitic ribbon structures
in PPFA2000. Therefore, Raman spectroscopy and TEM
microscopy are complementary in deducing the evolution of
the morphology of the nanowires.

Because the glassy carbon nanowires exhibited photo-
sensitive electrical conduction, dark DC measurements with
varying surface temperature of the nanowire (from 90 K
to about 400 K) were performed. Single nanowires were
manipulated and bonded on microfabricated electrodes
using focused-ion beam-based platinum deposition in a
dual gun electron microscope (Quanta 200 3D Dual Beam
FIB/SEM, FEI Company). This reduces the Schottky barrier
and facilitate Ohmic conduction, as well as acting as a
mechanical “glue” which both ensures that the nanowires are
in contact with the surface and provides mechanical stability
for the system. Measurements were carried out in a Deep
Level Transient Spectroscopy (DLTS) cryogenic electronic
test station, under vacuum. Conductivity measurements
were made using a Keithley 236 Source-Measure Unit, sweep-
ing voltage from −1 V to +1 V and measuring the resultant
current. Figure 4 shows a typical specimen and electrical
conductivity plot. Figure 4(b) shows a clear transition from
one transport mechanism to another. However, the smooth
transition of the curve indicates that multiple mechanisms
work simultaneously in the transition regions.
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Figure 2: TEM bright field and diffraction patterns for glassy carbon nanowires treated at (a) 600◦C and (b) 2000◦C showing evolution of
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Figure 3: Raman spectra for nanowires heat treated at 600◦C and
2000◦C. The peak sharpening at 2000◦C agrees very well with the
TEM analysis.

4. Experimental Results and Discussion

Electrical conductivity of individual glassy carbon nanowires
were measured as a function of morphology and ambi-
ent temperature. The experimental results are plotted in
Figure 5. As predicted by the TEM and Raman spectroscopy,
the conductivity of the individual nanowires is observed to
be strongly dependent on the specimen nanostructure. The
increase in conductivity of the nanowires with increasing
heat treatment temperature is due to the increases in
aromatic sp2 ring formation, growth of curved graphitic
crystallite domains and percolation networks, and the
annealing of graphitic defects. Such increase in conductivity
of the material by increasing the available density of charge
transfer sites (and not by narrowing of the mobility gap) is
analogous to an increase in doping in an extrinsic crystalline
semiconductor.
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Figure 4: (a) Scanning electron micrograph of a single nanowire manipulated across interdigitated microelectrodes. (b) DC electrical
conductivity of a nanowire.
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Figure 5: Electrical conductivity versus temperature plots for
different heat treated specimens.

In Figure 5, the slope of the conductivity versus T
curve is highest (6 order of magnitude change in resistivity
compared to the 3 orders change observed in bulk form [25])
for the PPFA600 sample, and decreases as heat treatment
temperature increases. This is seen in both the high and low
temperature regions of the data and can be explained by the
relative level of disorder present in the material. In glassy
semiconductors, defects such as 5- and 7-membered rings
cause localized states in the band gap region [41]. The greater
the number of localized states, the more the conductivity
is dependent on ambient temperature. This is a result of
immobile charge carriers, and the activation energy required
for excitation of a charge carrier is larger. The increase in
ambient temperature therefore allows more charge carriers
to cross the mobility gap of the material. With an increase
in heat treatment temperature, the system becomes more
ordered, and weak, strained bonds are allowed to relax to

a more stable sp2 graphitic state. This increase in systemic
order means a decrease in the amount of localized states
present, and thus more delocalized charge carriers, gradually
approaching metallic conduction behavior in which conduc-
tivity would not be dependent on ambient temperature. In
this situation, an increase in temperature does not provide as
significant a change in the amount of electrons that are able
to cross. However, the annealing effects decay quickly with
the heat treatment temperature. Considering the large scatter
in the electrical conductivity data originating from a wide
variety of synthesis processes, the nanowire conductivities in
this study are found to be marginally higher but in the same
order.

To determine the dominant conduction modes in the
various temperature regimes, particularly to identify the
metal to insulator transition temperature, we examine
Figure 6, where individual conductivity versus temperature
curves for each heat treatment temperature. From these
curves, we can see that for heat treatment temperatures
below 800◦C the conductivity approaches zero as the
ambient temperature approaches zero. This is indicative of a
hopping mechanism, however, this happens at about 1000◦C
in bulk glassy carbon.

Next, we analyze the data in the lower than room tem-
perature region to establish the parameters for a hopping-
based conduction model (1). A plot of ln(σ) versus T−1/2

is shown in Figure 7. At higher than the room temperature,
all the specimens followed a thermally activated transport
mechanism. This is shown in Figure 8, where ln(σ) versus
T−1 is plotted. The slope of the conductivity versus surface
temperature plots is indicative of the activation energy gap,
which can be calculated using (3). The slope of this curve
is equivalent to εg /kB, allowing us to determine the mobility
gap for the different nanowires. The activation parameters
obtained are summarized in Table 1. It is interesting to
note that the conductivity data for specimens heat treated
at 800◦C and below do not fit well with the thermally
activated conduction mechanism, even at higher than room
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Figure 6: Progressive changes in the trend of conductivity with surface temperature as pyrolysis temperature is increased.
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Figure 7: Fitting of the low temperature (<250 K) conductivity data
to the hopping transport model.

temperatures. This observation is consistent with the pattern
identified in Figure 6.

5. Discussion

TEM and Raman microscopy and DC conductivity mea-
surements were performed on individual glassy carbon
nanowires with average diameter of 150 nm in an attempt
to associate the heat treatment temperature and the corre-
sponding nanowire microstructure with the electrical prop-
erties of the material. The TEM images show a significant
increase in graphitic, ribbon-like structures as the heat
treatment temperature was raised from 600◦C to 2000◦C.
The Raman spectra also qualitatively indicated similar
increase in systemic order. DC conductivity measurements
agree to this trend quantitatively, with 6 orders of magnitude
increase in conductivity as the ambient temperature increase
from 90 K to 450 K. The slope of the conductivity versus
temperature curve is highest (in magnitude) for the lowest
heat treatment temperature, and decreases as heat treatment
temperature increases. This is seen in both the high and low
temperature regions of the data and can be explained by
the relative level of disorder present in the material, which
determines the amount of localized states, and therefore
the temperature dependence of the material. As surface
temperature is increased, more localized electrons have the
energy to bridge the gap. With an increase in heat treatment
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Table 1: Parameters from the low temperature DC conductivity data fitted to both a hopping-based energy transport mechanism and a
thermally activated conduction mechanism.

Sample Slope for hopping conduction R2 for hopping conduction model Mobility gap, εg (eV)
R2 for thermally activated

conduction model

PPFA600 92.607 0.98978 0.0033 0.98117

PPFA800 54.959 0.98181 0.0152 0.97261

PPFA1000 11.451 0.98183 0.0779 0.97225

PPFA1500 2.5482 0.95712 0.1309 0.9413

PPFA2000 0.5533 0.94543 0.1664 0.95255
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Figure 8: Fitting of the conductivity data for room temperature and
above to a thermally activated transport model.

temperature, the system becomes more ordered, decreasing
the amount of localized states present and allowing for more
mobile charge carriers. With this increased electron mobility,
an increase in temperature does not provide as significant a
change in the amount of electrons that are able to cross, and
the conductivity of the sample does not increase as rapidly
with increasing surface temperature.

We conclude that it is the overall delocalized charge
carrier density which determines the [41]conductivity of the
system. This result can also be connected to the morphology
of the nanowires. When the system is highly disordered,
there are significantly fewer available charge carriers, as
they are involved in the defects and strained bonds in the
structure. At higher heat treatment temperatures, much of
this disorder is removed from the system, which improves
the conductivity of the nanowires. This is dominated by the
chemical processes during heat treatment such as increases
in aromatic sp2 ring formation, growth of curved graphitic
crystallite domains, increase in percolation networks, and the
annealing of graphitic defects.
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[25] W. Bücker, “Preparation and DC conductivity of an amor-
phous organic semiconducting system,” Journal of Non-
Crystalline Solids, vol. 12, no. 1, pp. 115–128, 1973.

[26] L. Soukup, I. Gregora, L. Jastrabik, and A. Koňáková, “Raman
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Hierarchical analysis of the fracture toughness enhancement of carbon nanotube- (CNT-) reinforced hard matrix composites is
carried out on the basis of shear-lag theory and facture mechanics. It is found that stronger CNT/matrix interfaces cannot definitely
lead to the better fracture toughness of these composites, and the optimal interfacial chemical bond density is that making the
failure mode just in the transition from CNT pull-out to CNT break. For hard matrix composites, the fracture toughness of
composites with weak interfaces can be improved effectively by increasing the CNT length. However, for soft matrix composite,
the fracture toughness improvement due to the reinforcing CNTs quickly becomes saturated with an increase in CNT length. The
proposed theoretical model is also applicable to short fiber-reinforced composites.

1. Introduction

Carbon nanotubes (CNTs) possess exceptionally superior
physical and mechanical properties, such as high strength,
low density, high flexibility, and high toughness and therefore
hold great promise for employment as reinforcements in
advanced composites [1–10]. However, experimental and
numerical studies show that the performance of such
composites depends critically on the CNT/matrix interfacial
characteristics [11–13]. Interface strength and interface
length are two of the most important factors that affect the
mechanical properties of CNT-reinforced composites and
therefore have drawn the attention of many researchers.

As a type of extraordinary reinforcements, CNTs can
be incorporated in a polymer, metal, or ceramic matrix.
The focus of many previous studies in CNT-reinforced
composites has been on polymer-matrix materials [14–
21], and researchers have tried in various ways, such as
nonionic surfactant and ion bombardment [11, 16, 22, 23],
to form covalent bonds between CNTs and the polymer
matrix to strengthen the interface. In order to know whether
longer CNTs and stronger interfaces definitely result in

better mechanical properties of CNT-reinforced composites,
Chen et al. [24] studied the fracture toughness enhance-
ment of CNT-reinforced polymer-matrix composites. They
found that neither longer reinforcing CNTs nor stronger
CNT/matrix interfaces can definitely lead to the better
fracture toughness, and the optimal interfacial chemical
bond density and the optimal CNT length are those making
the failure mode just in the transition from CNT pull-out to
CNT break.

Meanwhile, the production and application of CNT-
reinforced metal- and ceramic-matrix composites draw more
and more attention. Ma and coworkers [25] formed CNT-
nano-silicon-carbide (SiC)/ceramic composites and reported
a 10% improvement in the strength and fracture toughness
as compared to the monolithic ceramics. These modest
improvements are attributed to nanotube/matrix debonding
and crack deflection. The techniques to form CNT/metal-
oxide composites as well as CNT/metal-matrix composites
have been developed [26–31]. However, they did not provide
the expected improvement in mechanical properties. Is Chen
et al.’s conclusion [24] still valid for these hard matrix
composites? Is there some difference between the soft matrix
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and hard matrix CNT-reinforced composites? This paper will
focus on the case with higher matrix stiffness and study
the influence factors on the fracture toughness of CNT-
reinforced composites.

2. Roadmap for Hierarchical Failure Analysis of
CNT-Reinforced Composites

In CNT-reinforced composites with macroscopic cracks,
the high strength of CNTs can retard crack propagation,
and a fracture zone bridged by CNTs at the crack tip is
formed, as shown in Figure 1(a). This toughening effect of
bridging CNTs is equivalent to that of nonlinear springs
connecting the upper and lower crack surfaces, as shown
in Figure 1(b). The force-displacement relation for these
springs can be obtained by studying the pulling force
F and pull-out displacement δ of a single CNT, as in
Figure 1(c). This F − δ curve depends on the interfacial
atomic bond properties, that is, on the interaction between
atoms, as shown in Figure 1(d). Therefore, CNT-reinforced
composites have three failure mode levels: a bond break at
the atomistic level, CNT fiber failure mode at the mesoscopic
level, and macroscopic crack propagation at the macroscopic
level. To better understand and optimize the toughness of
CNT-reinforced composites, this paper presents hierarchical
failure analysis. We first adopt shear-lag theory to investigate
CNT fiber in Section 3 and then use facture mechanics to
study macroscopic-level failure in Section 4. Our conclusions
are summarized in the last section.

3. Force-Displacement Relation of a Single CNT
Pulled from the Matrix

There are a large number of continuum mechanics studies
on the fiber-reinforced composites, especially the widely used
shear-lag theory [32–37]. Chon and Sun [33] studied stress
distribution along a single reinforcing fiber of a randomly
oriented chopped-fiber composite under the assumption of
perfect bonding. Lawrence [34] assumed the stiffness of the
fiber is lower than that of the matrix and investigated fiber
pull-out from an elastic matrix. For ceramic composites,
Marshall et al. [35] studied the cracking in brittle matrix.
Hutchinson and Jensen [36] treated debonding process as
a mode 2 crack to study fiber debonding and pull-out, and
based on these studies, Budiansky et al. [37] accounted for
an interfacial debonding resistance and studied the effects of
debonding and initial stress on overall composite toughness.
Many of these models are also applicable to CNT-reinforced
composites. However, for the completeness and convenience
to readers, the related analysis is still briefly presented in this
section.

3.1. Shear-Lag-Model-Based Stress Analysis of the CNT and
Matrix. According to the shear-lag theory, the interaction
between the CNTs and the matrix that results from the
chemical bonds shown in Figure 2 is shear stress, which is
related to the relative displacement between the CNT fiber
and the matrix Δu. A bond break occurs when Δu reaches

the critical shear displacement δb, which depends only on
the type of functionalization bond at the interface, whereas
the corresponding interface strength τb also depends on the
interface bond density. The interface shear stress τ is assumed
to be proportional to the relative displacement Δu, that is,

τ(x) = kΔu(x) = k
[
um(x)− uf (x)

]
, (1)

where k = τb/δb is the shear stiffness of the interface and
um(x) and uf (x) are the axial or x-direction displacements of
the matrix and the CNT fiber, respectively.

Suppose the CNT and the matrix are both linear
elastic, with Young’s modulus Ef and Em, respectively. A
representative volume element (RVE) including a single
CNT with embedded length L and diameter d, as shown in
Figure 2, is adopted for analysis. With the balance conditions
of the fiber and the matrix, the shear stress distribution can
be derived [24]

τ(x) = F

√
τb
Cδb

·
1/(EmAm) cosh

(
x
√
Cτb/δb

)
sinh

(
L
√
Cτb/δb

)

+
1/
(
Ef A f

)
cosh

[
(x− L)

√
Cτb/δb

]
sinh

(
L
√
Cτb/δb

) ,

(2)

where Af and Am are the cross-section areas of the CNT and
the matrix in the RVE, F is the pulling force, and C depends
on the material constants and geometry parameters as

C = πd

(
1

Ef A f
+

1
EmAm

)
. (3)

The distribution of the axial normal stress in the CNT can
also be derived as

σ(x) = 1
Af

[
F −

∫ x

0
πdτ(x)dx

]
. (4)

3.2. Critical Pull-Out/Break Condition of CNTs. The two
main fiber-level failure modes are usually interfacial debond-
ing and fiber break, depending on the interfacial shear stress
and the axial normal stress, respectively. When the composite
is under increasing tension, both the shear stress on the
interface and the axial normal stress in the CNT increase.

3.2.1. Critical Condition for CNT Fiber Break. Obviously,
the maximum axial normal stress in the CNT is located at
position x = 0 and can be expressed as

σ(x)|max = σ(0) = F

Af
. (5)

CNT break occurs when the maximum axial normal stress
reaches CNT strength σb

f , and the corresponding critical
pulling force is

Fσ
max = σb

f A f . (6)
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Figure 1: Schematic diagram of three-level failure analysis models. (a) Fracture zone bridged with CNTs at the crack tip. (b) Macroscopic-
level model with equivalent bridging nonlinear springs. (c) Mesoscopic-level model for studying CNT-fiber failure and obtaining the force-
displacement relation of equivalent nonlinear spring. (d) Atomistic-level failure model for characterizing CNT/matrix interfacial bond
breaking.
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Figure 2: Schematic diagram of shear-lag model for the interactions between the CNT and the matrix (a), and the geometric parameters
(b).

3.2.2. Critical Condition for Interfacial Debonding. According
to (2), the maximum shear stress on the interface may appear
at either x = 0 for Ef A f < EmAm or x = L for Ef A f >
EmAm. In CNT/polymer composites, the stiffness of the CNT
is usually greater than that of the matrix, that is, Ef A f >
EmAm, as Chen et al. have previously discussed in [24], but
in metal- and ceramic-matrix composites Young’s modulus
of the matrix is close to that of the CNTs, so the stiffness of
the CNT is less than that of the matrix, that is, Ef A f < EmAm.
The current paper is focused on this hard matrix regime and
sometimes also presents the results of soft matrix regime for
comparison.

(1) Ef A f < EmAm Case (Hard Matrix). From (2), the
maximum shear stress on the interface can be found at the
x = 0 position, and

τ(x)|max = τ(0)

= F

√
τb
Cδb

·
1/(EmAm) + 1/

(
Ef A f

)
cosh

(
L
√
Cτb/δb

)
sinh

(
L
√
Cτb/δb

) .

(7)
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The corresponding critical pulling force is

Fτ0
max =

√
Cτbδb sinh

(
L
√
Cτb/δb

)
1/(EmAm) + 1/

(
Ef A f

)
cosh

(
L
√
Cτb/δb

) . (8)

Together with (6) and (8), the transition condition between
the pull-out and break failure modes is

σb
f A f√
Cτbδb

1/(EmAm) + 1/
(
Ef A f

)
cosh

(
L
√
Cτb/δb

)
sinh

(
L
√
Cτb/δb

) > 1

(
interfacial debonding

)
,

σb
f A f√
Cτbδb

1/(EmAm) + 1/
(
Ef A f

)
cosh

(
L
√
Cτb/δb

)
sinh

(
L
√
Cτb/δb

) < 1

(
CNT fiber breaking

)
,

(9)

that is, a weak interface results in interfacial debonding and
fiber pull-out, whereas a strong interface leads to fiber break.

(2) Ef A f > EmAm Case (Soft Matrix). The most important
difference from the hard matrix case (i.e., Ef A f < EmAm) is
that the maximum shear stress on the interface is found at
the x = L position, so the critical pulling force is [24]

FτL
max =

√
Cτbδb sinh

(
L
√
Cτb/δb

)
1/(EmAm) cosh

(
L
√
Cτb/δb

)
+ 1/

(
Ef A f

) , (10)

and the transition condition between the pull-out and break
failure modes is [24]

σb
f A f√
Cτbδb

1/(EmAm) cosh
(
L
√
Cτb/δb

)
+ 1/

(
Ef A f

)
sinh

(
L
√
Cτb/δb

) > 1

interfacial debonding,

σb
f A f√
Cτbδb

1/(EmAm) cosh
(
L
√
Cτb/δb

)
+ 1/

(
Ef A f

)
sinh

(
L
√
Cτb/δb

) < 1

CNT fiber breaking.

(11)

3.3. Relation between Pulling Force and Pull-Out Displace-
ment. For different possible failure modes, there are three
types of F − δ curves, as shown in Figures 3(a), 3(b), and
3(c). Here, F is the pulling force, and δ = Δu(0) is the pull-
out displacement. The corresponding relations are given as
below.

3.3.1. CNT Break Case. The F−δ relation can be obtained as

F =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
δ

√
Cτb
δb

·
Ef A f sinh

(
L
√
Cτb/δb

)
cosh

(
L
√
Cτb/δb

)
+ 1/α

, 0 ≤ δ ≤ δσC ,

0, δ > δσC ,
(12)

where α = EmAm/(Ef A f ) is the stiffness ratio of the matrix
to the CNT, and

δσC = σb
f

√
δb
Cτb

·
cosh

(
L
√
Cτb/δb

)
+ 1/α

E f sinh
(
L
√
Cτb/δb

) . (13)

3.3.2. Interface Debonding from the End of Pulling Force (Hard
Matrix). If Ef A f < EmAm, the interface begins to debond at
the x = 0 position where the relative displacement reaches
δb. So the critical pull-out displacement for the interfacial
debonding case is

δτ0
C = δb. (14)

At this time, the relative displacement at the x = L position is
δb · (1/α)(1 + (α2 − 1)/(α cosh(L

√
Cτb/δb) + 1)), which is less

than δb, so the interface is not debonded completely and can
still stand some degree of shear stress. After this point, the
F− δ curve decreases until the interface debonds completely.
In the process of debonding, the CNT and the matrix can
be analyzed as a similar system but with a shorter interface
length L2 (L2 < L). Both the pulling force F and the pull-out
displacement δ are dependent on the new interface length L2

as follows:

F(L2) =
√
Cτbδb ·

Ef A f sinh
(
L2
√
Cτb/δb

)
cosh

(
L2
√
Cτb/δb

)
+ 1/α

,

δ(L2) = δb + (L− L2)

⎛⎝√Cτbδb · sinh
(
L2
√
Cτb/δb

)
cosh

(
L2
√
Cτb/δb

)
+ 1/α

⎞⎠.
(15)

Getting rid of L2 from the above two equations, we can get
the relation between the pulling force F and the pull-out
displacement δ after the beginning of interface debonding as

δ =δb+

⎧⎪⎪⎨⎪⎪⎩L−
√

δb
Cτb

ln

⎡⎢⎢⎣F +
√
F2 + α2

(
CτbδbE

2
f A

2
f − F2

)
α
(
Ef A f

√
Cτbδb − F

)
⎤⎥⎥⎦
⎫⎪⎪⎬⎪⎪⎭

×
(

F

Ef A f

)
.

(16)

So the relation between the pulling force F and the relative
displacement δ is

F =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
δ

√
Cτb
δb

·
Ef A f sinh

(
L
√
Cτb/δb

)
cosh

(
L
√
Cτb/δb

)
+ 1/α

, 0 ≤ δ ≤ δb,

Fsoften(δ), δb < δ ≤ δmax,
(17)

where Fsoften(δ) is solved from (16) and the maximum pull-
out displacement δmax is determined by

∂δ(L2)
∂L2

= 0. (18)
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This process is shown in Figure 3(b), and the critical point
(δτ0

C , Fτ0
max) is given by (14) and (8), respectively. It is

interesting to notice that after the initial debonding at x =
0, the interface first debonds gradually and steadily, with
the gradual deceasing pulling force, but when the pull-
out displacement reaches δmax, the whole bonding interface
debonds simultaneously and the pulling force drops down to
zero suddenly.

3.3.3. Interface Debonding from the End Away from Pulling
Force (Soft Matrix). As discussed by Chen et al. in [24], if
Ef A f > EmAm, the F − δ relation is

F =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

δ

√
Cτb
δb

·
Ef A f sinh

(
L
√
Cτb/δb

)
cosh

(
L
√
Cτb/δb

)
+ 1/α

, 0 ≤ δ ≤ δτLC ,

EmAm

√√√√Cτb
δb

(
δb

2 − δ2

1− α2

)
, δτLC < δ ≤ δb,

(19)

where

δτLC = δb ·
⎛⎝α +

1− α2

cosh
(
L
√
Cτb/δb

)
+ α

⎞⎠. (20)

The F − δ curve is shown in Figure 3(c), and the critical
point (δτLC , FτL

max) is given by (20) and (10), respectively.
Different from the other debonding case in Section 3.3.2, the
interface debonds gradually and steadily, until it goes down
to zero.

4. Macroscopic-Level Fracture Failure Analysis

4.1. Fracture Toughness Enhancement ΔK . In CNT-rein-
forced composites, crack propagation is retarded by the
pulling force of the CNTs at the crack surface, the so-called
“bridge-toughening effect.” The displacement of the crack
surface (i.e., half of the crack opening displacement) is [38]

δ = 2
(
1− ν2

m

)
KIC

Em

√
2r
π
= ηKIC

√
r, (21)

where r is the distance to the crack tip and η = 2
√

2(1 −
ν2
m)/(Em

√
π) depends only on Young’s modulus Em and

Poisson’s ratio νm. According to (12), (17), and (19), for all
different types of failure modes, the pulling force F(δ) can
be expressed as a function of the distance to the macroscopic
crack tip r, that is, F(δ) = F(δ(r)) = F(r). The homogenized
traction on the crack surface is then

p(r) = F(r)
(
Af + Am

)−1
, (22)

and the fracture toughness enhancement ΔK can be com-
puted as [39]

ΔK =
∫∞

0

√
2p(r)√
πr

dr. (23)
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Figure 3: The relation between the pulling force and the pull-
out displacement for the three CNT-fiber failure modes (a) CNT
breaking, (b) interface failure with partial steady debonding when
Ef A f < EmAm, and (c) interface failure with steady debonding when
Ef A f > EmAm.
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Figure 4: Schematic diagram for the effect of the interface length on the fracture toughness enhancement: (a) hard matrix, weak interface

τb < (σb
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f δb). (b) soft matrix, weak interface τb < (Cσb
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4.2. Factors Affecting the Fracture Toughness Enhancement
ΔK . For the case of hard matrix (Ef A f < EmAm), the
factors affecting the fracture toughness enhancement ΔK are
discussed below, and some results of soft matrix regime in
[24] are also presented briefly for comparison.

4.2.1. Effect of Interface Length L. From the pull-out/break

critical condition (9), we know that if τb < (σb
f )

2
/(CE2

f δb),
the failure mode should always be the CNT pull-out, as
shown in Figure 4(a). In this case, the fracture toughness
enhancement ΔK increases with an increase in the interface
length L infinitely. This phenomenon is different from the
case of weak interface in the soft matrix CNT-reinforced
composites shown in Figure 4(b), in which an upper limit
of the fracture toughness enhancement exists so any further
lengthening of the CNTs improves the fracture toughness of
the composites only slightly [24].

For the case with strong interface τb > (σb
f )

2
/(CE2

f δb), as
shown in Figure 4(c), a critical length LC exists and can be
determined from the pull-out/break critical condition (9):

LC =
√

δb
Cτb

ln
σb
f +

√
Cτbδb

(
αEf

)2 −
(
σb
f

)2
(α2 − 1)

α
(
Ef

√
Cτbδb − σb

f

) . (24)

When L < LC , the CNT is pulled out, and the fracture
toughness enhancement ΔK increases with an increase in the
interface length L. If L is further increased beyond the critical
length LC , the failure mode is converted from CNT pull-out
to CNT break and ΔK drops significantly. In this regime,
the fracture toughness enhancement ΔK decreases with an
increase in L and finally approaches the following value:

ΔKbreak|L→∞ =
√

2δb
πCτb

(
σb
f

)2
Af(

Af + Am

)
ηKICEf

. (25)
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Figure 5: Schematic diagram for the effect of the interface strength on the fracture toughness enhancement: (a) hard matrix; (b) soft matrix.

It is interesting to note that, in this case, lengthening the
interface beyond the critical length can even decrease the
fracture toughness, which is very similar to the result shown
is Figure 4(d) for the soft matrix CNT-reinforced composites
[24].

4.2.2. Effect of Interface Strength τb. Another important
factor affecting the toughness enhancement is interface
strength τb, and its effect is shown in Figure 5(a). When τb
is small, the failure mode is CNT pull-out, and the fracture
toughness enhancement ΔK increases with an increase in τb.
Further increasing τb beyond the critical interface strength
τcb, which can be determined by the pull-out/break critical
condition (9), leads the failure mode to be converted from
CNT pull-out to CNT break, and ΔK drops significantly. In
this regime, the toughness enhancement ΔK decreases with
an increase in τb. This result agrees with the experimental
and numerical studies of Xia et al.’s work on ceramic-matrix
composites [40, 41], as well as the theoretical studies for
soft matrix CNT-reinforced composites in Figure 5(b) [24].
Therefore, for CNTs with a given length, the maximum
fracture toughness of the composite is achieved when τb is
only slightly smaller than the critical interface strength τcb.

4.3. Optimization of Fracture Toughness Enhancement. In
this subsection, we attempt to optimize the composite
fracture toughness for the case of Ef A f < EmAm by
tailoring both the interface length L and interface strength
τb, which is essentially a bivariate optimization problem. For
convenience, we use another group of variables, normalized
interface length L̂ = L

√
Cτb/δb and τb, instead. According to

(9), the maximum ΔK with a given L̂ can be achieved when

τb = τ
optimal
b

(
L̂
)
=
⎛⎝ σb

f A f

EmAm

1 + α cosh
(
L̂
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sinh
(
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)

⎞⎠2/
(Cδb). (26)

Figure 6 shows the normalized fracture toughness enhance-
ment ΔK̂ = ΔK · (Af + Am)ηKIC/σ

b
f A f δb versus L̂ for

α = EmAm/(E f A f ) = 103

α = EmAm/(E f A f ) = 0.1

5 2

0.5

0.9

Hard matrix

Soft matrix

76543210

Normalized interface length L̂

0.5

1

1.5

2

2.5

3

N
or

m
al

iz
ed

fr
ac

tu
re

to
u

gh
n

es
s

en
h

an
ce

m
en

t
Δ
K̂

Figure 6: The normalized fracture toughness enhancement ΔK̂ as a
function of the normalized interface length L̂ with different stiffness
ratio α = EmAm/(Ef A f ) and optimal interface strength.

cases with different stiffness ratios: α = EmAm/(Ef A f ). It

is found that when L̂ → ∞, ΔK reaches an infinite value.
And according to (26), the corresponding optimal interface
strength is

τ
optimal
b

∣∣∣
L̂→∞ =

α
(
σb
f

)2
Af

πdδbE f (α + 1)
. (27)

This result is different from the case of Ef A f > EmAm studied
by Chen et al. [24], which presents the upper limit of the
fracture toughness enhancement, as shown in Figure 6 with
the dashed lines. When Ef A f < EmAm, the value of the

dimensionless fracture toughness enhancement ΔK̂ increases
with L̂ unlimitedly, as shown in Figure 6 by the solid lines. So,
there is neither upper limit for ΔK̂ nor optimal value for the
CNT length L. The optimal CNT length L can only depend
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on the preparation level and some other factors such as the
critical CNT length for clustering and self-folding [42].

5. Conclusions

Combining the shear-lag model and fracture mechanics,
we have carried out the hierarchical failure analysis on
CNT-reinforced composites with hard matrix. The following
conclusions have been reached.

(1) Stronger CNT/matrix interfaces cannot definitely
lead to a better fracture toughness of these composites. In
contrast, the optimal interfacial chemical bond density is that
making the failure mode just in the transition from CNT
pull-out to CNT break.

(2) For composites with hard matrix, there exists a
critical interface strength, below which the CNT is always
pulled out, and the fracture toughness can be effectively
improved by increasing the interface length L. However, for
soft matrix composite, the fracture toughness improvement
due to the reinforcing CNTs quickly becomes saturated with
an increase in CNT length.

It should be noted that the theoretical analysis and
conclusions drawn in this paper can also be extended to fiber-
reinforced composites.
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The pressure bulge test is an experimental technique to characterize the mechanical properties of microscale thin films. Here, we
perform constant-temperature molecular dynamics simulations of the plane-strain cylindrical bulge test of nanosized monolayer
graphene subjected to high gas pressure induced by hydrogen molecules. We observe a nonlinear elastic softening of the graphene
with an increase in hydrogen pressure due to the stretching and weakening of the carbon-carbon bonds; we further observe that
this softening behavior depends upon the size of the graphene monolayers. Our simulation results suggest that the traditional
microscale bulge formulas, which assume constant elastic moduli, should be modified to incorporate the size dependence and
elastic softening that occur in nanosized graphene bulge tests.

1. Introduction

Along with the indentation hardness test, the pressure bulge
test has been one of the popular experimental techniques
to characterize the mechanical properties of microscale thin
films [1]. Recently, Bunch et al. [2] applied the bulge
test technique to a graphene monolayer, or a one-atom-
thick two-dimensional crystalline sheet of carbon atoms,
in order to predict its elastic behavior, while Lee et al.
[3] measured the elastic properties and intrinsic breaking
strength of free-standing monolayer graphene membranes
by nanoindentation in an atomic force microscope. Both
experimental studies employed graphene membranes with
dimensions on the order of a few microns. On the other
hand, molecular dynamics (MD) simulations have often
been employed for scales of length much smaller than
micrometers, due to the intractable computational expense
that would be incurred for a direct experimental comparison.
There have been numerous examples of MD simulations of
nanoindentation of a variety of nanometer materials [4–6].
However, to the authors’ knowledge, no atomistic simulation
of the pressure bulge test has been reported for the analysis
of the nonlinear elastic properties of atomic layers, in

particular nanometer-sized graphene monolayers, which
motivates the current study. We therefore perform constant-
temperature MD simulations of plane-strain bulge tests of
graphene monolayers to investigate their nonlinear elastic
response to extremely high pressures generated by hydrogen
molecules.

2. Simulation Method

The schematic model of the atomistic plane-strain pressure
bulge test that we perform in the present work is illustrated in
Figure 1, where the graphene monolayer is represented by the
gray half-cylindrical sheet. Before applying the pressure, the
hollow chamber underneath the undeformed flat graphene
monolayer has initial dimensions of 2a × d × w, where the
cross sectional area is 2a × d and the longitudinal length
along the axis of cylindrical symmetry, which is much longer
than the other dimensions, is w. After a certain amount of
pressure is applied by supplying hydrogen molecules (H2)
into the chamber, the graphene monolayer is inflated upward
and eventually reaches a thermally equilibrated bulge height
h.
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Figure 1: Schematic of the model employed to perform the
cylindrical pressure bulge test.

Constant-temperature molecular dynamics simulations
were performed by employing the Nosé-Hoover thermostat
[7, 8], while the carbon-carbon interactions of the graphene
monolayer are modeled using the hydrocarbon reactive
empirical bond-order potential (known as AIREBO, i.e.,
Adaptive Intermolecular Reactive Empirical Bond-Order
potential) [9] as implemented in the publicly available
LAMMPS atomistic simulation package [10]. The simulation
time step is fixed as 0.5 fs and the temperature is set to be
300 K. We employ a vertical slab model for the simulation
box as shown in Figure 2.

Initially, we place an energy-minimized flat graphene
monolayer in the simulation box and fix the positions of
edge atoms closest to the two narrow side walls to represent
idealized van der Waal’s clamping to an underlying substrate.
The slab width w is relatively small compared with the other
dimensions of the box because we impose periodic boundary
conditions on the front and rear faces perpendicular to
the w direction to mimic an infinitely extended graphene
monolayer. We impose reflecting boundary conditions on
the other four-side faces [10]. While the space above the
graphene monolayer is kept as vacuum, we supply sufficient
hydrogen molecules into the space underneath the graphene
monolayer such that the monolayer is inflated upward due to
the hydrogen pressure, where the C–H and H–H interactions
are also represented by the same above-mentioned AIREBO
potential [9]. Hydrogen molecules were employed to induce
the pressure mainly for the convenience of being able to
utilize the same AIREBO interatomic potential for all (C–C,
C–H, and H–H) molecular interactions.

After the graphene monolayer reaches the thermally
equilibrated state, we measure the height of the bulge h. The
new expanded volume underneath the graphene monolayer
is calculated by simple geometrical analysis, assuming that
the curve of the graphene is part of a perfect circle (i.e.,
pressure is homogeneously applied). The gas pressure is
computed by contributions of both the kinetic energy
and the virial energy, as implemented in LAMMPS [10],
after excluding any contribution from the C–C interactions
within the graphene monolayer. We tested four graphene
monolayers of different length, that is, 2a = 40, 80, 120, and

h

d

w

2a

Figure 2: Atomistic simulation model of the nanoscale cylindrical
bulge test of the graphene monolayer. The schematic shows the
graphene monolayer bulged to height h due to the pressure exerted
by the H2 molecules underneath it.

160 Å, where for each graphene monolayer of length 2a, the
above procedure was repeated several times by changing the
number of hydrogen molecules to change the pressure.

3. Results and Discussion

We first present the typical response of a graphene monolayer
using the model with length 2a = 80 Å and width w = 9.8 Å
that is composed of 300 carbon atoms. The entire simulation
box is 80.4 Å × 80 Å × 10 Å including the vacuum zone, and
the graphene monolayer is initially placed at a height of d =
20 Å from the bottom wall, as shown in Figure 2. Figure 3(a)
depicts the plot of the bulge height versus hydrogen pressure
as the number of hydrogen molecules is increased. The
corresponding pressure ranges from about 2407 to 5900 bar
(0.24∼ 0.59 GPa), which are very high pressures, and leads to
bulge heights ranging from 4.47 Å to 21.20 Å (it is noted that
extreme pressures as high as 1.3 Mbar have been reported
by a recent first-principles study of fullerene nanocages filled
with hydrogen molecules [11]). The fitted line in Figure 3(a)
clearly exhibits softening behavior from early stage, which is
in sharp contrast to the hardening obtained from the bulge
test of microscale graphene [2]. Our simulation reveals that
the nanosized graphene monolayer continues softening until
a C–C bond is broken at a pressure of about 6600 bar.

In order to demonstrate the discrepancy between our
MD simulation results and classical elasticity more clearly, we
derived the analytical elasticity solution for the relationship
between pressure p and bulge height h of the cylindrical
bulge test, considering large deflection of the graphene, as
follows:

p = C1

R

[
R

a
arcsin

(
a

R

)
− 1

]
+
C2

R

[
R

a
arcsin

(
a

R

)
− 1

]2

,

(1)
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(a
−3

)
×
C

1
(b

ar
×

Å
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behavior that is common amongst all four graphene monolayers under consideration. (b) Collapse of the size-dependent values of the elastic
constant onto a single line on a log scale after multiplication by the size factor a−3.

where R = (a2 + h2)/2h. A simple material nonlinearity,
σ = C1ε+C2ε2, was assumed as employed in an experimental
study of microscale graphene indentation [3] where authors
deduced the values of C1 = 340 (N/m) and C2 =
−690 (N/m). Using these values, we plot the elasticity
solutions together with our MD results in Figure 3(b). Linear
elastic curve implies C2 = 0. It is well shown that our
nanoscale graphene specimen is easier to deflect at much
lower hydrogen pressure than elasticity solutions, which

exhibits the softened response. We also simulated three other
graphene monolayers of different lengths, that is, 2a = 40,
120, and 160 Å. Under similar pressure levels, we found this
softening behavior to be common amongst all the simulated
graphene monolayers.

In our 300 K molecular dynamics simulations, we did not
measure the bulge height when the gas pressure was relatively
low. This is because the graphene monolayer exhibits thermal
fluctuations such that extracting an equilibrated bulge
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0.1925

(b)

0.2

0.4

0.6

0.8

0

0

1

0.2 0.3

3

0.4

5

0.1
0.1

0.2

0.3

0 2 41

Classical linear elasticity (n = 1)

E
xp

on
en

ti
al

fi
t

Li
n

ea
r

fi
tPo

w
er

la
w

ex
po

n
en

t,
n

(h
3n

)

2a (μm)

(c)

Figure 5: (color online) (a) The relation of pa4 and h3 follows the power law while linear elastic solution obeys a linear relation. (b) The
power law exponents range n = 0.1868 ∼ 0.2112 that are significantly smaller than the linear elastic response of n = 1. (c) The extrapolations
of the estimated power law exponents predict the nonlinear softening behavior to disappear and converge to linear elasticity around the
specimen size of 2.0 ∼ 4.5 μm.

height is difficult, particularly when the bulge height (and
thus graphene strain) is small. Furthermore, the graphene
monolayer does not bulge or strain significantly until a
large number of hydrogen molecules are supplied into
the chamber. Therefore, at low pressures, the graphene
monolayer does not appear to bulge or strain even though
the gas pressure is increasing due to the addition of more
hydrogen molecules to the chamber, which results in an

excessively stiff response from the graphene monolayer until
the gas pressure reaches a sufficient value. In order to rule
out this difficulty at low gas pressure, we thus collected data
only after we were able to capture a noticeably well time-
averaged bulge height at sufficiently high hydrogen pressure.
Instead, we simply added a data point of p = 0 bar at
h = 0 Å to our simulation results in order to represent
the behavior of graphene under such small pressures (i.e.,
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mainly for curve fittings in the vicinity of h = 0 Å as in
Figure 3).

We demonstrate the softening behavior and size depen-
dence in two different ways. First, we estimate the noncon-
stant values of the elastic constant C1(ε) from the simulation
data, using (1), in order to highlight the distinct size-
dependent difference from classical linear elasticity (We
here drop the higher-order elastic constant C2.) Similar
estimation can be found in the first-principles calculation of
spherical fullerene nanocages filled with hydrogen molecules
[11]. Figure 4 shows how the values of the elastic constant
calculated from our simulation data decay as the pressure
increases. For comparison, the range of the linear elastic
constant (340 ∼ 520 N/m) that is obtained from both the
microscale experiments [2, 3] and theoretical estimation [12]
is also marked on the figure. In Figure 4(a), the four different
specimens follow different curves, which demonstrates the
size effect. Due to the unrealistically stiff behavior from the
low-pressure bulge simulations that was discussed above,
we postulate that the four fitted curves will merge into the
classical linear elastic value as the bulge height decreases
to h = 0 Å, or equivalently as the strain in the graphene
monolayer due to the hydrogen pressure decreases to zero.

Figure 4(b) demonstrates the size dependence more dra-
matically. We show this by multiplying the elastic constant
C1 by the size factor a−3, then plotting the product on
the y-axis of the log scale plot shown in Figure 4(b).
Interestingly, all data points from the four different specimen
sizes collapse onto a single straight line. Furthermore, the
four graphene specimens all exhibit decaying values of the
elastic constant as the graphene bulge increases, which again
verifies the nonlinear elastic softening behavior of nano-sized
graphene monolayers. This softening response to extreme
pressure is mainly caused by the stretching and weakening
of the carbon-carbon bonds in graphene as explained in
the recent first-principles simulation study of fullerene
nanocages subjected to extremely high internal pressure [11].
Compared with the fullerene simulation, we obtain lower
pressure-to-strain ratios. The reason for this is that in our
simulation models, the graphene monolayer covers only a
single side of the simulation box, which enables the graphene
monolayer to deflect more severely at the same pressure than
the fullerene cage that has expandable faces in all directions.

To further demonstrate the softening behavior, we
present the plots of pa4 versus h3 for the four specimens in
Figures 5(a) and 5(b). According to (1), the classical linear
elastic response is a straight line of which the slope defines
the linear elastic constant C1 of the graphene monolayer.
However, our simulation results are found to be best
fitted by power laws, where the power law exponent n in
(pa4) ∼ (h3)n ranges from n = 0.1868 ∼ 0.2112 for
the four model specimens as shown in Figure 5(b), while
the exponent of classical linear elasticity is n = 1, that is,
pa4 ∼ h3. By extrapolating these four power law exponents,
we can approximately predict the graphene monolayer size
where this size dependence disappears and begins to follow
classical elasticity. In Figure 5(c), we present two possible
extrapolations; one is obtained using exponential fitting and
the other is obtained using linear fitting. From these results,

we can roughly anticipate that the length scale from which
classical linear elastic behavior is valid for the pressure bulge
test is between about 2.0∼ 4.5 μm, which is comparable with
the graphene monolayer sizes of about 5 μm that were used
in the experimental graphene bulge tests [2]. We therefore
expect that the nanoscale softening effect will disappear as
the size of graphene monolayer reaches the microscale size
scales that have been tested experimentally.

4. Conclusions

In conclusion, molecular dynamics simulations have been
performed to simulate the cylindrical bulge test of nanoscale
graphene monolayers under high pressure. The graphene
monolayers exhibit size-dependent nonlinear elastic soften-
ing as the applied pressure increases due to the stretching-
induced weakening of the carbon-carbon bonds in graphene.
Our results demonstrate that the traditional microscale bulge
formulas, which assume constant elastic moduli, may need to
be modified to incorporate the size dependence and elastic
softening for the graphene bulge tests at the nanoscale. Our
future research will focus on further investigating the size-
dependent softening of graphene through theoretical models
that can link the currently presented nanoscale effects to the
classical microscale behavior of graphene monolayers along
with the effects of temperature.
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[7] S. Nosé, “A unified formulation of the constant tempera-
ture molecular dynamics methods,” The Journal of Chemical
Physics, vol. 81, no. 1, pp. 511–519, 1984.



6 Journal of Nanomaterials

[8] W. G. Hoover, “Canonical dynamics: equilibrium phase-space
distributions,” Physical Review A, vol. 31, no. 3, pp. 1695–1697,
1985.

[9] D. W. Brenner, O. A. Shenderova, J. A. Harrison, S. J.
Stuart, B. Ni, and S. B. Sinnott, “A second-generation reactive
empirical bond order (REBO) potential energy expression for
hydrocarbons,” Journal of Physics Condensed Matter, vol. 14,
no. 4, pp. 783–802, 2002.

[10] “LAMMPS Users Manual,” http://lammps.sandia.gov/.
[11] O. V. Pupysheva, A. A. Farajian, and B. I. Yakobson, “Fullerene

nanocage capacity for hydrogen storage,” Nano Letters, vol. 8,
no. 3, pp. 767–774, 2008.

[12] F. Liu, P. Ming, and J. Li, “Ab initio calculation of ideal strength
and phonon instability of graphene under tension,” Physical
Review B, vol. 76, no. 6, Article ID 064120, 2007.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2011, Article ID 145148, 5 pages
doi:10.1155/2011/145148

Research Article

Localized Quantitative Characterization of Chemical
Functionalization Effects on Adhesion Properties of SWNT

Hao Lu, Jiangnan Zhang, and Jun Lou

Department of Mechanical Engineering and Materials Science, Rice University, Houston, TX 77005, USA

Correspondence should be addressed to Jun Lou, jlou@rice.edu

Received 8 September 2010; Accepted 8 December 2010

Academic Editor: Teng Li

Copyright © 2011 Hao Lu 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.

Chemical modification of single-walled carbon nanotubes (SWNT) has been found to be an excellent method to promote SWNT
dispersion, and possibly to improve interaction with matrices via covalent bonding. It is thus a quite promising technique
to enhance the mechanical properties of SWNT-reinforced nanocomposites. However, the underlying mechanism of SWNT
chemical functionalization effects on interfacial strength is not quantitatively understood, limiting their usefulness in the design
of nanocomposites. In this work, an atomic force microscopy (AFM-) based adhesive force mapping technique combined with a
statistical analysis method were developed and implemented to study adhesive interactions of small SWNT bundles functionalized
by amino, epoxide, and hydroperoxide groups as compared to SDS-treated SWNT in controlled environment. Finally, the
importance of such localized quantitative measurements in SWNT-reinforced nanocomposites design and fabrication was also
discussed.

1. Introduction

Single-walled carbon nanotubes have great mechanical prop-
erties that make them excellent candidate as reinforcing agent
in composites. Nanoscale fillers like SWNTs have huge poten-
tial to improve strength and fracture toughness for light-
weight composite, considering their extremely small size,
high aspect ratio, large interface area, and impressive theo-
retical strength. In particular, SWNT-reinforced polymeric
nanocomposites have attracted a lot of attentions in the past
decade with an increasing demand to better understand the
nature of the interactions between SWNT and corresponding
matrices. Ajayan and colleagues have investigated local elastic
behavior of individual SWNT bundle and load transfer in
epoxy composite as well as pressed pellets of composites con-
taining SWNTs and carbonaceous soot material formed dur-
ing nanotube synthesis [1]. The investigation of the carbon
nanotube (CNT)/epoxy nanocomposites via transmission
electron microscope (TEM) provides evidences for improved
interfacial interactions between the functionalized nan-
otubes and the corresponding epoxy matrix [2]. Tensile tests
on carbon nanotube-polystyrene composite films show that
1 wt% nanotube additions result in 36%–42% and ∼25%

increases in elastic modulus and breaking stress, respectively,
indicating significant load transfer across the nanotube-
matrix interface [3]. Scratch resistance and scratch damage
were investigated using AFM tips sliding against the SWNT-
reinforced nanocomposite surfaces, where nanoindenta-
tion/nanoscratch deformation and fracture behavior were
carefully studied by in situ imaging of the indentation
impressions/scratch tracks [4]. It was also found that poly-
mers with a backbone structure containing aromatic rings
can be used as building blocks in amphiphilic copolymers
to promote increased interfacial bonding between the CNT
and a polymeric matrix [5]. Li et al. have demonstrated
that for SWNT-reinforced polymer composites, the covalent
bonding between the nanotube and polymer matrices, crys-
tallinity of matrices, tensile properties of the reinforcement
and matrix materials, bundle effects, bundle curvature, and
alignment plays important roles in mechanical reinforce-
ment mechanisms [6]. It is now well recognized that the
strength of nanotube-polymer composites depends critically
on load transfers from matrix to nanotubes. Furthermore,
the load transfer is closely related to the adhesion force
between the matrix and the side walls of carbon nanotubes.
When a composite fails, either CNTs breaks or CNTs are
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Table 1: List of experimental conditions.

Samples with different
functional groups

Temperature (F)
Relative humidity

(%)

Amino 71.9 5.5

Epoxide 72.5 7.6

Hydroperoxide 71.7 0

SDS 71.9 4.3
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Figure 1: A typical force versus distance curve (the tip approaching
portion of the curve was not plotted for clarity). This curve contains
three parts: the disengaged area, where the AFM tip and the sample
are not in contact; the contact area, where the tip and the sample
are in contact; the breaking point, where the contact between the
tip and the sample is just about to break.

pulled out from the matrix. The failure type depends primar-
ily on the strength of CNTs and the interaction force between
the side wall of CNTs and the matrix. The interaction
force between the side walls of pristine CNTs and polymer
matrix is thought to be mostly Van der Vaals interaction [7],
and thus the adhesion strength between pristine CNT wall
and polymer is considered to be much weaker than CNTs’
intrinsic strength. The composite’s strength is dominated by
adhesion in this scenario, and therefore enhancement of the
interaction strength at the nanotube/matrix interface is being
vigorously pursued.

Various methods have been proposed to improve the
adhesion strength. Introducing chemical bonds between side
walls of CNTs, and the corresponding matrix by chemical
modification of CNTs was a popular technique. A variety of
functional groups have been applied to different CNTs and
quantitatively understanding of adhesion enhancement by
these functional groups is of great importance. Poggi et al.
[8, 9] have studied the adhesion force between AFM probes
and CNTs paper with different function groups. While their
results shed lights into the interfacial interactions between
CNTs and AFM probes, the scenario might be quite different
in real composite where CNTs are typically dispersed and
distributed. Therefore, we seek to measure the adhesion
properties of a small bundle of SWNTs which is more realistic
for composite application compared to densely packed CNTs
in CNT paper [8, 9]. SWNTs with functionalization groups
of amino (–NH2), epoxide (–COC), hydroperoxide (–OOH),
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Figure 2: (a) AFM topography and spectroscopy image; (b) Adhe-
sion force mapping on amino-functionalized SWNTs; (c) His-
togram with two peaks shows the adhesion forces on amino-
functionalized SWNTs and the mica substrate, respectively.

and SWNTs physically wrapped with Sodium Dodecyl Sul-
fate (SDS) were studied in this work.

2. Materials and Experimental Procedures

Four types of SWNT samples with different functional
groups and treatments (–NH2, –COC, –OOH, and SDS)
were obtained from NanoRidge Inc. (Houston,TX) and
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Table 2: Adhesion forces normalized on mica. CNT with amino function group and SDS-wrapped CNT have larger adhesion force than the
other two.

Functional groups
Adhesion on nanotube

(Unit: nN)
Adhesion on mica

(Unit: nN)
Normalized adhesion on

nanotubes

Amino 8.71± 1.05 12.35± 0.65 0.70

Epoxide 4.20± 1.25 8.22± 0.38 0.51

Hydroperoxide 7.77± 1.28 15.61± 0.88 0.50

SDS 5.00± 0.70 6.98± 0.57 0.72

were tested in a our experiments. SWNTs were dis-
persed in Dimethylformamide (DMF) and sonicated for
5 minutes. One drop of upper layer of the sonicated
solution was deposited on a freshly cleaved mica surface
and dried in ambient condition. A PicoPlus 5500 AFM
(Agilent Technologies) was used to obtain topography image
and the corresponding adhesion force mapping. In order to
obtain more accurate adhesion force mapping, the square
scan area was divided into 32 by 32 subareas. A force versus
distance (FD) curve was then collected in each subarea, and
the corresponding adhesion force was acquired from the
FD curve. The AFM cantilever used was calibrated using
a standard reference cantilever method [10], and the mea-
sured spring constant is 0.043 N/m, which is very close to
the manufacturer’s specifications. The same AFM cantilever
was used in all experiments to exclude variations caused by
using different tips. Humidity of the testing environment
was controlled using an environmental isolation chamber.
The topography images were first obtained for every sample,
and a single or a small bundle of nanotubes was then iden-
tified based on the topography information. After a series
of zooming in onto the identified nanotubes (by reducing
the AFM scan size), adhesion force mapping was obtained
by collecting 1,024 force versus distance curves according to
a 32-by-32 matrix configuration in the final scanned area.
A typical FD curve is shown in Figure 1. From the FD curve,
the adhesion force is defined by the difference between the
force at disengaged region and the force at the breaking
point. The temperature and relative humidity were carefully
controlled and monitored during the experiment as listed in
Table 1. The temperature variation was quite small during
our experiments, and the relative humidity was maintained
to be below 10% using dry nitrogen.

3. Results and Discussion

After locating a single SWNT or a small SWNT bundle, the
above-mentioned FD spectroscopy mapping was collected
on each sample. The typical mapping size was generally
below 1 μm by 1 μm. A typical adhesion force mapping and
the associated topography image for amino-functionalized
SWNTs are shown in Figure 2. It should be noted that the
features in the adhesion force mapping image (Figure 2(b))
nearly replicates the AFM topography image (Figure 2(a)),
with the portion of lower adhesion forces in Figure 2(b)
correspond to higher topography features in Figure 2(a)
showing the location of the amino-functionalized SWNT

bundle. Interestingly, there still exists a slight pattern mis-
match which might be caused by the hysteresis of the AFM
scanner and also friction-induced small deviation between
the point where spectroscopy was collected and the point
where topography was measured [11]. The discontinuities
of CNT topography image in Figure 2(a) seem to support
this hypothesis. The associated histogram for the measured
adhesive forces was also plotted in Figure 2(c). Two adhesion
force peaks with one on nanotube and another on mica
were very evident although the mica peak dominated over
nanotube peak as shown in Figure 2(c). However, for most
of other adhesion experiments, the nanotube peaks cannot
be clearly identified from the histogram. For the purpose of
separating adhesion forces on nanotubes from that on the
mica substrate, an optimal global threshold was found using
the Otsu’s method [12] for each experiment. Adhesion forces
below the threshold were thought to be the adhesion between
the tip and the SWNTs while forces larger than the threshold
were identified as the adhesion between the tip and the mica.
The adhesion force mapping images of amino-functionalized
SWNTs before and after the application of the Otsu’s method
were shown in Figure 3. Adhesion forces below the carefully
chosen threshold were considered to be adhesion on SWNTs
as shown in white in Figure 3(b), while forces larger than the
threshold were thought to be the adhesion on mica substrate
as shown in black in the same figure. Average adhesion
forces and standard deviations could then be calculated
and are summarized in Table 2. Although it is reasonable
to assume that the adhesion forces between the AFM tip
and the mica substrates should be identical since the same
AFM tip was used to probe relatively homogeneous mica
substrates, we have observed dissimilar absolute adhesion
forces in different experiments. This has been attributed to
the variations in testing environments. In order to be able to
make more meaningful comparisons of the results obtained
from different experiments, the adhesion forces measured on
nanotubes were also normalized against the adhesion forces
on mica. As shown in Table 2, the measured adhesion forces
between the AFM tip and the nanotubes are typically less
than 10 nN. Compared with the individual bond strength
measured by Friddle et al. [13], the adhesion force measured
in our experiments came from breaking of tens of bonds at
the same time.

The height of the amino-functionalized nanotubes was
also estimated from the topography image (Figure 4(a)).
Figure 4(b) is the cross sectional line of the SWNTs shown
in Figure 4(a). The height of it is determined to be 6.8 nm,
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(a) (b)

Figure 3: (a) Grey image of adhesion mapping for amino-functionalized CNT. (b) Black and white image after finding a global threshold
with Otsu’s method. White area represents CNT, and black part represents mica.
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Figure 4: Topography image of amino-functionalized nanotubes. (b) Cross section of the SWNTs. x-axis is the lateral dimension while y-axis
is the height in nanometer.

indicating that this is a small SWNT bundle with 4–6 single
nanotubes. Other SWNT samples typically have height of
∼10–14 nm with more than ten single nanotubes.

When comparing the normalized adhesion forces for dif-
ferent functionalized nanotubes (Table 2), it is found that the
adhesion forces of amino-functionalized nanotube and SDS-
wrapped nanotubes are larger than those of epoxide group
terminated and hydroperoxide-terminated nanotubes. Such
localized quantitative measurements of adhesion properties
of small SWNT bundles provide an effective tool to assess the
effectiveness of different chemical treatments in improving
the adhesions between CNTs and matrix due to its realistic
sample morphology and fast turn-around time as compared

to costly full production and evaluation cycle of producing
nanocomposites. The AFM tips can be further treated with
different matrix material coating or by attaching the appro-
priate moieties similar to the backbone structures of corre-
sponding polymeric matrices. These improvements will be
pursued in the future studies and are thus beyond the scope
of current work.

4. Conclusion

A localized quantitative method to measure adhesion prop-
erties of single-walled nanotubes treated with different func-
tional groups has been reported in this paper. By carefully
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analyzing collected adhesive force mapping data using the
Otsu’s method, we have successfully identified the adhesion
forces between the AFM tip and SWNTs. The normalized
adhesion on SWNTs with different functional groups is con-
sidered to be a very useful parameter to evaluate the effects of
functionalization on interfacial interactions between matri-
ces and SWNTs in nanocomposite applications.
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We study the morphologic interaction between graphene and Si nanowires on a SiO2 substrate, using molecular mechanics
simulations. Two cases are considered: (1) a graphene nanoribbon intercalated by a single Si nanowire on a SiO2 substrate and (2)
a blanket graphene flake intercalated by an array of Si nanowires evenly patterned in parallel on a SiO2 substrate. Various graphene
morphologies emerge from the simulation results of these two cases, which are shown to depend on both geometric parameters
(e.g., graphene nanoribbon width, nanowire diameter, and nanowire spacing) and material properties (e.g., graphene-nanowire
and graphene-substrate bonding strength). While the quantitative results at the atomistic resolution in this study can be further
used to determine the change of electronic properties of graphene under morphologic regulation, the qualitative understandings
from this study can be extended to help exploring graphene morphology in other material systems.

1. Introduction

The experimental discovery of graphene [1] has inspired
a surge of interest in developing its application toward
novel nanoelectronic devices [2–7]. The atomically thin
structure of graphene dictates the strong correlation between
the electronic properties and the morphology of graphene
[8–11]. For example, bending-induced local curvature in
graphene changes the interatomic distances and angles
between chemical bonds, and thus leads to changes in the
graphene’s band structure [9]. Therefore, the intrinsic ran-
dom corrugations in freestanding graphene [12] may result
in unpredictable fluctuation of electronic properties that
is undesirable for graphene-based nanodevice applications.
Recent experiments [13–17] and simulations [18–20] reveal
that the morphology of graphene can be controlled via
extrinsic regulation, which envisions a promising pathway
toward tunable electronic properties of graphene. In this
paper, using molecular mechanics simulations, we study the
morphology of graphene nanoribbons and flakes regulated
by Si nanowires on a SiO2 substrate. The results from the
present study can shed light on the structural design of

graphene-based field effect transistors and other nanoelec-
tronics components.

Recent experiments [13, 14] show that the interaction
between graphene and its underlying substrate can effectively
suppress the intrinsic random ripples in the graphene. As
a result, the graphene can partially conform to the sub-
strate surface corrugations. Inspired by these experimental
observations, recent modeling and simulations [18–21] have
predicted the graphene morphology regulated by various
substrates with engineered nanoscale surface features. The
substrate-regulated morphology of graphene is governed
by the interplay between the graphene-substrate interaction
energy and the deformation energy of the graphene due
to bending and stretching. Emerging from these theoretical
studies is an effective approach to controlling the graphene
morphology and thus its electronic properties via external
regulation.

Nanowires (e.g., Si) of diameters as small as 1 nm have
been successfully fabricated [22], which can be used as
building blocks of nanoelectronic devices. Furthermore,
ultrathin nanowires patterned on a substrate surface [23]
can potentially serve as scaffolds to regulate the graphene
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morphology at an even higher resolution that approaches
the atomic feature size of graphene (e.g., the carbon-carbon
bond length in graphene is about 0.14 nm). To this end,
we recently extended our previous continuum mechanics
energetic framework [19] to quantitatively determine the
graphene morphology regulated by nanowires patterned in
parallel on a substrate surface [20]. In the extended modeling
framework, the graphene-nanowire interaction energy is
incorporated into the energetic interplay. This extended
continuum mechanics model can shed light on predicting
the graphene morphology modulated by nanowires of
diameters comparable to or modestly smaller than the spatial
resolution of engineered substrate surfaces (e.g., as low as
about 10 nm). It is expected that, however, the continuum
mechanics model cannot capture the full characteristics of
the graphene morphology regulated by ultrathin nanowires
(e.g., with diameters on the order of 1 nm). Furthermore,
the continuum model cannot determine the exact positions
of each carbon atom in graphene at the equilibrium
morphology. Such information will be needed in further
first principle calculation of the electronic properties of the
graphene.

To address the above concerns, in this paper, we carry out
molecular mechanics (MM) simulations to study the mor-
phological interaction between graphene nanoribbons/flakes
and Si nanowires on a SiO2 substrate. The rest of the paper is
organized as follows. Section 2 describes the computational
model; in Section 3, we consider two simulation cases:
(1) interaction between a graphene nanoribbon and a Si
nanowire on a SiO2 substrate; (2) interaction between
a blanket graphene flake and an array of Si nanowires
patterned in parallel on a SiO2 substrate; discussions and
summary are given in Section 4.

2. Computational Model

The nanowire-regulated morphology of graphene on a sub-
strate is governed by the interplay among the following ener-
gies: the strain energy of the graphene due to bending and
stretching, the graphene-nanowire interaction energy, and
the graphene-substrate interaction energy. Both nonbonding
interaction energies can be characterized by van der Waals
force, which minimizes at a certain equilibrium distance
between the graphene and the nanowires (or the substrate).
On the other hand, the graphene strain energy minimizes
when the graphene remains flat and increases monotonically
as the graphene corrugates to conform to the nanowires and
the substrate. As a result, the total energy of the graphene-
nanowire-substrate system minimizes when the corrugated
graphene reaches its equilibrium morphology.

Figure 1 depicts the two configurations simulated in
this paper: (1) a graphene nanoribbon of finite width in y-
direction on a SiO2 substrate with a Si nanowire intercalating
in between (Figure 1(a)) and (2) a blanket graphene flake
intercalated by an array of Si nanowires patterned in parallel
on a SiO2 substrate (Figure 1(b)). Given the periodicity of
these two configurations, only the portion of the graphene
marked by dash lines and the corresponding nanowire and

Substrate

Nanowires

Graphene

(a) (b)

y

x

z

Figure 1: Schematics of two simulation cases. (a) A graphene
nanoribbon intercalated by a Si nanowire on a SiO2 substrate; (b)
a blanket graphene flake intercalated by an array of Si nanowires
evenly patterned in parallel on a SiO2 substrate. The dash lines
delineate the portion of graphene and the underlying nanowire and
substrate simulated by molecular mechanics in each case.

Table 1: LJ potential parameters used in molecular mechanics
simulations [25].

ε (eV) σ (Å)

C–Si 0.00213 1.506

C–O 0.00499 2.256

substrate underneath are simulated. In the MM simulations,
periodic boundary conditions are applied to the two-end
surfaces in y-direction in Figure 1(a), and to the end surfaces
in both x- and y-directions in Figure 1(b). The depth of the
MM simulation box in y-direction is 30 Å and the substrate
thickness is 15 Å, larger than the cutoff radius in calculating
von der Waals force. The width of the graphene portion
demarcated by the dash lines and that of the underlying
substrate in x-direction, and the nanowire diameters are
varied to study their effects on the graphene morphology.
The C–C bonding energy in the graphene is described by the
second generation Brenner potential [24]. The interaction
energy between the graphene and the nanowires and that
between the graphene and the substrate are computed by
the sum of the van der Waals forces between all C–Si and
C–O atomic pairs in the system. These two types of van der
Waals forces are described by two Lennard-Jones (LJ) pair
potentials, respectively, both of which take the general form
of V(r) = 4ε(σ12/r12 − σ6/r6), where 6

√
2σ is the equilibrium

distance of the atomic pair and ε is the bonding energy at the
equilibrium distance. Parameters in the C–Si pair potential
and those in the C–O pair potential are listed in Table 1.
To reduce the computation cost, the bonding energy in the
Si nanowire and the SiO2 substrate, and the nonbonding
Si–SiO2 interaction are assumed to be constant, thus not
considered in the energy minimization. This assumption is
justified given the rigidity of Si and SiO2 solids compared
with the out-of-plane flexibility of a graphene monolayer.

In each MM simulation case, the graphene is prescribed
with an initial morphology that partially conforms to the
envelop defined by the nanowire and the substrate surface
(e.g., in Figure 1). The carbon atoms in the graphene
then adjust their spatial positions to minimize the system
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Figure 2: (a) On a nanowire of diameter of 4 nm, a narrow
graphene nanoribbon of width of 6 nm remains nearly flat, with
slight ripples along two long edges. (b) On a nanowire of diameter
of 10 nm, a narrow graphene nanoribbon of width of 12 nm can
fully conform to the nanowire surface.

energy, and eventually define the equilibrium morphol-
ogy of the graphene. The total energy of the system is
minimized using the limited-memory Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm [26], until the total net
force is less than 10−6 eV/Å. The MM simulations are carried
out by running a code in a high performance computer
cluster.

3. Results and Discussion

3.1. Morphological Interaction between a Graphene Nanorib-
bon and a Si Nanowire on a SiO2 Substrate. We consider the
interaction between a graphene nanoribbon of finite width
W and a Si nanowire of diameter d on a SiO2 substrate.
Such a structure can be fabricated by transfer printing a
mechanically exfoliated graphene nanoribbon onto a SiO2-
supported Si nanowire [27], with the length direction of the
graphene nanoribbon parallel to the axial direction of the
nanowire. As will be shown in this section, the regulated
morphology of the graphene nanoribbon depends strongly
on its width W and the nanowire diameter d.

If W is smaller than or comparable to d, the morphology
of such a narrow graphene nanoribbon is mainly determined
by the interaction between the graphene and the nanowire,
and that between the graphene and the substrate becomes
negligible. Depending on the relative value of W and d,
the narrow graphene nanoribbon can have two different
morphologies, as illustrated in Figure 2. For example, on
a Si nanowire of d = 4 nm, a graphene nanoribbon of
W = 6 nm remains nearly flat (Figure 2(a)). By contrast,
on a Si nanowire of d = 10 nm, a graphene nanoribbon
of W = 12 nm fully conforms to the surface of the Si
nanowire (Figure 2(b)). These two different morphologies
of the graphene nanoribbon can be explained as follows.
The strain energy density of the graphene due to out-of-
plane bending approximately scales with the square of the
local curvature of the graphene. Therefore, the graphene
strain energy due to conforming to the Si nanowire surface
is roughly proportional to 1/d2. If the Si nanowire is too
thin, the significant increase of the graphene strain energy

can overbalance the decrease of the graphene-nanowire
interaction energy due to graphene conforming to the
nanowire. As a result, the graphene nanoribbon remains
nearly flat on the Si nanowire. On the other hand, if the Si
nanowire is sufficiently thick, the decrease of the interaction
energy outweighs the increase of the graphene strain energy.
Consequently, the graphene nanoribbon conforms to the
nanowire surface. Also note when the graphene nanoribbon
remains nearly flat on the Si nanowire, the two free edges in
y-direction form ripples due to the edge stress [28] in the
graphene nanoribbon.

If W is much larger than d, the equilibrium mor-
phology of the graphene nanoribbon takes the form as
shown in Figure 3(a). The graphene portion far away
from the Si nanowire conforms to the flat surface of the
SiO2 substrate while the middle portion of the graphene
partially wraps around the Si nanowire. The geometry of
the graphene-nanowire-substrate system at the equilibrium
can be characterized by three parameters: the width of the
corrugated portion of the graphene nanoribbon L, the width
of the graphene nanoribbon W , and nanowire diameter d
(Figure 3(a)). Figure 3(b) plots L/d as a function of d for
various widths of graphene nanoribbon W/d = 6.8, 7.0,
7.2, and 7.4, respectively. When the graphene nanoribbon
is sufficiently wide (e.g., much larger than d), L is roughly
independent of W , as evident with the small variation
among the results for the four different values of W . As
shown in Figure 3(b), L/d decreases as d increases, and
then approaches to a plateau of about 2.2 when d exceeds
7 nm. Such a trend can be explained by the similar argument
aforementioned. If the Si nanowire is too thin, the graphene
nanoribbon can only barely wrap around the nanowire,
given the significant constraint of possible strain energy
increase in the graphene. The corrugated portion of the
graphene ribbon gradually transits to the flat portion on
the substrate surface, resulting in a relatively large L/d (e.g.,
3.7 for d = 2 nm). If the Si nanowire is thick enough,
the graphene nanoribbon can wrap more of the nanowire
surface, leading to a higher slope of the graphene sagging
down toward the substrate surface, and thus a smaller L/d.
As the nanowire diameter is greater than ∼7 nm, L/d tends
to a constant of ∼2.2. In other words, the morphology of the
corrugated portion of the graphene nanoribbon intercalated
by a sufficiently thick nanowire is self-similar.

Figure 4 further plots the Brenner potential energy of the
carbon atoms in the graphene nanoribbon at the equilibrium
state (e.g., Figure 3(a)), which depicts the strain energy
profile of the corrugated graphene. As indicated by the color
shades, high strain energy states in the graphene nanoribbon
occur at the regions near the top of the nanowire and
where the graphene becomes flat on the substrate. At such
regions the graphene nanoribbon bends the most. The inset
of Figure 4 further shows the average C–C bond lengths in
x-direction at three locations, as indicated by three marked
lines A (where graphene remains flat on the substrate), B
(in the middle of the intercalated portion of the graphene),
and C (the crest of the corrugated graphene portion). Given
the equilibrium C–C bond length of 1.42 Å, it is evident
that the C–C bonds are stretched at B in x-direction and
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Figure 3: (a) Molecular mechanics simulation result of the
morphology of a wide graphene nanoribbon intercalated by a Si
nanowire on a SiO2 substrate. Here d = 6 nm and W = 40 nm. (b)
Normalized width of the corrugated portion of the graphene L/d
as a function of d for various widths of the graphene nanoribbon
W = 6.8d, 7.0d, 7.2d, and 7.4d, respectively. The solid line plots the
average of the four data sets. The dash line shows the plateau value
of L/d when d is sufficiently large.

un-stretched at A and C. As shown in Figure 4, comparing
with the much higher energy of the carbon atoms at C due to
bending, the Brenner potential energy of the carbon atoms at
B is at a comparable level of that of carbon atoms at A, even
though the C–C bonds at B are stretched but those at C not.
Therefore, it can be estimated that the strain energy of the
corrugated graphene nanoribbon is mainly due to bending,
rather than stretching.

3.2. Morphologic Interaction between a Blanket Graphene
Flake and an Array of Si Nanowires Evenly Patterned in
Parallel on a SiO2 Substrate. When a blanket graphene flake
is intercalated by an array of Si nanowires evenly patterned in
parallel on a SiO2 substrate, the nanowire spacing W comes
into play in determining the regulated morphology of the
graphene flake. Emerging from the simulations are two types
of morphologies of graphene at equilibrium, depending on
W and d, as shown in Figure 5.

If the nanowires are widely spaced (e.g., W � d),
the graphene tends to conform to the envelop of each
individual nanowire (Figure 5(a)), sags down and adheres

−14.793 eV

−14.776 eV

A B C

A

B

C

y

x

z

1.42 Å 1.81 Å 1.42 Å

Figure 4: The distribution of Brenner potential energy of the
carbon atoms in a graphene nanoribbon intercalated by a Si
nanowire (not shown) on a SiO2 substrate (not shown). The inset
shows the C–C bond lengths in x-direction at three cross-sections
marked by the solid lines on graphene, indicating the graphene is
under tension near location B. Here d = 4 nm and W = 20 nm.

to the substrate in between neighboring nanowires. The
corrugated portion of the graphene is of a width of L and an
amplitude of Ag (≈ d in this case). Figure 6(a) further plots
L/d as a function of d for various values of W . For a given W ,
L/d increases as d increases in a roughly linear manner. When
compared with the case of graphene nanoribbon intercalated
by a single nanowire on a substrate (e.g., Figure 3(b)), the
width of the corrugated portion of the graphene intercalated
by patterned nanowires on a substrate is much larger. This
can be explained by the constraint of the portion of the
graphene sagged in between neighboring nanowires and
adhered to the substrate. Therefore, the graphene cannot
slide easily on the substrate to conform to the envelop of
each individual nanowire closely. As a result, the corrugated
portion of the graphene is under modest stretch in x-
direction. By contrast, the graphene nanoribbon intercalated
by a single nanowire is shown to be able to slide on the
substrate surface to conform more to the nanowire surface.
As a result, the stretch in the graphene in x-direction can be
nearly fully relaxed (e.g., Figure 4), leading to a much smaller
value of L/d. Figure 6(a) also indicates the increase of L/d as
W decreases, for a given value of d. To further clarify this
trend, Figure 6(b) plots L/d as a function of W/d for various
values of d, which indicates a roughly linear dependence
between L and W as well as a weak dependence on d. This
can be explained that, when nanowire spacing is larger, the
corrugation-induced graphene stretching is accommodated
by a longer graphene segment, leading to smaller strain
energy of the graphene. Therefore the graphene conforms
more to the nanowires. The limiting case of infinitely
large nanowire spacing corresponds to that of graphene
intercalated by a single nanowire (e.g., Figure 3).

If the spacing between the patterned nanowires is not
sufficiently large, the graphene flake remains nearly flat, just
slightly conforming to the envelop of the nanowires with
a negligible amplitude Ag (Figure 5(b)), a morphology of
graphene distinct from that regulated by widely distributed
nanowires on a substrate (i.e., Figure 5(a)). For a given
nanowire diameter d, there is a sharp transition between



Journal of Nanomaterials 5

d

L
W

(a)

(b)

Figure 5: Molecular simulation results of the morphology of
a blanket graphene flake intercalated by Si nanowires evenly
patterned in parallel on a SiO2 substrate. (a) When the Si nanowires
are widely spaced (e.g., W is large), graphene sags in between
neighboring nanowires and adheres to the substrate surface. The
width of the corrugated portion of the graphene is denoted by L. (b)
If the nanowire spacing is small, graphene remains nearly flat, just
slightly conforming to the envelop of the nanowires. Here d = 4 nm
and W = 48 nm in (a) and 46 nm in (b). The sharp transition
between (a) and (b) as W varies indicates a snap-through instability
of the graphene morphology.

these two distinct morphologies as the nanowire spacing
reaches a critical value Wcr. This result agrees with the snap-
through instability of the graphene morphology regulated
by patterned nanowires on a substrate predicted by our
previous continuum model results [20]. Such a snap-through
instability of the graphene morphology results from the
double-well energy profile of the system [19]. For the
bonding parameters given in Table 1, Wcr/d ranges from 12.3
to 12.8 and is approximately independent of d. In practice,
it is possible to have chemical bonding or pinnings between
the graphene and the substrate, and/or the nanowire surface
can also be functionalized to facilitate chemical bonding with
the graphene, both of which lead to an enhanced interfacial
bonding energy of the graphene. Based on the energetic
interplay as described in Section 2, it is expected that the
resulting graphene morphology can also be tuned by the
interfacial bonding energy.

To investigate the effect of graphene-substrate interfacial
bonding energy on the graphene morphology, a tuning
factor λ is used to vary the bonding energy in the LJ pair
potential describing the graphene-substrate van der Waals
interaction. A tuning factor λ > 1 denotes a graphene-
substrate interaction energy stronger than that described
in Table 1. Here, the graphene-nanowire interaction energy
remains the same. Figure 7 plots the normalized amplitude
of graphene corrugation Ag/d as a function of tuning factor
λ for d = 4 nm, 4.2 nm, and 4.4 nm, respectively. Here, W =
46.9 nm. For a given nanowire diameter and spacing, there
exists a critical graphene-substrate interaction energy (i.e., a
critical tuning factor λc), weaker than which the graphene
only slightly conforms to the envelop of the nanowires (e.g.,
Ag/d � 1), and stronger than which the graphene can sag
in between the nanowires and adhere to the substrate (e.g.,
Ag/d ≈ 1). The sharp transition between these two distinct
morphologies at the critical graphene-substrate interfacial
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Figure 6: (a) L/d as a function of d for various values of W . (b) L/d
as a function of W/d for various values of d.

energy reveals the similar snap-through instability of the
graphene morphology aforementioned. Previous studies
based on continuum model [20] suggest that W/d ∝ λ1/4

c ,
or Wλ1/4

c /d is a constant. The results shown in Figure 7
give Wλ1/4

c /d = 12.40, 12.25, and 12.26 for d = 4 nm,
4.2 nm, and 4.4 nm, respectively. In this sense, the molecular
mechanics simulation results agree well with the continuum
model prediction.

4. Concluding Remarks

Using molecular mechanics simulations, we determine the
morphologic interaction between a graphene nanoribbon
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Figure 7: Ag/d as a function of tuning factor λ for various values
of d. Here, W = 46.9 nm. The sudden jumps of Ag/d at a critical
value of λ indicate the snap-through instability of the graphene
morphology shown in Figure 5.

and a Si nanowire on a SiO2 substrate, and that between
a blanket graphene flake and an array of Si nanowires
evenly patterned in parallel on a SiO2 substrate. The
regulated graphene morphology is shown to be determined
by the interplay between the graphene strain energy due
to bending and stretching and the graphene-substrate and
graphene-nanowire interaction energies. Specifically, the
graphene morphology can be tuned by both geometric
parameters (e.g., graphene nanoribbon width, nanowire
diameter, and nanowire spacing) and material properties
(e.g., graphene-nanowire and graphene-substrate bonding
strength). Various simulations are conducted to quantify
the relation between the graphene morphology and these
parameters and properties. The present study assumes neg-
ligible deformation of the substrate under the morphologic
interaction, which is justified by the rigidity of SiO2. Recent
experiments demonstrate the snap-through instability of the
morphology of graphene on an elastomeric substrate[15].
Given the ultralow stiffness of such substrate materials (e.g.,
1 s ∼ 10 s MPa), the elastomeric substrate may deform to
some extent under the morphologic interaction with the
graphene. To precisely predict the regulated morphology of
the graphene in such a material system, the elastic energy
of the substrate needs to be considered in the energetic
interplay, which is addictive to the present model and will
be reported elsewhere. The molecular mechanics simulation
results agree well with our previous continuum mechanics
modeling results, and furthermore, provide atomistic scale
information of each carbon atoms in the graphene. Such
information can be consequently used to determine the
effect of the morphologic interaction and the mechanical
deformation on the electronic properties of the graphene
(e.g., bandgap). Though much remains to be done to
achieve fine tuning of graphene’s electronic properties via
morphologic interaction, the present study demonstrates
the beginning steps toward this promising approach that

could potentially enable new graphene-based device appli-
cations.
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There is a lack of systematic investigations on both mechanical and electrical properties of carbon nanofiber (CNF)-reinforced
epoxy matrix nanocomposites. In this paper, an in-depth study of both static and dynamic mechanical behaviors and electrical
properties of CNF/epoxy nanocomposites with various contents of CNFs is provided. A modified Halpin-Tsai equation is used
to evaluate the Young’s modulus and storage modulus of the nanocomposites. The values of Young’s modulus predicted using
this method account for the effect of the CNF agglomeration and fit well with those obtained experimentally. The results show
that the highest tensile strength is found in the epoxy nanocomposite with a 1.0 wt% CNFs. The alternate-current (AC) electrical
properties of the CNF/epoxy nanocomposites exhibit a typical insulator-conductor transition. The conductivity increases by four
orders of magnitude with the addition of 0.1 wt% (0.058 vol%) CNFs and by ten orders of magnitude for nanocomposites with
CNF volume fractions higher than 1.0 wt% (0.578 vol%). The percolation threshold (i.e., the critical CNF volume fraction) is
found to be at 0.057 vol%.

1. Introduction

Carbon nanofibers (CNFs) are electrically and thermally
conductive and have very good mechanical properties.
Research on carbon nanofiber-reinforced nanocomposites
has been mainly focusing on carbon nanotube (CNT)-filled
nanocomposites. This is due to the fact that CNTs have fewer
microstructural defects than CNFs, resulting in better overall
properties as well as smaller dimensions and a lower density.
However, CNFs are less expensive and can be manufactured
at high yields, justifying further in-depth investigation of
their impact on nanocomposites.

CNFs have a cup-stacked structure which results from the
vapor deposition process used to produce them [1, 2]. The
relatively low efficiency of catalyst results in microstructural
defects in CNFs, which require special treatments in order for
CNFs to achieve desired properties. A number of treatment
methods have been used, which include acid treatment [3, 4],
heat treatment (to eliminate defects) [5], plasma treatment
(to purify) [6], and surface functionalization (to improve

interface adhesion) [7, 8]. Because of their high aspect ratio
and high surface energy (due to nanoscale diameters), CNFs
tend to agglomerate, leading to inhomogeneous dispersion.
Many efforts have been made to deagglomerate CNFs using
methods such as diluting the matrix with solvents [6, 9] and
combining mechanical mixing with sonication [9, 10].

Good dispersion of CNFs leads to an enhancement in
both strength and modulus of nanocomposites [9, 11–14].
Choi et al. [9] found that CNF/epoxy nanocomposites had a
maximum tensile strength and a large Young’s modulus with
5 wt% CNFs, and a reduced fracture strain with increasing
filler content. In addition, both the storage modulus and
the glass transition temperature (Tg) increased due to the
incorporation of CNFs. A study by Zhou and coworkers [14]
indicated that the modulus of CNF/epoxy nanocomposites
increased continuously with increasing CNF content, but
the tensile strength decreased with further increasing CNF
content beyond 2 wt% CNF. DMA studies revealed that
with 3 wt% CNFs, there was a 65% enhancement in the
storage modulus at room temperature and a 6◦C increase
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in Tg . Xu et al. [15] demonstrated that there was only
very little increase in mechanical properties of CNF/epoxy
nanocomposites, ever though they used GCNF-ODA reactive
linkers to improve the interface of CNFs and epoxy.

Because of their high electrical conductivity, CNFs have
been used as fillers to improve electrical properties of
polymeric composites in a number of studies [3, 4, 10, 16–
19]. A remarkable increase in electrical conductivity was
observed when CNF volume fraction exceeded the perco-
lation threshold. For CNF/epoxy nanocomposites, Allaoui
et al. [10] found a percolation threshold at a very low
critical CNF weight fraction of 0.064%. The insulator-to-
conductor transition region spanned about one order of
magnitude of the CNF weight fraction from 0.1 to 1.2%.
Far from the transition, the conductivity increased by two
orders of magnitude. Other studies on electrical properties of
CNF/epoxy nanocomposites did not focus on the percolation
behavior, but rather on the effect of CNFs’ heat treatment
[5] or on the effect of the viscosity of epoxy matrix [9] on
the electrical conductivity of CNF/epoxy nanocomposites.
Moreover, none of these papers discussed the dielectric
properties of CNF/epoxy nanocomposites.

So far, there has been no study that specifically focuses on
the simultaneous characterization of mechanical and electri-
cal properties of solvent-processed CNF/epoxy nanocompos-
ites. In addition, the existing results concerning the impact
of CNFs on mechanical behavior of epoxy nanocomposites
appear to be inconsistent, as reviewed above. This motivated
the current study.

In this paper, CNF/epoxy nanocomposites with various
contents of CNFs were prepared. Both static and dynamic
mechanical properties as well as electrical and dielectric
properties of the nanocomposites were investigated, and
fracture surfaces were observed in order to better under-
stand the fracture mechanisms. Also, the Young’s modulus
and storage modulus were predicted using a modified
Halpin-Tsai equation, which fitted the experimental results
well.

2. Experimental Study

2.1. Preparation of Nanocomposites. Carbon nanofibers
(Pyrograf-III) were supplied by Applied Science, Inc. (ASI).
The carbon nanofibers have diameters ranging from 100 to
200 nm and lengths from 30 to 100 μm. The acquired carbon
nanofibers were heat treated up to 3000◦C. A purification
process was also utilized to remove the undesirable impuri-
ties. The purification process consisted of refluxing the CNFs
in dichloromethane—CH2Cl2 (Aldrich, Co.) for five days at
35◦C, followed by several deionized H2O washes and second-
time refluxing for 24 hours. The nanofibers were rinsed
again, vacuum filtered for 24 hours and dried at 110◦C for
at least 24 hours, and then examined for water content. The
purified CNFs were properly stored in closed hygroscopic
containers, since retained moisture could prevent proper
mixing.

CNF/epoxy nanocomposites with CNF content ranging
from 0 to 2 wt% were fabricated. First, a desired amount
of CNFs was immersed into Dimethylacetamide (DMAc).

The solution was sonicated and mechanically stirred for 1
hour. Epoxy resin (Epon 862, Hexion Specialty Chemicals,
Inc.) was then added, and the new solution was sonicated
and mechanically stirred for another 3 hours. The solution
was then evaporated in an enclosed vacuum at 80◦C over
night to eliminate all the DMAc. Curing agent (EpiKure
W, Hexion Specialty Chemicals, Inc.) was then used, and
the new solution was sonicated and mechanically mixed for
half an hour. Before casting, the solution was degassed in
a vacuum overnight to remove trapped gasses. Finally, the
solution was cast into different molds to get samples for
mechanical and electrical tests. The samples were heated
and cured for 2 hours at 125◦C and another 2 hours at
177◦C.

2.2. Tensile Tests and SEM. Mechanical properties were
measured on an MTS universal testing machine at a constant
displacement rate of 0.5 mm/min. The specimen had a width
of 13 mm and a thickness of 2.5 mm. The gauge length
was 60 mm. The tensile strength and Young’s modulus were
calculated from the recorded stress levels at the constant dis-
placement rate. All tensile tests were performed at room tem-
perature, and three specimens (or more) were used for each
CNF content. The average value for each specimen type was
recorded. The tensile stress-strain curves were plotted after
calculating the engineering stress and engineering strain.

Fracture surfaces of the tensile specimens were observed
using a scanning electron microscope (SEM, JEOL JSM-
6400) to study the failure mechanisms and the post-fracture
dispersion of CNFs. Before the SEM observations, the
specimens were coated with a thin layer of platinum.

2.3. Dynamic Mechanical Analysis. Dynamic mechanical
analysis (DMA) was performed on a RSA-III DMA from
25 to 200◦C at a temperature scanning rate of 3◦C/min.
The tests were operated in the three-point bending mode at
an oscillation frequency of 1 Hz. The rectangular specimens
were 30 mm long, 9 mm, wide and 3 mm thick. Three
samples of each CNF content were tested. The glass transition
temperature (Tg) was assigned as the temperature where the
loss factor was recorded as a maximum.

2.4. Electrical Measurements. Alternate-current (AC) con-
ductivity and dielectric constant of pure epoxy and CNF/
epoxy nanocomposites were measured using an impedance
analyzer (Novocontrol Alpha Analyzer) in a frequency range
of 10−2–107 Hz. The specimens were coated with an electro-
deposited silver layer (100 nm thick) on the two opposite
surfaces to ensure a good electrical contact area between
the electrodes and specimen. The samples had a bulk size
of 1.5 cm × 1.5 cm. The silver electrode area was circular
with a diameter of 0.5 cm. Each measurement shown was
an average of 3 to 4 samples. The setup was based on a
parallel plate configuration, where the parallel capacitance
(Cp) was measured at each frequency and was then converted
to dielectric constant ε = Cpt/(Aε0), where t is the thickness
of the sample (∼0.5 mm), A is the electrode area, and ε0 is
the permittivity of free space (=8.85 × 10−12 F/m).
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Table 1: Tensile properties of CNF/epoxy nanocomposites.

Sample Tensile strength (MPa) Toughness (MJ/m3) Young’s Modulus (GPa)

Pure Epon862 68.7± 2.5 397.6± 33.2 1.04± 0.04

0.05% CNF 70.9± 2.6 418.2± 41.9 1.06± 0.06

0.1% CNF 71.0± 3.7 550.0± 23.6 1.09± 0.01

0.5% CNF 73.0± 1.4 610.2± 39.3 1.16± 0.01

1% CNF 74.4± 2.4 562.7± 28.0 1.22± 0.01

2% CNF 62.1± 2.5 244.5± 30.8 1.29± 0.02

10μm

(a) 1 wt% CNFs

10μm

(b) 2 wt% CNFs

Figure 1: Dispersion of CNFs in epoxy.

3. Results and Discussion

3.1. Tensile Properties. The tensile properties of the CNF/
epoxy nanocomposites with the CNF content varying from
0 to 2 wt% are shown in Table 1. It is seen that the tensile
strength increases with increasing content of CNFs until
1 wt%, beyond which the tensile strength decreases. Figure 1
shows the dispersion of CNFs in the nanocomposites
with 1 wt% and 2 wt% CNFs. For the 1 wt% CNF/epoxy
nanocomposite, the CNFs are homogeneously dispersed
as individual fibers. However, the CNFs in the 2 wt%
CNF/epoxy nanocomposite are agglomerated and clustered
as bundles with a diameter of about 10 μm. These bundles
act as stress concentration sites, leading to the nonuniform
stress distribution and high stresses near the bundles. During
the tensile test, the epoxy matrix around these bundles breaks
quickly due to the elevated stresses, resulting in the decrease
in tensile strength of this nanocomposite.

The area under the stress-strain curve is known as
toughness, which represents the total strain energy per
unit volume in the material induced by the applied stress.
The addition of uniformly dispersed CNFs can significantly
increase the toughness of the epoxy, as indicated in Table 1.
The toughness increases by 42% with the addition of
1 wt% CNFs and decreases by 39% with the addition of
2 wt% CNFs, both relative to the pure epoxy (Epon 862).
To better understand the toughening mechanism of the
CNF/epoxy nanocomposites, SEM is used to observe the
fracture surfaces.

From the fracture surface of the pure epoxy (Figure 2(a)),
it can be seen that large and flat cleavage planes indicate
typical characteristic of brittle fracture. For a 0.05 wt%

CNF/epoxy nanocomposite (Figure 2(b)), the fracture sur-
face becomes more rough, and the cleavage planes become
smaller than those of the pure epoxy. Large cracks propagate
along low CNF density areas, leading to ridges. Cleavage
planes are evenly distributed and are the smallest for a 1 wt%
CNF/epoxy nanocomposite (Figure 2(c)). The increased
number of cleavage planes results in more areas capable
of absorbing the fracture energy, which leads to a higher
crack propagation resistance. An inspection of Figure 1(a)
again reveals some fiber pullout, indicating that the fiber-
matrix adhesion is not optimal. From these observations, it
appears that this nanocomposite has the highest toughness.
However, matrix cracks are evident on the fracture surface
of the 2 wt% CNF/epoxy nanocomposite (Figure 2(d)). This
suggests that a lot of microcracks may have started from the
clusters of CNFs. With the increase of the applied load, these
microcracks would quickly connect with each other to form
macrocracks, leading to fracture of the nanocomposite.

The Halpin-Tsai equation links the modulus of a unidi-
rectional fiber composite to the fiber volume fraction [20,
21]. Many studies have been conducted to predict the mod-
ulus of a fiber-reinforced composite with randomly aligned
discontinuous fibers by using variants of the Halpin-Tsai
equation. In most of these studies, an orientation factor, α,
was introduced to account for the random fiber orientation.
In [22], the Halpin-Tsai equation was modified to be

Ec
Em

= 1 + cηv f
1− ηv f

with η =
(
αE f /Em

)
− 1(

αE f /Em
)

+ c
, (1)

where Ec, Em, and Ef are, respectively, the moduli of the
composite, matrix, and fiber (carbon nanotubes), ν f is



4 Journal of Nanomaterials

100μm

(a) pure epoxy

100μm

(b) 0.05 wt% CNFs

100μm

(c) 1 wt% CNFs

100μm

(d) 2 wt% CNFs

Figure 2: Fracture surface morphology.

the fiber volume fraction, and c = 2l/d is the shape factor
relating to the aspect ratio of the reinforcement length (l)
over the diameter (d). They further modified the Halpin-Tsai
equation by changing the shape factor c to ξ = (2l/d)e−av f−b,
which is an exponential relation, with a and b being constants
that are related to the degree of CNF agglomeration.

In this study, the Young’s moduli of the epoxy matrix and
CNF are 1.04 GPa and 400 GPa, respectively. The orientation
factor α is taken to be 0.184 (after [23]). The aspect ratio
of the CNFs is about 150. The effects of the constants a
and b on the Young’s modulus predicted using the modified
Halpin-Tsai equation are shown in Figures 3(a) and 3(b). It
can be seen that increasing the constant a tends to bend the
curves, while increasing the constant b lowers the height of
the curves.

By varying the values of a and b, a best fit to the
experimentally obtained Young’s modulus is found when
a = 120 and b = 1. This best fit is displayed in Figure 3(b),
for which ξ = 300e−120v f −1. Good agreement between the
experimental data and predicted results over the range of
fiber volume fractions investigated indicates that CNF/epoxy
nanocomposites are 3D randomly oriented systems with
agglomeration of CNFs at higher volume fractions.

3.2. Dynamic Mechanical Analysis. The effects of CNFs on
the storage modulus of the CNF/epoxy nanocomposites are
illustrated in Figure 4. The addition of CNFs increases the
storage modulus of epoxy at temperatures both below and
above the glass transition temperature (Tg). The maximum
storage modulus is observed in the nanocomposite with
1 wt% CNFs, which is, respectively, about 18% and 70%
higher than that of the pure epoxy below and above the

glass transition temperature. The presence of CNFs inhibits
the movement of molecular chains around the CNFs. This
is due to the high surface energy of CNFs absorbing the
motion of the molecular chains around them. Because of
this interaction between CNFs and the molecular chains, the
force imposed on the CNF/epoxy nanocomposites transfers
to the stiff CNFs and leads to the increased storage modulus.
The storage modulus starts to decrease at 2 wt% CNF
content. This is due to the poor dispersion of CNFs at
higher contents, which can be seen from the SEM images in
Figure 1.

Tg represents a major transition for many polymers, as
physical properties change significantly when the material
goes from the glassy state to the rubber-like state. For cured
polymers it appears that DMA is 10 to 100 times more
sensitive to the changes occurring near Tg than differential
scanning calorimetry [24]. Tg is usually determined from
the peak of the loss factor (tan δ) curves. Figure 5 shows
the loss factor curves of the pure epoxy and the CNF/epoxy
nanocomposites. A small increase in Tg is found at CNF
content lower than 2 wt%. CNFs restrict the segmental
movement of molecular chains, resulting in a higher Tg .
The peak height of the loss factor of the nanocomposites
decreases with the increasing content of CNFs. As mentioned
in [25], the relative heights in Tg are inversely proportional
to the volume fraction of confined segments in the interface
layer. On the other hand, with the increasing content of
the uniformly dispersed CNFs, more interactions between
molecular chains and CNFs occur.

For the nanocomposite with 2 wt% CNFs, there are a
decrease in Tg and a broadening of the peak. The decrease
in Tg is due to the agglomeration of the CNFs in the
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Figure 3: Effects of a and b on the predicted Young’s modulus.

epoxy matrix. There is a hump on the loss factor curve,
which further confirms the non-uniformly distributed CNFs.
Figure 1(b) clearly shows the dispersion of CNFs in epoxy:
large clusters of CNFs are found, but individual fibers are
still present. Since the samples of DMA are randomly chosen
from the bulk nanocomposite, it is believed that some
samples have more CNF clusters, while other samples have
more individually dispersed CNFs for the 2 wt% CNF/epoxy
nanocomposite. The mobility of molecular chains around
CNF clusters is different from that around individual CNFs.
Thus, the average value of the loss factor of this nanocom-
posite has two blunt peaks, indicating two different molec-
ular mobilities around CNF clusters and individual CNFs.
Also, the presence of CNF clusters may inhibit the curing
of epoxy, thereby decreasing the crosslink density, so that Tg

decreases.
The modified Halpin-Tsai equation is also used to fit the

experimental data of the storage modulus both below and
above Tg . The results are shown in Figure 6. The fitting to
the storage modulus is still good for temperatures both below
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Figure 5: Loss factor of the pure epoxy and CNF/epoxy nanocom-
posites.

and above Tg . The constants a and b tend to affect the shape
of each predicted curve although they do not have clear phys-
ical meaning. Figure 6 shows that a and b seem to be higher
for high temperatures than those for low temperatures. Also,
it is worth pointing out that the deviation of the storage
modulus between the samples with the same content of CNFs
is relatively large. With the difficulties involved in achieving
a uniformly distributed CNF/epoxy nanocomposite, the
dispersion of the CNFs is a likely source of error.

3.3. Electrical Properties. Figure 7 shows the electrical con-
ductivity of the pure epoxy and the CNF/epoxy nanocom-
posites changing with frequency. Conductivity of the pure
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Figure 7: Conductivity of the epoxy nanocomposites with various
volume fractions of CNFs as a function of frequency.

epoxy is seen to increase almost linearly with increasing fre-
quency, indicating a behavior of a non-conductive material.
For the CNF/epoxy nan-ocomposites, the conductivity is
independent of frequency at low frequencies but increases
with the frequency after critical value is surpassed. The
critical frequency at which the conductivity begins to rise
increases with the CNF volume fraction. The frequency
dependence of the electrical conductivity of the nanocom-
posites results from the electrons in finite-size clusters with
fractal nature that can be scanned at frequencies higher than
the critical frequency [10].
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Figure 9: Dielectric constant of the epoxy nanocomposites with
various volume fractions of CNFs as a function of frequency.

The direct-current (DC) conductivities are obtained by
extrapolating the conductivity curves of the alternate-current
(AC) data. The conductivity is plotted versus the CNF
volume fraction (p), as shown in Figure 8. The conductivity
increases by four orders of magnitude with the addition of
0.1 wt% (0.058 vol%) CNFs due to the tunneling conduction
between CNFs. The value of the CNF volume fraction at
which tunneling occurs is called the percolation threshold
(pc). According to percolation theory, the direct-current
electrical conductivity σ (at p > pc) of a percolating system
should exhibit a power-law dependence: σ ∝ (p − pc)

t . A
best fit to the experimental data reveals that the percolation
threshold is 0.057 vol% with the exponent t = 1.83. The
exponent t is in the range of 1.6 to 2.0, which has been typ-
ically used in percolation theory [26–29]. The conductivity
increases by ten orders of magnitude for nanocomposites
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with CNF volume fractions higher than 1 wt% (0.578 vol%)
and then plateaus. This is because CNFs come into contact
with each other and form conductive pathways throughout
the composites at high CNF volume fractions.

The dielectric constant of the nanocomposites with
various volume fractions of CNFs was measured as a
function of frequency (Figure 9). The addition of CNFs
greatly increases the dielectric constant, and the dielectric
constant increases with increasing amount of CNF volume
fraction at a given frequency. The dielectric constant of
the pure epoxy is independent of frequency, which is the
typical behavior of a capacitor. Once CNFs have been added,
the dielectric constant of the nanocomposite decreases with
frequency. The frequency dependence of dielectric constant
results from two effects: one is the polarization effect between
clusters inside the solution, and the other is anomalous
diffusion within each cluster [30]. At higher frequencies, it
is hard for either the polarization or the diffusion to occur
because the electrical field changes so fast that they are not
able to follow the field variation.

4. Conclusion

CNF/epoxy nanocomposites with various contents of CNFs
are processed and studied. Static and dynamic mechanical
testing and AC electrical measurements are conducted to
investigate the effects of CNFs on the effective properties of
the CNF/epoxy nanocomposites. The nanocomposite with
1 wt% CNFs exhibits good dispersion and has the highest
tensile strength. The tensile strength decreases with further
increase in the CNF content due to agglomeration of CNFs.
The maximum storage modulus is also observed in the
nanocomposite with 1 wt% CNFs, which is about 18% and
70% higher than that of the pure epoxy below and above
the glass transition temperature, respectively. The predicted
values of the Young’s modulus and storage modulus using
a modified Halpin-Tsai equation that accounts for the effect
of the CNF agglomeration compares fairly well with those
obtained experimentally.

The AC electrical behavior of the CNF/epoxy nanocom-
posites exhibits a typical insulator-conductor transition. The
conductivity increases by four orders of magnitude with
the addition of 0.1 wt% (0.058 vol%) CNFs, and by ten
orders of magnitude for nanocomposites with CNF volume
fractions higher than 1 wt% (0.578 vol%). The measured
values of the conductivity of the nanocomposites conform to
percolation theory and show a low percolation threshold at
0.057 vol%.
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The electronic properties of arrays of carbon nanotubes from several different sources differing in the manufacturing process
used with a variety of average properties such as length, diameter, and chirality are studied. We used several common surfactants
to disperse each of these nanotubes and then deposited them on Si wafers from their aqueous solutions using dielectrophoresis.
Transport measurements were performed to compare and determine the effect of different surfactants, deposition processes, and
synthesis processes on nanotubes synthesized using CVD, CoMoCAT, laser ablation, and HiPCO.

1. Introduction

1.1. Motivation. Carbon nanotubes can be used for high-
performance electronics [1] (defense), printed electronics
[2] (commercial), and molecular sensors [3] (security) as
well as a host of other potentially exotic applications such
as nanoantennas [4, 5] and molecular beacons [6]. However,
a scalable manufacturing technology for nanotube devices
with appropriate yield, reproducibility, and performance
in various metrics (mobility, on/off ratio, cost, chemical
sensitivity, sensor specificity, etc.) is currently lacking. This
is, in part, due to the variety of synthesis and deposition
techniques and challenges due to the inherence in nanotube
physical properties.

Of these challenges, nanotube dispersion in solution
followed by deposition into arrays or mats that preserves the
intrinsic, high performance is the largest, unmet challenge.
Thus, there is a great need for an integrated, comprehensive
study of the effect of nanotubes synthesis procedures, disper-
sion procedures, and deposition processes on the electronic
properties of nanotube arrays. In this paper, we provide
the first attempt at such a comprehensive study. While a

complete understanding of the physical processes involved in
these complex manufacturing steps is still lacking, our work
provides the first, raw set of empirical guidelines to guide
future technology development in this area.

1.2. Dispersion. It is well known that synthesized car-
bon nanotubes (especially single-walled carbon nanotubes
SWNTs) exist in the form of bundles and that to exploit
their electronic properties to the fullest; a postprocessing
technology is required to separate them into individual
nanotubes. A common approach to achieve this is by
stabilizing the hydrophobic nature of nanotube surface with
the use of a surfactant that overcomes the van der Waals
forces among the nanotubes and results in suspensions of
individual SWNTs.

It is also well known that all known synthesis methods
for single-walled carbon nanotubes result in a mixture of
chiralities and diameters, resulting in heterogeneous elec-
trical properties, particularly a mixture of semiconducting
and metallic nanotubes. In general, it is assumed to be an
even distribution of folding chiralities, 1/3 of all SWNTs in
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a sample being metallic with the remaining 2/3 exhibiting
semiconducting characteristics. The chemistry community
has lead a successful effort aimed at sorting and purifying
nanotubes in solution post-synthesis [7].

To date, a wide variety of surfactants have been reported
to be able to disperse the nanotube in bundles into their
individual form in an aqueous media successfully [7, 8]. Sev-
eral commercial surfactants such as sodium dodecyl sulfate
(SDS), sodium cholate (SC), and sodium dodecylbenzene-
sulfonate (SDBS) are among the most reported for an effi-
cient dispersion. Most dispersion studies have been directed
toward chemical modification of the nanotube surface.
Although many researchers have tried to solubilize nanotube
ends and exterior walls through various functionalization
routes [9], dispersion via functionalization has found limited
success. Furthermore, covalent functionalization disturbs the
extended π-electron systems (sp2 orbitals) of the nanotube
surface, responsible for many attractive attributes of SWNTs.
Therefore, noncovalent surfactants are desired.

At present, it is not known how these surfactants are
used since both the dispersion and metallic/semiconducting
nanotube separation affect the electronic properties of
nanotube arrays and films made from depositing nanotubes
using various techniques. Adsorption of ionic surfactants
on the surface could significantly modulate the device
characteristics and affect the conductance of the devices
[10]. It is critical to compare the electronic nature of
the nanotube-surfactant conjugates versus intact nanotubes,
since these reagents are increasingly being used in industry
and laboratories. It is the purpose of this work to investigate
the effect of various surfactant and deposition techniques
on nanotube electronic properties using carbon nanotubes
synthesized and purified using a variety of methods from a
variety of academic and industrial institutions.

1.3. Dielectrophoresis. Several postsynthesis processes involve
solution-based processing of nanotubes such as spin coating
[11] or dielectrophoresis (DEP) deposition [12, 13]. Spin-
coating is probably the best long-term approach but is not
yet mature enough for ultradense arrays. Dielectrophoresis
allows selective alignment of nanotubes into controlled
locations, and so it is used in this work as a test bed for
systematic studies of the effect of alignment, source, and
surfactants on electronic properties of nanotube arrays.

In DEP deposition steps, the presence of both metallic
and semiconducting carbon nanotubes in solution is the
main hurdle to form single-nanotube conductance chan-
nels. When an AC field is applied to the electrodes with
nanotubes between the gap, the induced dipole moment
of SWNTs interacts with nonuniform field resulting in a
dielectrophoretic force which is influenced by the electronic
properties of the SWNTs and in turn causes a separation
of metallic and semiconducting nanotubes [14]. Assuming
carbon nanotubes to be small cylindrical dipoles for sim-
plifying the equations, the dielectrophoretic force can be
expressed as F ∼ (εp − εm)/εm, where εp is the dielectric
constant of the carbon nanotubes and εm is the dielectric
constant of the solvent [15]. At higher frequencies, this force

is basically proportional to the difference between dielectric
constant of the carbon nanotubes and dielectric constant
of the solvent. The force observed by metallic nanotubes is
significantly larger than that on semiconducting nanotubes
because of the high dielectric constant of metallic SWNTs
and the low dielectric constant of semiconducting SWNTs
[14]. When a solvent with a dielectric constant between
those values is used, separation of SWNTs will occur with
metallic SWNTs attracted towards the field source (positive
DEP) and semiconducting SWNTs repelled from the source
(negative DEP). This physical effect causes separation of
nanotubes due to metallic nanotubes being attracted towards
field source electrodes while leaving behind semiconducting
nanotubes in solution.

In this work, we use DEP for the deposition process.
Therefore, our studies tend to elucidate arrays of metallic
SWNTs primarily. However, these initial pioneering studies
are meant to provide qualitative guidelines for the effects
of surfactants and synthesis recipes on all types of SWNT
arrays, including random and aligned arrays of all-semi, all-
metal, or mixed species of SWNTs. Such studies are urgently
needed if nanotube electronics is to progress from science to
technology.

2. Device Fabrication

Single-walled carbon nanotubes were obtained from several
different sources. Nanotubes obtained differ in terms of syn-
thetic procedure used for their fabrication. Table 1 contains
a list of the nanotube sources that we used with some details
of their basic properties.

Nanotube diameters as mentioned in this table are
obtained from the datasheets provided by their supplier and
are also listed on their websites.

Each of these nanotubes (except semienriched samples
from Los Alamos [16] and semienriched (90% semiconduct-
ing) solution obtained from Nanointegris was first dispersed
in surfactant solutions. Surfactants used for the comparison
in our experiments were SDS, SC, and SDBS. The protocol
used for the dispersion of each sample is as follows.

(1) 5% w/v solutions of surfactants were prepared in
deionized water.

(2) 5 mg of nanotube sample was dispersed in 10 mL of
surfactant solution.

(3) Suspensions formed after addition of nanotubes were
then sonicated for 3 hours.

(4) Mixtures were then centrifuged at 16,400 rpm (at
30◦C) for 1 hour, 6 times repeatedly.

Dispersions obtained after 6 times centrifugation were
then used for the deposition. Purified nanotubes obtained
from Las Alamos were first dialyzed with 1% SDS solution
in deionized water prior to their use. Nanointegris nanotube
solution was used as received.

Using a glass micropipette with a tip diameter of
∼20 μm, the supernatant was placed on the electrodes and
DEP was used to accumulate the solubilized SWNTs within
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Table 1: Nanotube sources and their properties.

Company Synthetic process used Avg. diameter as reported by provider

CNI/Unidym HiPCO 0.81–0.85 nm

SouthWest Nanotechnologies CoMoCAT 0.8–1 nm

Carbon Solutions Arc discharge 1–1.4 nm

Las Alamos (semi-enriched) HiPCO 0.81–0.85 nm

Cheap Tubes CVD 1-2 nm

Nanointegris (semienriched, 90%) Arc discharge 1.2 –1.6 nm

Table 2: Summary of results.

SWNT Sources Electrode
spacing

Avg. length after
deposition (in SEM)

DC resistance (1000’s
of SWNTs in parallel)

On/off ratio

Cheap Tubes 3 μm >3 μm <50Ω 2–8%

SWeNT 1 μm <1 μm 50–100Ω 2–6%

CSI 1 μm <1.5 μm 100–200Ω <1%

CNI/Unidym 1 μm <1 μm 100–500Ω <1%

Las Alamos 1 μm <1.5 μm 120–150Ω <1%

Nanointegris (semi-enriched, 90%) 1 μm <1.5 μm 150–180Ω <1%

Substrate SiO2/Si

Vgs

Lgate

W

Source

Drain

Source

Vds

Ids

Figure 1: Diagram of RF probing and dual coplanar waveg-
uide/electrode structure.

the electrode gap. This was accomplished using a 1–5 Vpp,
300 KHz–25 MHz sine wave voltage signal applied to the
electrodes. The drop was then air dried, and the residue from
the solution left after evaporation was gently washed away
with deionized water.

Figure 1 shows the layout for our measurements. Device
fabrication for these experiments was done using a similar
protocol described in our earlier work [13]. Using electron
beam lithography, electrodes with a pair of gaps were
patterned and evaporated with Ti/Au 5 nm/50 nm on high
resistivity Si wafers (8000Ω-cm) with a 500 nm thermal
oxide layer. Coplanar waveguide electrode geometries were
patterned with photolithography and evaporated with 25 nm
Ti/250 nm Au to form a dual waveguide/electrode structure
with a pair of electrode gaps and with widths of 100 μm.
After accumulation of aligned SWNTs within the gap by DEP,
as described further in this paper, contact electrodes were
patterned using e-beam lithography and evaporated with
70 nm of Pd producing a new electrode gap of 1 μm. The
devices were RF-contacted electrically using a commercially
available probe. Figure 2 shows a schematic diagram of

1) Coplanar waveguide on wafers

3Vpp

2 MHz

2) Placing solubilized CNTs on to
electrodes

3) Dielectrophoresis: accumulate
CNTs within electrode gap using
dielectrophoresis

4) Extension electrodes: reduce gap
width by e-beam patterning and
evaporating extension electrodes

Figure 2: Schematic diagram of steps used in deposition of
nanotubes on Si wafers.

several steps involved in the process of making a device with
nanotubes deposited in the gaps.

Rather than characterize each device in full detail, we
opted for a simplified, higher throughput measurement
procedure in order to maximize the number of deposition
conditions we could perform. For all the DC resistance
measurements, a low source-drain bias voltage (+1 V to
−1 V) was used. Gate voltages of −9, 0 and +9 V were
applied to the Si Substrate (bottom gate) to modulate the
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conductance and measure the on/off ratio for the nanotube
devices. Because the full depletion curve was not measured,
the on/off ratio is qualitative, not quantitative. (The devices
may not have been completely “on” or “off” in our simplified
measurement scheme.)

3. Experimental Results

Electronic measurements were performed on several devices
fabricated by keeping some factors common for comparison.
Based on our experiments, we have identified the role of
frequency and amplitude used in DEP for the deposition
of nanotubes. We were able to optimize these factors to
make such device fabrication reproducible to a certain extent.
Studies shown in this article would help researchers to

establish a similar protocol for optimized deposition when
nanotubes are obtained from different sources.

The following comparison results are based on the data
obtained by averaging results for several similarly formed
devices. DC-resistance values are normalized for a device
with a width of 100 μm. The length of devices was kept in
the range of the length of nanotubes from respective sources
(Table 2). This would ensure that the comparison is based on
the nanotubes similarly distributed over the length of devices
and not over the width.

3.1. Comparison on Nanotube Sources. Nanotubes obtained
from various sources were deposited on wafers, and elec-
tronic measurements done for them are summarized below.
Nanotubes obtained from Unidyn (formerly Carbon Nan-
otechnologies Inc, HiPCO, 0.81–0.85 nm diameter, length
<1 μm) were found to show greater resistance as compared
to the lowest shown by nanotubes from Cheap Tubes Inc.
(Arc discharge, 1-2 nm diameter, length >3 μm). Figure 3
shows a cumulative chart on DC resistance studies done
on nanotubes that differ in their synthetic process. For
our experiments, we obtained nanotubes from different
sources to accommodate nanotubes produced by HiPCO,
CoMoCAT, Arc, and CVD methods. In these experiments,
4 Vpp, 25 MHz sine wave voltage signal was applied for 3
minutes to the electrodes for the deposition of nanotubes.

3.2. Comparison on Using Different Surfactants. Three dif-
ferent surfactants—sodium cholate (SC), sodium dodecyl
sulfate (SDS), and sodium dodecyl benzene sulfonate (SDBS)
were used to solubilize nanotubes in aqueous solution.
SC was found to be the most effective surfactant for
solubilizing most of the nanotubes. Figure 4 shows the on/off
DC resistance of nanotube devices where nanotubes from
several sources were dissolved using different surfactants and
deposited on wafers using DEP. In all the experiments, 4 Vpp,
25 MHz sine wave voltage signal was applied for 3 minutes to
the electrodes for the deposition of nanotubes.

3.3. Comparison on Using Different Frequencies. When dif-
ferent frequencies were used for the deposition, it was
observed that nanotubes deposited using a frequency less
than 15 MHz were not aligned, while when a frequency
above 25 MHz was used, deposited nanotubes were found to
be well aligned. Figure 5 shows some representative images
of nanotubes deposited under various different conditions.
Several different patterns of alignments owing to different
DEP parameters were observed. In one case, it was also
observed that when a nanotube solution (nanotube dispersed
in 1% w/v solution of SC) was left standing prior to its use for
DEP deposition for several days, nanotubes formed bigger
bundles, which were apparent in their SEM images.

3.4. Comparison on Using Different Amplitude. Nanotube
samples (Cheap Tubes, dissolved using SC) were deposited
by applying several different voltages for DEP at a constant
frequency of 25 MHz. In general, it was observed that when
an amplitude above 3 V was applied, 2 minutes or more
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Figure 5: Nanotubes (Cheap Tubes) deposited on Si wafers at 2 MHz (Figures 5(a), 5(b)) and 25 MHz (Figures 5(c), 5(d)). The difference
in their alignment is apparent. Figure 5(d) represents deposited nanotubes (at 25 MHz) shorter in length (<2 μm); it can be seen that even
shorter nanotubes were amazingly aligned in the gap. Figures 5(e), 5(f) show nanotubes deposited from a solution that was sonicated for a
short time (5 min) and then left standing for a few days prior to use; formation of bigger bundles of nanotubes is apparent in the images.

was sufficient to fill the gap up to almost 100%. When a
voltage less than 1 was used, no nanotubes were apparently
deposited. Using a dilute solution and giving more time
for the deposition or using a comparatively concentrated
solution with less time yielded the devices with similar
properties. Also using any amplitude above 3 V did not make
much difference on device characteristics.

Figure 7 shows a typical Raman spectrum from a device
(with nanotubes from Cheap Tubes), indicating that indeed
SWNTs are being deposited.

3.5. Reproducibility. In Figure 8 is shown a histogram plotted
for DC-resistance measurement done on several devices that
had different gap width. Most of the devices having the same
width had shown DC resistance in similar range (Figure
8(a)), which shows the reproducibility of our experiments.
Figure 8(b) is a plot of averaged DC resistance observed for
the devices plotted against their width. Increasing the width
10 times in fact lowered the resistance with an order of 10
too, which shows the reliability of the process in terms of
reproducing the results over the repeated experiments.
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Figure 7: A typical Raman spectra from a device representative to
the one shown in Figure 6 confirm the presence of nanotubes.

4. Discussion

The use of ionic surfactant to solubilized nanotubes is known
to modulate the surface conductance of nanotubes that will
eventually affect the dielectrophoresis force applied for the
deposition of nanotubes. Strano’s group studied effects of
surface conductivity of semiconducting SWNTs induced by
ionic surfactants on the sign of dielectrophoretic force [17].
They were able to modulate the surface conductance by
changing the ionic strength of medium. Also, by neutralizing
the surface charge using an equimolar mixture of anionic
and cationic surfactant, they observed negative DEP of
semiconducting species at 10 MHz. They suggested 10 MHz
to be the crossover frequency for their semiconducting
nanotube. From our experiments we found that in most
of the cases when nanotubes were deposited at frequencies
higher than 5 MHz, only metallic behavior of deposited nan-
otubes was observed in their electronic measurements. Even
when the solution enriched in semiconducting nanotube
was used, dielectrophoretic deposition at any frequencies
higher than 5 MHz resulted in devices with extremely low
or no on/off ratio. We believe this is because even if above
crossover frequencies, semiconducting nanotubes might
have observed positive DEP, amount of metallic nanotubes
that were deposited in the process was much larger than
semiconducting nanotubes.

5

4

3

2

1

0

Q
u

an
ti

ty

3 4 5 6 7 8 9
100

2 3 4 5 6 7 8 9
1000

2 3 4 5 6 7

DC resistance (ohms)

Electrode width

5 μm
20 μm

100 μm
300 μm

(a)

100

2

2

3

4

5
6
7
8
91000

A
ve

ra
ge

re
si

st
an

ce
(o

h
m

s)

6
7
8
9

Width of electrode gap (μm)

CS + CN
CS
CN

2 3 4 5 6 2 3 4 5 67 8 9
10 100

(b)

Figure 8: An averaged DC-resistance measurement done on devices
having different electrode width.

The on/off ratios reported here are consistent with Happy
et al. who found that when a conventional SWNT solution
with ∼2/3 of semiconducting nanotubes is deposited using
DEP, major part of the DC current (90–95%) is produced
by metallic nanotubes [18, 19]. They also found that when
99% semienriched solution was used for deposition with
DEP along with substrate’s surface modification, the devices
did not go to complete off state, most likely because a
small number of metallic nanotubes were preferentially
deposited by DEP [19]. In another recent experiments [20],
we used same semienriched solution (90%, “IsoNanotubes-
S”, Nanointegris) and deposited them without DEP by using
only surface modification [21] which resulted in devices
with better mobility and also higher on/off ratios than the
current DEP method. An on/off ratio of up to 110000 was
achieved when nanotubes were deposited using only surface
modification.
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5. Conclusion

We have performed the first systematic study of the effects
of surfactants, source, and deposition procedure on the elec-
tronic properties of nanotube devices. From our experience
we believe, neither the surfactant used nor the source has a
significant impact on the on- resistance. The alignment is
much affected by the frequency of the AC voltage used to
align the nanotubes. On the other hand, a consistent scaling
of device resistance with width is observed for samples
from different sources, indicating that the procedure can
be empirically adjusted to give reasonably tight tolerances.
Using this technique, the on/off ratio was never large,
indicating that in most of the cases, metallic nanotubes were
deposited preferentially. Finally, we consistently (with almost
perfect yield) were able to achieve devices with resistance
of order 50Ω, regardless of nanotubes source or surfactant,
which holds promise for future RF devices with nanotube
arrays.
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Multiwalled carbon nanotube (MWCNT) deposited on a pair of predetermined aluminum electrodes treated with the
(3-Aminopropyl)-triethoxysilane (APTES) self-assembled monolayers (SAMs). The MWCNT bridges electrodes and forms
electrode/MWCNT/electrode circuit on silicon with 500 nm silicon dioxide. Then the Metal (Ti/Au) pads were fabricated on
MWCNT to bury the MWCNT into metal electrodes. The electrical properties of MWCNT-based circuits before and after the
fabrication of metal pads were characterized. Results indicate that metal pads on MWCNT improved the electrical properties
MWCNT-based circuit largely.

1. Introduction

Carbon nanotubes (CNTs) have exhibited a rich variety of
intriguing electronic properties, such as metallic and semi-
conducting behavior, exhibiting ballistic transport along the
tubes, and sustaining current density as high as 109 A/cm2.
These properties suggest that CNTs are potential candidates
for nanoelectronic applications such as field-effect tran-
sistors, electrical interconnect, and sensors. Nevertheless,
difficulties in handling an individual CNT and positioning it
at a desired location hamper the absolute exploration of CNT
properties and also devices for practical applications. Large
efforts are underway worldwide to address these challenges.
Early CNT devices were fabricated by depositing CNTs from
liquid suspension randomly, either on top of prepatterned
electrodes or directly onto a substrate prior to electrode
patterning [1]. This process has the advantages of low cost,
scalability and compatibility with many kinds of substrate
materials. However, it has significant disadvantage with too
much randomness on the placement of CNT. High-density
selective placement methods for CNTs have been developed

by preparing the aminopropyltriethoxysilane(APTES) SAMs
on the prepatterned electrodes [2, 3]. However, the contact
resistance between the CNTs and electrodes is too big and
hinder the effective connection between the CNT and the
external world. It means that the MWCNT is not easy
to function as an active component in device [4, 5]. In
this paper, multi-walled carbon nanotubes (MWCNTs) were
placed on prepatterned aluminum electrodes by chemical
method using self-assembled monolayers and the metal pads
were fabricated on MWCNT to improve the electrical contact
between electrodes and MWCNT. Electrical properties of
MWCNT-based circuits with and without metal pads on
MWCNT were investigated.

2. Experiment and Analysis

The MWCNTs used in our study were obtained from
Shenzhen Nanotech Port Co. Ltd in China. The purity of
MWCNTs is greater than 95%. The axial dimension and
diameter of the MWCNTs were 5–15 μm and 10–20 nm,
respectively. The MWCNT suspensions were prepared by
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Figure 1: SEM (a) and TEM (b) image of dispersed MWCNTs.

ultrasonicating the MWCNT in dimethylfloramine (DMF)
solution for half an hour. The MWCNT suspension was
centrifuged to remove large particles and CNT bundles. To
examine the dispersion of MWCNTs in DMF solution, we
dropped the dispersion onto a copper grid and silicon sub-
strate, while being dried by nitrogen gas. The configuration
of dispersed MWCNTs was observed through Transmission
electron microscope (TEM, JEM-200CX) and Field-emission
scanning electron microscope (FESEM). The representative
TEM and SEM image is showed in Figure 1, from which we
can see the MWCNTs were well dispersed appropriate to the
fabrication of MWCNT-based circuits.

A scheme for the deposition of MWCNTs on patterned
aluminum electrodes with self-assembled monolayers is
illustrated in Figure 2(a). Lightly n-doped Silicon (100) wafer
with 500 nm of thermal dioxide silicon was used as the
substrate for the fabrication of patterned electrodes. The
substrate was cleaned as follows: firstly they were ultrason-
icated in acetone and ethanol for 10 minutes each and then
immersed into a Piranha solution at 80◦C for 30 minutes.

To fabricate the patterned metal electrodes, the silicon wafers
were metalized by evaporating 60 nm-thick aluminum. A
thin layer of hydrophobic photo resist (S1813) was coated
on the top of the aluminum layer. The pattern which had
been predesigned for the electrical characterization was
created by photolithography and development. Then the
aluminum at the exposed areas was etched away subsequently
and the patterned electrodes were created. The amine-
terminated SAMs on exposed area between the electrodes
were prepared by immersing the substrates into the solu-
tion for the formation of (3-Aminopropyl)-triethoxysilane
(APTES) SAMs. The solution is composed as follows: 1 cm3

of acetic acid, 1 cm3 of de-ionized water, 25 cm3 of absolute
methanol, and 0.5 cm3 of APTES (99% purity) [6].Then the
substrate was immersed in acetone to remove the remained
photoresist on the metal electrodes. The processed patterned
substrate was rinsed with chloroform and alcohol. Afterward,
the substrate with patterned electrodes was immersed into
the dispersion of MWCNTs. Modestly hydrophilic amine-
terminated (–NH2) SAMs (contact angle of 30–40 degrees)
produce strong attractions to MWCNTs. As a result, the
MWCNT was induced to deposit on the surface of amine-
terminated SAMs. The MWCNTs deposited in the vicinity of
the electrodes can bridge two separated electrodes and create
MWCNT-based circuit. The MWCNT is hard to be removed
just by rinsing because the bonding is strong enough due
to the interaction between amine-terminated SAMs and
dispersed MWCNT [7, 8].

In order to improve the electrical contact between
the MWCNT and aluminum electrodes, metal pads were
fabricated on the MWCNT using electron beam lithography.
A scheme for the fabrication of metal pads on MWCNT
is illustrated in Figure 2(b).The detailed process for the
fabrication of metal pads on MWCNT can be demonstrated
as follows: firstly, it was conducted by spinning single layer
of PMMA 950 C4 onto the substrate. The thickness of
the PMMA 950 C4 was about 120 nm controlled according
to the curve of thickness versus spin speed. After the e-
beam writing, the pattern development was accomplished by
soaking the substrate into a mixed solution of MIBK (methyl
isobutyl ketone) and isopropanol (1 : 3) for 90 seconds
and rinsing with isopropanol for 30 seconds. After rinsing
and drying, 8 nm Ti and 50 nm Au film was evaporated
on the substrate by electron beam evaporation method.
The substrate was soaked in acetone for 15 minutes to
lift-off the Ti/Au and the metal pads on the MWCNT
formed.

Figures 3(a) and 3(b) show the FE-SEM pictures of
MWCNT-aligned on aluminum electrode patterns at lower
and higher magnification, respectively. The MWCNT in
the circuit is about 3 μm long and placed at the center
of the patterned electrodes. The distance of two electrodes
is about 2 μm. The MWNTs are large enough to fill the
electrode spacing, allowing for possible current flow. At some
other places, several MWCNTs aligned at only one electrode
edge and linked up to other electrode. But there were few
MWCNT in the area without SAMs. It can be concluded that
the SAMs induced the deposition of MWCNT and improve
the efficiency of the fabrication of MWCNT-based circuits.
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Figure 2: (a) Scheme of the Deposition of MWCNTs on patterned Aluminum electrode. (b) Fabrication of metal pads on MWCNT.

Figures 3(c) and 3(d) show the SEM image of MWCNT-
based circuits after the fabrication of metal pads on MWCNT.
The two ends of MWCNT were buried in the Ti/Au metal
pads. The contact between MWCNT and electrodes changed
from side contact to end contact. The Ti/Au metal pads are
more resistant to oxidation and easy to form lower-resistance
ohmic contact between MWCNTs and electrodes [9].

Current versus bias voltage (I-V) measurements at room
temperature were conducted to evaluate the electrical prop-
erties of the placed MWCNT on the prepatterned aluminum
electrodes. Figure 4(a) shows the measured current between
electrodes in Figures 2(a) and 2(b) as a function of applied
voltage. The MWCNT was considered as the main current
passing between two electrodes and the resistance of the
MWCNT is calculated. The result corresponds to a very high
resistance in the order of PΩ. This value is considerably
larger than the results previously reported [9]. The MWCNTs
do contribute to the current between two electrodes [10, 11].
But Aluminum has a low work function at 3.9–4.2 eV and the
contacts have equal barriers for both electrons and holes. It
is hard to obtain ohmic contact behavior between the CNT
and Aluminum interfaces. Another phenomenon associated
with this kind of MWCNT-based circuits known as the side
contacts, meaning that MWCNTs are electrically contacted
only along the circumference of the nanotube. Such contacts
result in weak interaction between the carbon and the metal
atoms [12]. Generally defect is more easy to form on the
outer layer during the purify process of MWCNT. This also
may result from the interface between the MWCNT and

aluminum which is due to the oxidation of the aluminum
before the deposition of MWCNT [13].

Figure 4(b) shows the measured I-V electrical conduc-
tance of Figures 3(c) and 3(d) after the fabrication of the
metal pads on MWCNT. The current transport between
the electrodes shows a nonlinear dependence of applied
voltage with the presence of an alumina layer on the
aluminum electrodes. It is evident that the electrical pads
lying on MWCNTs allow for considerable improvement in
the electrical properties of MWCNT-based circuits by many
orders of magnitude.

The resistances between the two terminals have been
lowered to several MΩ by applying contact metal on the top
of MWCNTs. The reason for this is very complicated because
not only the contact resistance could be lowered but also the
multilayers of the MWCNT could contact with the Ti/Au
electrodes. The remarkable decrease of the two-terminal
resistance has three possible origins as follows: Firstly,
Several layers of MWCNT could be carrying the current
simultaneously after the MWCNT was buried in the metal
pads. The inner layers of MWCNT have better conductive
property than the outer layer because the inner layer more
perfect crystalline structure. Secondly, the electrical contacts
between the MWCNT and the Ti/Au electrodes may improve
considerably than Al electrodes. Finally, the MWCNT may be
modified by exposure to PMMA with a resulting resistance
decreases [14, 15].

Figure 5 shows the electrical conductance measured
between electrodes from −5 V through 5 V. The maximum
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Figure 3: SEM image of (a) Pattern aluminum electrodes, (b) MWCNT bridging the patterned aluminum electrodes, (c) pattern electrodes
with metal pads on MWCNT at low magnification, and (d) MWCNT-based circuits with metal pads on MWCNT at high magnification.

current that the MWCNT stand during the measurement
was about 107 A/cm2 and it is close to the maximum current
density of MWCNT reported. It indicates that the electrical
contact between the MWCNT and electrodes have been
improved by burying the MWCNT into Ti/Au electrodes.
Also the resistance can be lowered under larger voltage. The
advantage of the technology is to construct devices out of
preselected MWCNT which will provide a possibility to build
a great variety of complex CNT-based devices.

3. Conclusion

The MWCNTs were induced and placed on prepatterned
aluminum electrodes by self-assembled monolayers to fab-
ricate the MWCNT-based circuit. This process improved
the efficiency of fabrication of MWCNT electronic circuits.
Then metal pads on MWCNT were fabricated by electron

beam lithography method. The electrical properties of
MWCNT-based circuits were characterized with two probe
system before and after the fabrication of metal pads on
MWCNT. Electrical properties of MWCNT-based circuits
were improved largely after two metal pads were fabricated
on the MWCNT.
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We investigated the purity and defects of single-wall carbon nanotubes (SWCNTs) produced by various synthetic methods
including chemical vapor deposition, arc discharge, and laser ablation. The SWCNT samples were characterized using scanning
electron microscopy (SEM), thermogravimetric analysis (TGA), and Raman spectroscopy. Quantitative analysis of SEM images
suggested that the G-band Raman intensity serves as an index for the purity. By contrast, the intensity ratio of G-band to D-band
(G/D ratio) reflects both the purity and the defect density of SWCNTs. The combination of G-band intensity and G/D ratio is
useful for a quick, nondestructive evaluation of the purity and defect density of a SWCNT sample.

1. Introduction

Evaluating the quality of single-wall carbon nanotubes
(SWCNTs) is very important, both in basic research and
industrial application. To evaluate quality, we must consider
two independent parameters: purity and defect density.
Purity can be defined as a content ratio of SWCNTs to
impurities, and the defect density can be defined as the
abundance of structural defects on the nanotube walls.
Raman spectroscopy has often been applied for the purity
evaluation because a Raman mode around 1350 cm−1 (the
“D-band”) is sensitive to structural defects in the graphitic
sp2 network typical of carbonaceous impurities, such as
amorphous carbon particles [1]. In previous studies, the
intensity ratio of the tangential mode of SWCNTs (G-band)
to the D-band was used to discuss the purity [2–5]. Because
a pure SWCNT is also thought to have considerable D-band
intensity due to structural defects, however, the evaluation
based on the G/D ratio has uncertainty as to whether the D-
band intensity reflects the amount of impurity particles or

the defect density on the sidewalls of SWCNTs. For example,
when the D-band mainly reflects carbonaceous impurities in
a sample, the G/D ratio becomes a good index of SWCNT
purity. Meanwhile, when there are fewer carbon impurities
in the sample, the G/D ratio can be used to discuss SWCNT
defects. To resolve this uncertainty in the evaluation due to
the double meaning of the D-band, a clearer scale reflecting
either the purity or the defect density is required.

The Raman intensity of the G-band and radial breathing
modes (RBMs) has been applied to the purity evaluation
of SWCNTs [3, 6, 7]. Recently, Itkis et al. reported that
the G-band area is proportional to the relative purity, as
determined by optical absorption spectroscopy, for samples
produced by arc discharge [3]. In this paper, we show that
the G-band peak intensity around 1593 cm−1 serves as a
good index for the purity of as-grown SWCNTs produced
by various synthetic methods, such as chemical vapor
deposition (CVD), arc discharge, and laser ablation, even
though their mean diameters differed. SWCNT purity was
characterized using scanning electron microscopy (SEM)
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and compared to the G-band intensity and the G/D ratio of
the samples. Quantitative analysis of SEM images suggested
that the G-band intensity obtained from 2.31 eV laser exci-
tation is associated with the purity of SWCNTs with mean
diameters ranging from 1.0 to 2.0 nm. An improved method
of purity and defect evaluation using Raman spectroscopy is
proposed.

2. Experimental

The SWCNT samples used in this work and the measurement
conditions for the purity evaluation were as follows. The
six SWCNT samples are referred to as (1) HiPco (raw
material produced by the HiPco process, lot no. R0546,
Carbon Nanotechnologies Inc.), (2) CoMoCAT (purified
material produced by the CoMoCAT method, Southwest
Nanotechnologies Inc.), (3) Meijo (raw material produced
by arc discharge, AP-J grade, Meijo Nano Carbon Inc.), (4)
Carbolex (raw material produced by arc discharge, Carbolex
Inc.), (5) Laser (raw material produced by laser ablation
in our laboratory), and (6) DIPS (raw material produced
by direct injection pyrolytic synthesis (DIPS), Nikkiso Co.,
Ltd.). Raman spectra were measured in the back-scattering
geometry using a single monochromator with a microscope
(LabRam Aramis, Horiba Jobin Yvon) equipped with a
charge-coupled device detector and a notch filter. The sample
was excited by the continuous wave second harmonic of an
Nd:YAG laser at 2.31 eV (532 nm). To avoid laser heating,
a 0.1 mW laser beam was focused onto the sample using
an objective lens (×10). Raman spectra were obtained by
averaging 20∼30 spectra obtained from different locations
on the sample. All Raman measurements were carried out
under the same conditions for all samples to maintain
high uniformity of the intensity. Thermogravimetric analysis
(TGA) profiles were recorded from room temperature to
900◦C in air flow (50 ccm) at a heating rate of 10◦C/min
with a microthermobalance (TGA-50, Shimadzu). Samples
weighing 1∼2 mg were used for the TGA measurements. The
corresponding SEM images of the samples were obtained
using JEOL JSM-7500F, operated at 15 kV.

3. Results and Discussion

The purity of the samples was first characterized quan-
titatively using SEM, which provided visual information
of the ratio of SWCNTs to carbonaceous impurities. The
SEM images and corresponding image analysis results of the
samples are shown in Figure 1. We presumed that Fiber-
like areas correspond to bundled SWCNTs, while the other
particles and lumps correspond to carbonaceous impurities.
The area counting of SWCNTs and carbonaceous impurities
in the SEM images was carried out using image-processing
software, ImageJ (NIH; http://rsb.info.nih.gov/ij/), as shown
in Figure 1. The ratio of SWCNT area to particle area was
assumed to relate to the purity of SWCNTs. The results
for each sample are presented in Table 1 and Figure 2(a).
Image analysis determined that the DIPS sample possessed
the highest purity, and the HiPco sample had a higher purity
than the Meijo, Laser, and Carbolex samples.

Table 1: Relative area of SWCNTs in a SEM image,RArea (%), weight
ratio of carbon to sample, RCarbon/Sample (wt%), average diameter of
SWCNTs, Dt (nm), normalized G-band Raman intensity, IG/IDIPS,
and the G/D ratio, IG/ID, for DIPS, HiPco, Meijo, Laser, Carbolex,
and CoMoCAT samples.

Sample RArea (%) RCarbon/Sample (wt%) Dt (nm) IG/IDIPS IG/ID

DIPS 98 95 2.0 1 164

HiPco 83 73 1.0 0.60 25

Meijo 57 73 1.5 0.53 31

Laser 48 91 1.4 0.41 60

Carbolex 47 53 1.5 0.21 13

CoMoCAT — 84 0.8 0.14 20

Image analysis of the as-purchased CoMoCAT sample
was unsuccessful because the SWCNTs were fully covered
with carbonaceous impurities, probably due to the purifi-
cation process. As a result, the SEM image could not be
separated into SWCNT and impurity regions for analysis.
The Raman and TGA results from the CoMoCAT sample
were nevertheless included for reference.

It is well known that the G-band of SWCNTs shows
multipeaks around 1580 cm−1. For purity evaluation using
Raman spectroscopy, the G-band peak around 1593 cm−1,
which derives from the longitudinal optical (LO) phonons
of semiconducting SWCNTs [8], was used for two reasons:
First, the G-band intensity is less sensitive to excitation laser
energy than the RBM intensity, because of a loose resonance
condition due to the large phonon energy. Second, a recent
theoretical study predicted that there is no significant diame-
ter dependence of the G-band intensity for the LO phonon of
semiconducting SWCNTs, while the RBM intensity is more
sensitive to the diameter and chirality for SWCNTs with
diameter of 0.8∼2.0 nm [8]. The overtone of the D-band,
the so-called G′-band, was also predicted to depend on the
chirality [9]. Thus, the G-band around 1593 cm−1 is more
appropriate than the other Raman modes for the comparison
of purity of SWCNTs with different diameter distributions.

Raman spectra of the samples are presented in Figure 3.
In the spectra, radial breathing modes (RBMs), the D-band,
and the G-band were observed between 100∼400 cm−1,
1250∼1350 cm−1, and 1500∼1600 cm−1, respectively [1, 10].
The average nanotube diameter of each sample was estimated
using the relation of RBM frequency ωRBM to nanotube
diameter Dt, Dt (nm) = 227/ωRBM (cm−1) [11]. The G-
band and the D-band intensities were obtained from their
maximum peak counts. The G-band intensity and G/D ratio
are shown in Table 1 and Figures 2(c) and 2(d).

In Figures 2(b) and 2(c), it can be seen that there was
poor correlation between the G-band intensity and the G/D
ratio. For the DIPS sample, which had the highest purity of
the samples used, according to the SEM image analysis, both
the G-band intensity and the G/D ratio were the highest of all
samples. However, the G/D ratio of the Laser sample was 2.4
times higher than that of the HiPco sample, while the G-band
intensity of the Laser sample was only 0.7 times of that of
the HiPco sample. In the previous study, a linear relationship
between the G/D ratio and the G-band was observed for
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Figure 1: SEM images and corresponding image analysis results of (a)-(b) DIPS, (c)-(d) HiPco, (e)-(f) Meijo, (g)-(h) Laser, (i)-(j) Carbolex,
and (k) CoMoCAT samples. In the image analysis, the carbonaceous impurities were painted green and background was painted blue for the
area counting.

samples produced by arc discharge [3]. The present results
show that such a relationship does not hold true for samples
produced by different synthetic methods.

In contrast to the poor relationship between the G/D
ratio and G-band intensity, the G-band intensity was well
associated with the SWCNT purity estimated by SEM image
analysis, as shown in Figures 2(a) and 2(b). Usually, as-
produced SWCNT samples contain carbonaceous impuri-
ties, such as graphitic and/or amorphous carbon particles.
Because both the SWCNTs and carbonaceous impurities
have the same π electron system, the carbonaceous impu-
rities also exhibit a black color and absorb visible light
similarly to the SWCNTs. However, their contribution to the
G-band Raman intensity is significantly different. Actually,
the Raman signal from SWCNTs in a raw soot is about 30
times higher than that of carbonaceous impurities due to a
resonance effect [3]. Thus, it is reasonable to suppose that
carbonaceous impurities act as an optical absorber and any
observed difference in the G-band intensity can be mainly
attributed to a difference in the amount of carbonaceous
impurities present.

The G-band intensity may also be affected by additional
factors such as excitation laser wavelength and nanotube
diameter. It is known that the Raman intensity of SWCNTs

is significantly enhanced by a resonance effect when the
excitation energy matches the absorption bands of SWCNTs
[12]. The optical transition energy is inversely proportional
to the nanotube diameter [13]. According to the relationship
between the diameter and optical transition energy of
SWCNTs [13], the measured Raman spectra were on the res-
onance of the E33 or E44 optical transition of semiconducting
SWCNTs, except for the CoMoCAT sample. Because the E33

and E44 transitions have broader spectral features than the
E22 transition [12, 14], under the specific laser excitation, the
difference in resonance conditions for each chirality is not
significant. Thus, many types of SWCNTs can be excited by
a single-wavelength laser. The resonance of semiconducting
SWCNTs was confirmed by the sharp G-band peak around
1593 cm−1. Consequently, the difference in the resonance
effect and nanotube diameter did not significantly affect
the G-band Raman intensities of SWCNTs samples having
different mean diameters, except for the CoMoCAT sample.
In other words, the G-band intensity measured with 2.31 eV
laser excitation can be used to indicate the purity of SWCNTs
with average diameter distribution ranging from 1.0 to
2.0 nm. Because the absolute Raman intensity depends on
the equipment and the specific measurement method, use of
the G-band intensity to measure purity requires a common
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Figure 2: (a) relative area of SWCNTs in an SEM image, (b) normalized G-band Raman intensity, (c) G/D ratio, and (d) weight ratio of
carbon in a sample for DIPS, HiPco, Meijo, Laser, Carbolex, and CoMoCAT samples.

standard sample that gives a stable, uniform purity. As shown
in Figures 1(a) and 3(a), the DIPS sample had extremely high
purity and a highly stable G-band intensity. In this study, we
used the DIPS sample as the standard to obtain the relative
purity of the other samples.

Although we primarily discuss as-grown samples, it is
noteworthy that the Raman intensity of SWCNTs is sensitive
to their aggregation [15] and to charge transfer, such as
that induced by molecular adsorption [16]. Because of these
effects, it is important to monitor the purity of SWCNTs at
each purification step. In the purification process, we often
use acid, which easily induces charge transfer [16], and after
the purification, SWCNTs tend to form thick bundles or
sometimes aggregate with impurities. To avoid misleading
results, it is necessary to check for aggregation of SWCNTs
by SEM and to remove adsorbed chemicals from the purified
materials, using vacuum annealing or some other process.
In the present study, therefore, we have not used “purified
samples” but “as-grown samples” which have a scarce charge
transfer and randomly oriented bundles with the size from
few nanometers to several tens nanometers. We note that
these samples do not have specific orientations of nanotube
which should be avoided because the resonance Raman

intensity of SWCNTs has strong polarization dependence to
the nanotube axis.

Once the purity of a sample is assessed from the G-band
intensity, the G/D ratio can be used to discuss the relative
abundance of SWCNT defects. The mismatch between the
purity (Figure 2(a)) and the G/D ratio (Figure 2(c)) was
caused by the difference in the main contribution to D-
band intensity for each sample. It is known that the D-
band derives from the structural defects of the graphitic
sp2 network in both SWCNTs and carbonaceous impurities,
so the simple use of only the G/D ratio is not suitable
to determine purity and quality. The HiPco sample, for
example, possessed a higher purity than the Laser sample but
had a lower G/D ratio. This suggests that the HiPco sample
had more defects than the Laser sample. The combination of
the G-band intensity and the G/D ratio can be highly useful
to determine both the purity and the defect density, which
has been difficult to accomplish by means other than Raman
spectroscopy.

Raman and SEM were used for purity evaluation and
could be associated with the ratio of SWCNTs and car-
bonaceous impurities in a sample. On the other hand, TGA
was used to measure the content ratio of noncarbonaceous
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Figure 3: Raman spectra of (a) DIPS, (b) HiPco, (c) Meijo, (d) Laser, (e) Carbolex, and (f) CoMoCAT samples.
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Figure 4: TGA profiles of (a) DIPS, (b) HiPco, (c) Meijo, (d) Laser, (e) Carbolex, and (f) CoMoCAT samples.
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impurities in a sample by monitoring the weight decrease
of samples during combustion in air. TGA profiles of the
samples are presented in Figure 4. The weight ratio of carbon
in the samples is shown in Figure 2(d). It can be seen that
the weight ratio was different from the purity evaluated by
SEM. Because the density of metal catalyst is much higher
than that of carbon materials, evaluation of the weight ratio
of the metal impurities to carbonaceous material is difficult,
even by SEM image analysis. These methods complement
each other. Thus, we conclude that it is better to combine
Raman, SEM, and TGA for SWCNT purity evaluation and to
compare the results in accordance with their intended use.

4. Conclusion

A comparative study of purity and Raman intensity was
carried out for SWCNTs produced by various synthetic
methods. The detailed comparison of Raman intensity and
SEM observations suggested that the G-band intensity is
a better indicator of SWCNT purity than the G/D ratio.
The G/D ratio is not suitable for determination of the
purity of various samples produced by different synthetic
methods. The present results indicate that a combination
of the G-band intensity and the G/D ratio is useful to
evaluate the purity and defect density of SWCNTs. The
evaluation conditions employed in this study can be applied
to SWCNTs with an average diameter of 1∼2 nm, which
covers most commercially available SWCNTs. If a consistent
standard sample were available, evaluation based on the G-
band and the D-band intensities could provide an easy means
of determining the quality of SWCNTs for all users and
suppliers of SWCNTs.
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Response on the effects of individual differences of common carbon nanotubes on the field emission current stability and the
luminescence uniformity of cathode film, a new type of cathode film made of dendritic carbon nanotubes embedded with Zinc
oxide quantum dots is proposed. The film of dendritic carbon nanotubes was synthesized through high-temperature pyrolysis of
iron phthalocyanine on a silicon substrate coated with zinc oxide nanoparticles. The dendritic structure looks like many small
branches protrude from the main branches in SEM and TEM images, and both the branch and the trunk are embedded with Zinc
oxide quantum dots. The turn-on field of the dendritic structure film is ∼1.3 V/μm at a current of 2 μA, which is much lower than
that of the common carbon nanotube film, and the emission current and the luminescence uniformity are better than that of the
common one. The whole film emission uniformity has been improved because the multi-emission sites out from the dendritic
structure carbon nanotubes cover up the failure and defects of the single emission site.

1. Introduction

Carbon nanotubes have attracted wide concern due to their
excellent physical, chemical, and electrical properties since
they were firstly discovered by Iijima [1] in 1991. With its
nanoscale emitter, high-aspect ratio, good thermal stability
and conductivity carbon nanotubes are very appropriate
materials for field emission. Field Emission Display based on
Carbon nanotubes which have advantages in high brightness,
high resolution, long life, easy working in electromagnetic
radiation, and other extreme environment, is expected to
be applied in the military display. However, there is still
a long way for the commercial, for some critical technical
problems needed to be resolved, such as emission current
stability, luminescence uniformity, and long life. Some
research groups had tried to improve the cathode film
field emission property by optimizing the growth process
of carbon nanotube on substrate [2–5]. Li research group
improved contact performance by inserting a transition
layer between carbon nanotubes and substrate [6–9]. Chen
group [10, 11] discovered that the electron tunneling would
be affected by the contact surface barrier between carbon

nanotubes and substrate. Different Fower-Nordheim curves
have been attributed for different kinds of Ohmic and
Schottky contacts in their research. Shiroishi [11] research
group decreased the turn-on voltage from 2.1 to 1.4 V/μm
and improved the field emission characteristics by laser post-
treatment on the carbon nanotubes. Yu [13] group selectively
etched the carbon nanotubes film prepared through screen-
printing, so as to remove the inorganic binder within the
CNT cathode film and to enhance emission performance
effectively. A novel dendritic structure carbon nanotube
cathode film was proposed in this paper. Zinc oxide nano
particles film is coated on the silicon wafer through screen-
printing process, which served as the growth substrate. The
dendritic carbon nanotubes were then synthesized through
high-temperature pyrolysis of iron phthalocyanine on the
ZnO nanoparticle film. The dendritic carbon nanotube
cathode film was embedded with ZnO quantum dots to
bring up more emission spots. The defects in that of the
single emission site type could be covered up and hided
by the dendritic structure with multiemission sites, and the
luminescence uniformity of the cathode film field emission
could be improved.
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2. Experiment

In the experiment, the cathode film with dendritic structure
carbon nanotubes embedded with zinc oxide quantum dots
was prepared on the silicon substrates. Firstly, 10 gram
ball milling zinc oxide nano particles were dispersed into
30 ml terpineol solution. Secondly, 4 gram ethyl cellulose
was dispersed in the above solution assistant with the
ultrasonic so as to form the composite paste. Finally the
composite paste was then heated at 200◦C. After that the
zinc oxide nanoparticles film was printed on the substrate
through screen-printing process. The film thickness was
about 10 microns. The film was sintered in the furnace at
560◦C to be growth substrate. Dendritic structure carbon
nanotubes were grown on the composite film substrate
through high-temperature pyrolysis of iron phthalocyanine
chemical vapor deposition process. At last a new black
film, which is about 1.5×1.5 square centimeter, was grown
on the top of the substrate surface as the cathode. The
schematic diagram of test setup and equivalent circuit were
shown in Figure 1. The phosphor coated ITO glass is the
anode that has the same size with that of the cathode.
The space between the anode and the cathode is about
300 μ m. The type of the silicon substrate is N (100) type
that the resistivity is 10−2∼10−3Ω.cm. The vacuum level is
1.5×10−4 Pa and temperature is the room temperature of the
chamber for FE measurement. Field emission characteristics
of the samples had been tested with self-developed high-
vacuum field emission test equipment, and the luminous
pictures were recorded by a digital camera.

3. Results and Discussion

The SEM images of the common carbon nanotube film
grown on the silicon substrate and the dendritic structure
carbon nanotube film grown on the Si/ZnO composite
substrate are shown in Figures 2(a) and 2(b), respectively.
The two samples have been analyzed by JSM6700F scanning
electron microscopy (SEM). The diameters of the carbon
nanotube on the silicon substrate are from 20 to 40 nm, and
the thickness of the films is near 20 microns as shown in
Figure 2(a). These carbon nanotube bundles were aligned
perpendicular to the substrate in the form of high-density,
and the contact between their roots and the substrate is so
week that some of them are separated from the substrate.
The diameter of the samples of the dendritic structure carbon
nanotubes on the Si/ZnO composite film substrate is about
100 nm, and the thickness of dendritic structure film is about
30 to 40 μm as shown in Figure 2(b), where the perspective
angle is greater than 45 degrees whereas the angle from
Figure 2(a) is the level perspective (0 degrees).

The dendritic structure carbon nanotubes are perpendic-
ular to the substrate, and the contact between their roots
and the substrate is so strong that their roots are almost
completely buried in the substrate. The space between the
dendritic carbon nanotubes is much larger than that of the
samples of the common carbon nanotubes, which means
the density of the former film is smaller than that of the
latter one. As a field emission display cathode, if the space
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ZnO filmSubstrate

(a)

VI
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+

−
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Figure 1: The schematic diagram (a) and equivalent circuit (b) of
testing setup.

between carbon nanotubes of the film is too small to avoid
shielding effect among the emission site, the emission current
of the cathode film will be decreased because the local
electric field of the nanotubes emission site reduced. On
the other hand, keeping a certain space between emission
sites will help to increase the emission current. The cathode
film of the dendritic carbon nanotubes, which grow on the
Si/ZnO composite film substrate, have relative larger space
in between than those grow on silicon substrate, can avoid
the emission site shielding effect. When the high-emission
current pass through the contact site between the roots of
the each nanotube and the substrate, the contact resistances
are rebuilt, changed, and become uneven because of the
contact interface between of the nanotube and the substrate
are uneven, so that the subsequent emission current density
distribution is uneven. Because the roots of the dendritic
carbon nanotubes are deeply buried in the Si/ZnO composite
film substrate, the contact resistance uniformity of each
nanotube and the substrate is much better, so is the field
emission current.

The higher resolution microscopic images of the den-
dritic carbon nanotubes are shown in Figure 3. There
are many smaller nanotubes and nanoparticles covered the
outer wall of the dendritic carbon nanotube. This kind of
structures, which are called dendritic structure, looks like
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Figure 2: The SEM of the carbon nanotubes on (a) silicon substrates and (b) Si/ZnO substrate.

many small branches protruding from the main branches.
Both the electronic transmission channels and the ratio
surface area of the material increased in this kind of
special dendritic structure. The nanostructure of zinc oxide
particles (XRD was reported in previous work [6–9]) covered
the dendritic carbon nanotube surface evenly as shown
in Figures 3(a) and 3(b). The further TEM analysis also
indicated that there are some zinc oxide quantum dots,
which are less than 20 nm, embedded in the nanotubes as
shown in Figure 3(c). The electrons will meet the suspending
ZnO quantum dots while they are moving along the outer
layer of the dendritic carbon nanotubes from the cathode in
the electric field. The electron can pass through the covalent
bond between carbon nanotubes and the ZnO quantum dots
and go into conduction band of ZnO quantum dots if the
electric field is high enough, so that the carrier number
increased a lot because of the ZnO quantum size effect.
Both the emission current density and the field emission
uniformity are improved because of the multi emission sites
of the dendritic structure.

A group of field emission property tests have been carried
out to know if the ZnO quantum dots would affect the
emission current. The field emission I-V curves (Figure 4)
and luminescence pictures (Figure 5) of the two samples,
which are the dendritic structure carbon nanotube film 1
embedded with zinc oxide quantum dots and the common
carbon nanotubes film 2 on the silicon substrate, were
acquired. The vertical line corresponds to the current of
50 μA, and the horizontal line corresponds to voltage 500 V
as shown in Figure 4. The turn-on voltage of the film 1 is
420 V, and the film 2 is 749 V. Since the space between the
cathode and the anode is 300 μm, the turn-on field of the
film 1 and film 2 are 1.3 V/μm and 2.5 V/μm at a current of
2μA, respectively. The turn-on field of the dendritic carbon
nanotubes film cathode is lower, because there is enough
space between emission sites to decrease the shielding effect,
and its local field of the emission site is high enough for the
electronic overflow at lower voltage. The film 2 need higher
electric field to produce the same emission current with that
of the film 1, for example, the voltage applied on film 1 is
1060 V and film 2 is 1209 V when the current is100 μA. The

electrons were transported through the carbon nanotube and
the dendritic carbon nanotube embedded with zinc oxide,
respectively, under the same electric field. For the latter,
electrons transported through the covalent bond between
the dendritic carbon nanotubes and ZnO quantum dots into
the conduction band of zinc oxide quantum dots, cause
the increasing carriers to enhance the field emission current
density. Meanwhile, many new emission sites are produced
by the defects that number of were formed on the surface of
carbon nanotube by the zinc oxide quantum dots embedded.
When the electrical field reaches turn-on field, most of the
emission sites would be the current contributions. With the
help of the dendritic structure carbon nanotubes embedded
with zinc oxide quantum dots, the defects provoked by single
site would be covered up and hided by multispot emission,
so as to enhance the current and improve the emission
uniformity of the whole cathode film.

Figure 5 shows the luminous pictures of the dendritic
structure carbon nanotubes film cathode at different times
and the same applied voltage, the emission current is about
50 μA. The luminescence picture of common CNTs film is
shown in previous work [14]. Figure 5(a), which is the
situation that just achieve this current, can be seen relatively
light at lower left part, and relatively dark at the upper
right corner. The pictures after 10 seconds and 20 seconds
are shown in Figures 5(b) and 5(c), respectively. The initial
brightness of bright areas weakened, the dark area brightness
is enhanced, and the brightness of the whole region became
uniform. When the ZnO quantum dots are embedded into
the surface of carbon nanotubes, the surface of the carbon
tube defects, which constitute a new emission site, each
carbon nanotube is no longer a single emission site. When
the electric field reach a certain value, the electrons transport
into the ZnO conduction band through carbon nanotubes
and ZnO quantum dots covalent bond between the quantum
dots, and provoke carriers number increasing, resulting in
multiemission site. The work function of ZnO is about 3.3 eV
that is a little lower than that of the CNT, but it is not the
critical point that has improved the emission current density.
The ZnO tip with the nano structure can emit the electrons
under the lower field in previous work [15], so that the
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Figure 3: The SEM and TEM of the dendritic structure carbon nanotubes embedded with zinc oxide quantum dots. SEM of (a) one and (b)
many dendritic structure carbon nanotubes; (c) TEM of the dendritic structure carbon nanotubes.
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Figure 4: field emission I-V curves of samples on two different
kinds of substrates. film 1: the dendritic structure carbon nanotubes
embedded with zinc oxide quantum dots on the ZnO composite
substrates; film 2: the carbon nanotubes on the silicon substrate.

embedded ZnO QDs can indeed act as multiemission sites
under this field.

Multi emission sites will cover up the failure and defects
of the single site, and improve the overall emission unifor-
mity of the cathode film. The field emission current will
soon enter the saturation, and achieve field emission current
stability while the applied voltage remains. The uniformity
has greatly improved from the luminescence pictures.

4. Conclusion

Response on the effects of individual differences of common
carbon nanotubes on the field emission current stability
and the luminescence uniformity, zinc oxide quantum dots
and nanoparticles have been proposed to modify the carbon
nanotubes, so as to increase the emission sites and cover
up the defects caused by initial single sites. A zinc oxide
nanoparticle film was prepared on the silicon substrate
through screen-printing process, the dendritic structure
carbon nanotubes were synthesized on it as the cathode
film. The cathode film is found to be made up of the
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(a) (b) (c)

Figure 5: Field emission luminescence pictures when the emission current is 50 μA: (a) just reached the current 50 μA; (b) after 10 second,
(c) after 20 second at this current.

dendritic structure carbon nanotubes embedded with zinc
oxide quantum dots, and there is enough space between
emission sites to decrease the shielding effect, and its local
field of the emission site is high enough for the electronic
overflow at lower voltage. The contact between the root and
the substrate is stronger because the roots are buried in the
substrate. The turn-on field of the dendritic structure film
is lower than that of the common film, and the emission
current of the dendritic structure is higher than that of
the common one. The additional emission sites, which are
produced by the zinc oxide quantum dots embedded into
the surface of carbon nanotubes, covered up the failure and
defects of the single site, and improved effectively the field
emission current and luminescence uniformity of the whole
cathode film.
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Following the recent progress in integrating single-wall carbon nanotubes (SWCNTs) into silicon-based micro-electromechanical
systems (MEMS), new modeling tools are needed to predict their behavior under different loads, including thermal, electrical
and mechanical. In the present study, the mechanical behavior of SWCNTs under thermoelectrical loading is analyzed using a
large deflection geometrically nonlinear string model. The effect of the resistive heating was found to have a substantial influence
on the SWCNTs behavior, including significant enhancement of the strain (up to the millistrains range) and buckling due to the
thermal expansion. The effect of local buckling sites was also studied and was found to enhance the local strain. The theoretical
and numerical results obtained in the present study demonstrate the importance of resistive heating in the analysis of SWCNTs
and provide an additional insight into the unique mechanics of suspended SWCNTs.

1. Introduction

Integration of carbon nanotubes (CNTs), and especially
single-wall carbon nanotubes (SWCNTs) into larger scale
microelectromechanical (MEMS) silicon structures, is att-
ractive due to the unique physical properties of CNTs. CNT
technology appears to be beneficial in applications such
as SWCNTs transistor [1], SWCNTs resonators [2], and
SWCNTs-based biological, chemical [3], and mechanical
sensors [4, 5].

The progress achieved in integrating methods of SWC-
NTs into silicon structures, including MEMS devices [4–6],
set the groundwork for the creation of a new generation
of MEMS sensors, which exploit the high sensitivity of
SWCNTs along with the robustness and flexibility of the
already well established MEMS technology. Several SWCNT-
MEMS sensors were reported in the literature. In these device
physical stimuli (mechanical, electrical, magnetic, etc.) are
applied to the MEMS device. The MEMS structures deform
along with the SWCNT that serves as the sensing element.
Due to the small dimensions the SWCNTs, even small

deformations of a microstructure may generate a significant
strain in an anchored nanotube, which results in a change in
their electrical properties [4, 7]. The sensors reported to date
demonstrated high sensitivity and can be used as high end
pressure sensors [5], displacement sensors [4], mass sensors
[8] and strain sensors [9, 10]. Understanding the physics of
suspended SWCNTs is, therefore, an important task towards
the successful design of SWCNT-based devices.

Numerous studies were devoted to understanding
SWCNT mechanics, including extensive experimental, as
well as theoretical studies [11–14]. Several studies analyzed
the effect of the mechanical deformation on the electrical
[4, 15] or optical [16] properties of SWCNTs. A variety
of approaches were used in modeling SWCNT mechan-
ics, ranging from atomistic approaches, through mesoscale
approaches, up to large scale continuum mechanics (CM)
approaches. The most widely used atomistic approaches
are molecular dynamics (MD) methods, which provide
credible results [17]. However, MD methods are compu-
tationally expensive and thus limited to the modeling of
very short SWCNTs (i.e., SWCNTs of several nanometers
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Figure 1: Schematics of the device under consideration. A SWCNT is suspended between two silicon anchors and is electrically insulated
from the gate electrode.

in length [18]). Mesoscale approaches, such as coarse grained
methods or the dissipative particle dynamics [19], enable
the modeling of larger scale SWCNTs, but are still computa-
tionally expensive. The well established CM methods, on the
other hand, are computationally cheaper and are not limited
by the dimensions of the SWCNTs [11, 20]. In addition,
CM approaches often result in relatively simple and compact
models allowing analytical treatment and provides an insight
into the behavior of CNTs. Although CM models do not take
into account interatomic interactions within CNTs, several
comparative studies have shown that CM results are in close
agreement with results obtained from MD simulations [18]
or experiments [11, 21].

In spite of the vast variety of reported SWCNT modeling
approaches, the effect of resistive heating on the mechanical
deformation of a suspended SWCNT under electrostatic
loading has yet to be analyzed. As we will show below, this
effect has substantial influence on the SWCNT mechanics.
Due to poor heat transfer mechanisms in suspended SWC-
NTs, the temperature of SWCNTs can rise by hundreds of
degrees even with relatively small electrical currents [22].

In the present study, a large deflection, nonlinear sting
model was used in order to simulate the behavior of
suspended SWCNTs. Contrary to most previously reported
studies in which SWCNTs were modeled as a beam, in
the current study, SWCNTs were modeled as a string. A
string model is justified by the high slenderness of realistic
nanotube devices [6, 23, 24]. We begin with considering the
nonlinear large deflection equation of equilibrium, followed
by discussing the solution to this equation for a specific
geometry. The effect of the resistive heating is then analyzed
using the string model, followed by nonlinear finite element
(FE) simulation to study of the influence of the local buckling
sites on the strain arising in the SWCNTs. Finally, discussion
and conclusions are presented.

2. Formulation

In the present study, the problem of a suspended SWCNT
under resistive heating and electrostatic force was analyzed.
The configuration of the device is shown schematically in
Figure 1. The SWCNT is suspended on a silicon structure.

The undeformed configuration of the SWCNT can be either
taut or slacked, as a function of the temperature and the pre-
stress, as will be discussed below. Drain-source voltage, Vds,
is applied to the SWCNT and generates the resistive heating.
In addition, gate voltage, Vg , is applied to the SWCNT by
a silicon electrode which is electrically insulated from the
SWCNT by a dielectric material, such as silicon dioxide
or silicon nitride. The electrode is located at a relatively
large distance from the SWCNT (several micrometers). The
distance between the anchors (attachment points) is L0. Such
an experimental setup was reported by us in [6, 23, 24].

Two main simplifying assumptions were made while
developing the device model. First, we consider a SWCNT of
high aspect ratio (long with respect to its cross-section). In
this case, the SWCNT under consideration has low bending
stiffness, the stiffness resulting from the axial tension of
the SWCNT is dominant, and the device can be considered
as a string. Second, we assume that the electrostatic force
applied to the string is independent of its deflection. Strictly
speaking, the electrostatic force applied to the SWCNT
depends nonlinearly on the gap between the SWCNT and
the electrode [25]. However, since the displacements of
the SWCNT (in the order of hundreds of nanometers) are
significantly smaller than the initial electrostatic gap (in the
order of several micrometers or even tens of micrometers),
we assume the electrostatic force to be displacement inde-
pendent. In addition, since the gate voltage (in the order of
tens of Volts) is significantly higher than the drain-source
voltage (in the order of tenth of Volts), we consider the
actuation voltage V to be equal to the gate voltage (V =
Vg) and disregard the voltage difference along the SWCNT.
Under these assumptions and taking into account the fact
that the electrostatic force is perpendicular to the SWCNT
axis, the deformed SWCNT has the form of a circular arc.
Therefore, the governing equilibrium equation is

Nκ = q, (1)

where N is the tension force, q is the electrostatic force per
unit length applied to the SWCNT, and κ is the curvature of
the deformed SWCNT.

The electrostatic force per unit length, q, was derived
by calculating the derivative of the electrostatic coenergy
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E = −CV 2/2, where C is the capacitance per unit length of
the straight tube and V is the actuation voltage, with respect
to the tube deflection. This capacitance was calculated as a
capacitance of a wire of a diameter d, a length L0 and an
electrostatic gap h, located above an infinite plane [26]. The
capacitance C is given by

C = 2πε0

ln
(
L2

0

(√
1 + 16h2/L2

0 − 1
)
/2dh

) ,
(2)

where ε0 is the dielectric permittivity of air.
The tension force, N , includes an initial pretension, N0,

which is related to the fabrication process, a tension resulting
from the elongation (stretch) in the SWCNT during the
deformation and a thermal compression force, namely,

N = N0 + EAε − EAαΔT. (3)

Here E and A = πdt are the Young’s modulus and the
SWCNT cross-section area, respectively (with d and t are
the diameter and thickness of the SWCNT, resp.), α is
the coefficient of thermal expansion (see [27]) and ΔT
is the temperature difference with respect to a reference
temperature, for example, ambient room temperature. We
note that (3), which is the constitutive relation of the
tube, incorporates an assumption that the strain within the
SWCNT is small, the stress-strain relation is linear, and the
nonlinearity is only of a geometric nature. The average strain
induced by deformation is defined as follows:

ε = L

L0
− 1, (4)

where L0 and L are the undeformed and the deformed
lengths of the tube, respectively. Note that L0 corresponds to
a state when the SWCNT has an initial tension of N0 rather
than being a stress-free SWCNT.

We note that due to the resistive heating, the string
expands and the strain decreases below the initial pretension.
For temperature differences higher than a certain value,
ΔTcr = N0/αEA, the thermal strain and the initial tensile
strain eliminate each other. Since the string cannot sustain
a compressive force, a deflection (slackness) appears. In this
case, the only tension force that governs the behavior of
the SWCNT is the stretch (see (3)) due to the transversal
electrostatic force. Therefore, we define two regimes of
the SWCNT behavior. In the first, also referred to as the
prebuckling regime, the temperature is below its critical
value ΔT ≤ ΔTcr, the SWCNT has initial length of L0, and
the constitutive relation and strain are governed by (3) and
(4), respectively. In the second regime, also referred to as
the postbuckling regime the axial tension is due to stretch,
namely, the constitutive relation is

N = EAε. (5)

Contrary to the prebuckling regime, where a temperature
increase results in a decrease in the axial force, under the
postbuckling regime, an increase in the temperature results
in elongation of the SWCNT and a larger slackness.

We emphasize that for temperature differences lower
than ΔTcr (prebuckling regime) and in the absence of a
transverse loading, the string is initially straight and the
undeformed length L0 is used in the calculation of the strain,
in accordance with (4). However, for temperature differences
higher than ΔTcr (postbuckling regime), the SWCNT has
an initial deflection (slackness). In this case, the strain is
calculated in accordance with the expression

ε = L

LT
− 1. (6)

Here, LT is the SWCNT length for zero force and it is
calculated as follows:

LT = L0[1 + α(ΔT − ΔTcr)]. (7)

In this work the strain in the prebuckling regime is calculated
using (4) while in the postbuckling regime it was calculated
using (6). Note that the strain is commonly calculated with
respect to the stress-free reference length. However, since in
experimental characterization of such systems the measured
electrical resistance is related to elongation, we calculate the
strain with respect to the length corresponding to zero force.

The geometrical relation between the undeformed (L0),
the deformed (L) lengths of the stretched SWCNT and the
curvature (κ), for both aforementioned regimes, is expressed
as follows:

L0 = 2
κ

sin
(
Lκ

2

)
. (8)

Substituting the expression for the tension N (the
constitutive relation of (3) for prebuckling regime and (5)
for the postbuckling regime) with strain (given by (4) for
prebuckling regime and (6) for postbuckling regime) into the
equilibrium (1) results in the following equilibrium equation
for the case of prebuckling:(

N0 + EA
(
L

L0
− 1

)
− EAαΔT

)
κ = q, (9)

whereas in the case of postbuckling, the equilibrium equa-
tion is

EA
(
L

LT
− 1

)
κ = q. (10)

By expressing the term for the deformed length L from
(9) and (10) and substituting them into (8), we obtain the
nonlinear algebraic equations relating the curvature of the
string to the applied electrostatic force. Under prebuckling
regime, the equation has the form of

L0 = 2
κ

sin
(
L0κ

2EA

(
q

κ
−N0

)
+
L0κ

2
(1 + αΔT)

)
, (11)

whereas under postbuckling regime the following equation is
obtained

L0 = 2
κ

sin
(
LTκ

2

(
q

κEA
+ 1

))
. (12)
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Figure 2: Forced response for a SWCNT with parameters listed in Tables 1 and 2 at different temperatures. (a) Maximum displacement. (b)
Average axial strain.

Table 1: SWCNT geometrical parameters used in the calculations.

Parameter Value

Initial (unbuckled) length 10 μm

Thickness 0.34 nm

Diameter 4 nm

Electrostatic gap 10 μm

Table 2: Material properties used in the calculations.

Parameter Value

SWCNT Young’s modulus, E 1 TPa

SWCNT initial tension, N0 (see [23]) 1 nN

Dielectric permittivity of the air, ε0 8.854 · 10−12 F/m

Thermal expansion coefficient, α (see [27]) 1 · 10−6 K−1

We note that the above mentioned model is nonlinear.
This model takes into account large SWCNTs deflections, as
well as a tension force, N , which depends on the SWCNT
deflection. In general, the electrostatic load is also not linear.
For simplicity, in the present study, it is considered to be
deflection independent. We emphasize that several studies
reported experiments which agree with the assumption
presented above [6, 23, 24].

3. Model Results

Equation (11) (for the case of ΔT ≤ ΔTcr) or (12) (for the
case of ΔT > ΔTcr) is solved in terms of the curvature κ
using the Newton-Raphson-based solver incorporated into
the MATLAB package. The geometrical dimensions as well

3002001000−100−200−300
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Δ
ε

(m
ε)

Figure 3: Average axial strain versus temperature with respect to the
temperature difference ΔT − ΔTcr for a SWCNT with parameters
listed in Tables 1 and 2. Constant actuation voltage of 50 V was
applied to the SWCNT. Note that for negative ΔT − ΔTcr the strain
was calculated using (4) while for positive ΔT −ΔTcr the strain was
calculated using (6).

as the material constants used in the calculations are listed
in Tables 1 and 2, respectively. After the deformed lengths
were calculated using (8), deflections were calculated using
geometrical relations and the average strain was calculated
over the whole length of the SWCNT using (4) and (6).

The influence of the temperature on the SWCNT behav-
ior was analyzed in Figures 2 and in 3. As mentioned, at
the critical temperature, ΔT = ΔTcr, and at temperatures
lower than the critical value, ΔT < ΔTcr (prebuckling
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Figure 5: Forced response for SWCNT with parameters listed in Tables 1 and 2, ΔTK = ΔTcr + 250[K] and different electrostatic gaps. (a)
Maximum displacement. (b) Average axial strain.

regime), the initial displacement of the SWCNT is zero. How-
ever, for temperatures higher than the critical temperature
(postbuckling regime), a thermal buckling appears and the
SWCNT has an initial nonzero displacement corresponding
to infinitesimally small external load, Figure 2(a). Note that
the maximum displacement (the displacements correspond-
ing to the midpoint of the SWCNT) is in the order of
hundreds of nanometers.

Figure 3 represents the strain of the SWCNT under
a constant actuation voltage of 50 V. It can be noticed

that in the pre-buckled regime, the strain increases with
temperature, namely, the temperature has a softening effect
on the SWCNT. This can be explained by the fact that the
compressive component of the axial force increases with the
temperature, so that high temperatures are associated with
SWCNT of lower tension. However, when thermal buckling
takes place, an opposite trend of stiffening of the SWCNT
was noticed. In this case, the SWCNT has initial slackness
which results in higher stiffness since the axial force, which
is horizontal before buckling takes place, has a component
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Figure 6: An illustrative image of a SWCNT buckling site.

Suspended

SWCNT
midpoint

Local
buckling Fixed

Buckling Fixed

Figure 7: Schematic view of the FE model after the creation of the
local buckling site. The three region of the SWCNT (fixed, hinge,
and suspended areas) are shown.

in the lateral direction. As the slackness increases, this lateral
component increases as well due to the larger slope of the
SWCNT.

Next, the behavior of SWCNTs with different lengths and
electrostatic gaps is shown in Figures 4 and 5, respectively,
for ΔT = ΔTcr + 250[K]. Note that due to the geometric
nonlinearity, the dependence between the force and the
maximum deflection is nonlinear. We emphasize that the
strains plotted in Figures 2(b), 4(b), and 5(b) can be as high
as several millistrains. Such a significant strain was reported
to have substantial effect on SWCNT electrical behavior
[5, 7, 9, 18].

4. Influence of the Loading on
Local Buckling Sites

The results shown in Section 3 demonstrate that resistive
heating can cause the deflections to be in the order of
hundreds of nanometers. The influence of such significant
deflections was analyzed in this section. Here, we analyze
how this thermal heating, and resulting large deflections,
influence local buckling sites previously reported in sus-
pended SWCNTs [28]. These buckling sites, shown schemat-
ically in Figure 6, may result either from intentional SWCNT
loading or unintentional bending during the fabrication
process. Buckling in the fabrication process originates mainly
due to strong van der Waals forces, which are dominant
surface forces in nanoscale structures (see [13, 17, 28] for
more information regarding surface forces and buckling in
SWCNTs).

(a)

(b)

Figure 8: Finite element model built in ADINA software. (a) Site
with no buckling. (b) Local buckling site.
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Figure 9: Strain versus the axial coordinate obtained from FE
simulation for maximum SWCNT displacement of 300 nm. Three
regions are defined. The region where the SWCNT is fixed, the
region which surrounds the buckling site, and the region where
the SWCNT is suspended. Inset: local strain versus the maximum
SWCNT displacement for the node of maximum strain.

To understand the effect of these buckling sites on
SWCNT mechanics, an FE model was built in ADINA soft-
ware. The SWCNT was meshed with large displacement shell
elements. The symmetries of the problem were exploited to
build compact model. Due to the transverse and longitudinal
symmetries, only a quarter of a SWCNT was taken into
the FE model. In addition, the boundary conditions include
a 0.5μm long segment which is anchored (fixed) at its
bottom. The other end, which represents the midpoint of the
SWCNT, was free to deflect but was enforced to have a zero
angle. A schematic description of the FE model is shown in
Figure 7.

Initially, a SWCNT without buckling sites was built
(Figure 8(a)). The simulation had two parts. In the first
part, a displacement was enforced and remained constant in
the area of the buckling site in order to create a structure
similar to buckling sites observed in SWCNTs (Figure 8(b)).
Next, displacements were applied to the midpoint of the
SWCNT and were gradually increased until displacements
of hundreds of nanometers were achieved. Strain presented
in Figure 9 was calculated with respect to the state of
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zero displacement applied to the midpoint of the SWCNT,
namely, with respect to the initial strain of the second part of
the simulation.

The results of the FE simulation are shown in Figure 9.
Three main regions are clearly identified. The first is the
region that represents the strain in part of the SWCNT which
is fixed (marked as “fixed” in Figures 7 and in 9), the second
region is the part that surrounds the local buckling site
(marked as “local buckling” in Figures 7 and in 9), and the
last part is the suspended part of the SWCNT (marked as
“suspended” in Figures 7 and in 9). We emphasize that the
region that surrounds the local buckling site underwent a
significant strain in the order of several tens of mili-strain.
The relation between the local strain and the maximum
SWCNT displacement is shown in the inset of Figure 9 for
the node that demonstrated the maximum strain. Therefore,
one can conclude that the local buckling sites can have an
enhancing effect on strain generated in SWCNTs.

5. Conclusions

The mechanical behavior of SWCNT under resistive heating
and electrostatic loading was analyzed. A SWCNT was
modeled as a string, and a large displacement, nonlinear
model was developed. The governing equations were solved,
and model results show that with sufficient large resistive
heating, SWCNT can buckle and thus may demonstrate
significantly different mechanical behavior. The effect of the
geometrical parameters (length and electrostatic gap) on the
SWCNT behavior were also analyzed. Finally, the influence
of local buckling sites was analyzed and was found to have
an enhancing effect on the SWCNTs local strain. Therefore,
the presented results provide an important insight into the
unique mechanics of suspended SWCNTs.
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Metal-encapsulating onion-like fullerenes (M@OLFs) were synthesized by CVD at relatively low temperature (420◦C) using Fe
and Co nanoparticles impregnated into NaCl as catalyst. The morphology and structure of the products were characterized by
field emission scanning electron microscopy, high-resolution transmission electron microscopy, X-ray diffraction, and Raman
spectroscopy. The results show that Fe@OLFs and Co@OLFs with stacked graphitic fragments were prepared using Fe/NaCl or
Co/NaCl as catalysts; after Co@OLFs were immersed in concentrated HCl for 48 hours, Co nanoparticles encapsulated by carbon
shells were not removed, meaning that carbon shells can protect the encapsulated Co cores against environmental degradation.
The coercivity value (750.23 Oe) of Co@OLFs showed an obvious magnetic property.

1. Introduction

Since the report by Ugarte in 1992 [1], onion-like fullerenes
(OLFs) have been expected to have good prospects in some
aspects of energy materials, high-performance/high temper-
ature wear-resistance materials, superconductive materials,
and biomaterials [2]. Metal-encapsulating OLFs (M@OLFs)
have potential application in many fields such as magnetic
data storage, xerography, and magnetic resonance imaging
[3]. At present, M@OLFs have been prepared by various
techniques, such as electron irradiation [4], arc discharge
[5], plasma [6], explosive decomposition of organometal [7],
and chemical vapor deposition (CVD) [8, 9]. Among these
methods, CVD appears promising because of its relatively
low cost and potentially high yield. The catalyst, which can
be categorized into floating catalyst and supported catalyst,
plays essential role in CVD. Compared with the floating
precursors, the supported catalyst plays the role of dispersing
active components and adjusting catalyst properties via
the chemical or physical interaction of support with metal

nanoparticles. Various kinds of catalyst supports such as
Al2O3, MgO, CaCO3, and zeolite were used to synthesize
nanocarbon materials [10–13]. However, it is difficult to
separate these supports from the final products. On the
other hand, water-soluble materials as catalyst supports
can be easily separated from the product. Soluble silicate,
carbonate, and chloride were employed as catalyst supports
to synthesize carbon nanofibers or carbon nanotubes (CNTs)
[14–16]. However, little attention was paid to the synthesis
of M@OLFs using water-soluble materials as catalyst sup-
ports. Liu et al. [17] employed cobalt supported on NaCl
prepared by mechanical milling as catalyst to synthesize
carbon-encapsulated cobalt nanoparticles, but the method to
fabricate catalyst was somewhat complicated.

In the present study, M@OLFs were synthesized by CVD
at relatively low temperature (420◦C) using Fe and Co
nanoparticles impregnated into NaCl support as catalysts,
and the magnetic property of Co@OLFs was also studied.
This work is of interest for the low cost production of
OLFs.
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2. Experimental

2.1. Synthesis of Fe/NaCl and Co/NaCl Catalysts. Fe/NaCl
and Co/NaCl with about 2 wt% Fe or Co were prepared by
means of impregnation. First, 1.76 g of Fe(NO3)3·9H2O or
1.49 g of Co(NO3)2·6H2O was dissolved in an appropriate
amount of distilled water. Then 14.85 g of NaCl was added
into Fe(NO3)3 or Co(NO3)2 solution. To get homogeneous
mixture, the mixture was stirred for 1 h and then dried
at 120◦C. The obtained catalysts were ground into fine
particles.

2.2. Synthesis of M@OLFs. The catalytic decomposition of
C2H2 was carried out at 420◦C in a horizontal furnace, using
Fe/NaCl and Co/NaCl as catalysts separately. An 18 mm-
long quartz boat with about 2.50 g of catalyst was placed
at the isothermal zone in a horizontal quartz tube reactor.
Initially, the tube was heated up to 420◦C in 100 ml·min−1

of steady Ar flow. The catalysts were reduced at 420◦C in a
hydrogen atmosphere for 1 h. Then synthesis reactions were
carried out at 420◦C by introducing a mixture of C2H2-Ar
(C2H2: 30 ml·min−1, Ar: 300 ml·min−1) into the reactor.
After 1 h, the reactor was cooled to room temperature in
Ar atmosphere (80 ml·min−1) and the black powders were
collected.

2.3. Purification of M@OLFs. To separate NaCl, the products
were dissolved in an appropriate amount of distilled water
and filtered, which are denoted as H2O-washed samples.
In addition, to remove the residual metal catalyst, the as-
synthesized samples were immersed in concentrated HCl
solution at room temperature for 48 h, and then washed
and filtrated with distilled water, which are denoted as HCl-
washed OLFs.

2.4. Characterization of M@OLFs. The morphology and
structure of the samples were characterized using field
emission scanning electron microscope (FESEM, JSM-6700F,
operated at 10 kV), high resolution transmission electron
microscope (HRTEM, JEM-2010, working at an accelerating
voltage of 200 kV), X-ray powder diffractometer (XRD,
D/Max-3C, Cu-Kα radiation, λ = 1.54018 Å), and thermo-
gravimetric analyzer (TGA, Netzsch TG 209 F3, between
room temperature and 900◦C in air atmosphere at heating
rate of 10◦C/min). The magnetic property measurement was
conducted with a vibrating sample magnetometer (VSM,
Lake Shore 7307).

3. Results and Discussion

FESEM was used to investigate the morphologies of the
products (Figure 1). It can be obviously observed that
there were large quantities of nanoparticles in the products
without accompanying CNTs or nanofibers (Figure 1(a)).
To analyze the elemental composition for the products, the
EDS spectra were shown in the insert. From the insert in
Figure 1(a), C, Fe, and O signals were observed. And from
the insert in Figure 1(b), C, Co, and O signals were clearly
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Figure 1: FESEM images of H2O-washed products prepared on
different catalysts. (a) Fe/NaCl, (b) Co/NaCl.

observed. No Na and Cl signals were exhibited, indicating the
complete removal of NaCl.

The products were further characterized by HRTEM
to study the particle size and structure. Figure 2(a) shows
the TEM image of H2O-washed OLFs synthesized using
Fe/NaCl as catalyst. Most metal nanoparticles were wrapped
by carbon layers, and the sizes were in the range of 10–50 nm.
The diversity in the shapes of the carbon nanocages encapsu-
lating metallic particle reflects the shapes of the encapsulated
metallic particles. Figure 2(b) shows the TEM image of
H2O-washed OLFs synthesized using Co/NaCl as catalyst.
A mass of metal-encapsulating carbon nanoparticles can be
seen ranging in diameter from 10 to 60 nm besides little
hollow carbon indicated by an arrow. Figures 2(c) and 2(d)
show the TEM images of HCl-washed OLFs synthesized
using Fe/NaCl and Co/NaCl as catalysts, respectively. The
metal nanoparticles encapsulated by carbon shells were not
removed after immersing in concentrated HCl for 48 h.
It means that carbon shells can protect the encapsulated
metal cores against environmental degradation. The HRTEM
images of HCl-washed OLFs synthesized using Fe/NaCl and
Co/NaCl as catalysts (Figures 2(e) and 2(f)) indicate that the
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Figure 2: TEM images of H2O-washed OLFs synthesized using Fe/NaCl (a) and Co/NaCl (b) as catalysts, hollow OLF as indicated by an
arrow; TEM images of HCl-washed OLFs synthesized using Fe/NaCl (c) and Co/NaCl (d) as catalysts; HRTEM images of HCl-washed OLFs
synthesized using Fe/NaCl (e) and Co/NaCl (f) as catalysts.

metallic cores were encapsulated by graphitic sheets. This
implied that both Fe/NaCl and Co/NaCl can be used as
catalysts to synthesize M@OLFs by CVD using acetylene as
carbon resource at 420◦C, and carbon shells can protect the
encapsulated metallic cores.

Based on our experimental results and previous inves-
tigations, a vapor solid (VS) growth model of M@OLFs

at low temperature was suggested [18]. Firstly, C2H2 was
absorbed onto metal nanoparticle surface and decomposed
into carbon atoms; secondly, assembled carbon atom clusters
began to diffuse in the crystal lattice of metal particles until
carbon species got supersaturated; thirdly, carbon species
precipitated and nucleated on catalyst nanoparticle surface,
resulting in the formation of small graphitic fragments with
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Figure 3: (a) XRD patterns of H2O-washed OLFs (A) and HCl-washed OLFs (B) synthesized using Fe/NaCl as catalyst; (b) XRD patterns of
H2O-washed OLFs (A) and HCl-washed OLFs (B) synthesized using Co/NaCl as catalyst.

a lot of defects. The small graphitic fragments combined with
each other by their dangling bonds in order to reach a more
stable state, and at the same time, the defects on the surface
of the graphitic fragments might act as nucleation sites for
the deposition of decomposed carbon species followed by
the nucleation of pentagonal or hexagonal rings. Thus OLFs
grew in isotropic way continuously until no carbon source
was supplied. Because the reaction temperature was too low
to supply enough energy to induce the rearrangement of
carbon atoms in the graphitic fragments, the formed OLFs
had a structure of stacked graphitic fragments.

The products were further characterized by XRD
(Figure 3). Figure 3(a) shows the XRD patterns of Fe@OLFs
synthesized using Fe/NaCl. The peak attributed to the
diffraction of carbon at 2θ = 22.6◦ indicates that OLFs
had a structure of stacked graphitic fragments, which was
between amorphous carbon and concentric graphitic layers.
The peaks at 2θ = 43.75◦ and 44.95◦ can be ascribed to
the diffraction of Fe3C, indicating that the metallic cores
inside the OLFs were Fe3C. And the peak attributed to the
diffraction of Fe2O3at 2θ =35.4◦ was also observed. After
immersing the products in concentrated HCl for 48 h, the
peak attributed to the diffraction of Fe2O3 disappeared. It
means that some catalyst nanoparticles were not encapsu-
lated completely and converted to Fe2O3 when exposed to air.
Figure 3(b) shows the XRD patterns of H2O-washed OLFs
(A) and HCl-washed OLFs (B) synthesized using Co/NaCl
as catalyst. A broad diffraction peak at about 26.3◦was
assigned to the (002) planes of hexagonal graphite structure.
The peak at 2θ = 44.9◦ was identified to the (111) planes
of Co with a face-centered cubic (fcc) structure, indicating
that the metallic cores inside the OLFs were Co. After
immersing the products in concentrated HCl for 48 h, the
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Figure 4: TG curves of H2O-washed Co@OLFs (a) and HCl-
washed Co@OLFs (b).

peaks attributed to the diffraction of Co became weaker,
indicating the removal of bare Co nanoparticles.

Co@OLFs synthesized using Co/NaCl as catalysts were
further investigated by TG. The content of Co in H2O-
washed and HCl-washed OLFs was calculated as 25.6 wt%
and 14.2 wt%, respectively, in accordance with the XRD
measurement.

The magnetic property of the HCl-washed Co@OLFs at
room temperature is shown by the magnetization hysteresis
loop (Figure 5). For magnetic nanoparticles, the magnetic
properties, especially the saturation magnetization Ms and
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coercive force Hc, are dependent upon chemical composition
and particle size [19]. The curve is symmetric around H = 0,
with a saturation magnetization (Ms) of 17.70 emu/g and
a coercivity (Hc) of 750.23 Oe. Here, the Ms of Co@OLFs
is much lower than that of bulk Co (Ms = 162.5 emu/g)
[19]. The decrease of the saturation magnetization may be
attributed to the inclusive phases of carbon (e.g., carbon’s
diamagnetic contribution), and the surface coating effects
[19], in view of the fact that Co nanoparticles were entirely
encapsulated by carbon. These effects are expected to become
more prominent for smaller particles owing to their larger
surface-to-volume ratio. Moreover, the data for the ratio of
remanence to saturation magnetization (Mr/Ms = 0.42)
indicates the good ferromagnetism of Co@OLFs at room
temperature.

The magnetic property of the Co@OLFs can also be
tested qualitatively, as shown in Figure 6. The Co@OLFs were
dispersed homogeneously in ethanol solution in a colori-
metric tube by ultrasonic vibration (Figure 6(a)). After a
magnet was placed on the outer wall of colorimetric tube for
10 min, the black products were aggregated on the inner wall
of tube (Figure 6(b)), suggesting the ferromagnetic property

of Co@OLFs, which may be of potential application in
electronic devices, high-density magnetic memories, sensors,
and electrochemical energy storage.

4. Conclusions

Fe/NaCl or Co/NaCl were used as catalysts to fabricate
Fe@OLFs with diameters of 10–50 nm or Co@OLFs with
diameters of 10–60 nm by CVD using acetylene as carbon
resource at 420◦C. NaCl was easily separable from the
product just by a washing process. The metallic cores inside
the OLFs were Fe3C when Fe/NaCl was used as catalyst
and Co nanoparticles when Co/NaCl was used as catalyst.
After immersing the as-synthesized products in concentrated
HCl for 48 h, bare metal nanoparticles were removed while
the metal nanoparticles encapsulated by carbon shells were
unaffected. It means that carbon shells can protect the encap-
sulated metallic cores against environmental degradation.
The coercivity value (750.23 Oe) of Co@OLFs showed an
obvious magnetic property.
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We have realized a diameter tuning of single-walled carbon nanotubes (SWNTs) by adjusting process gas pressures with plasma
chemical vapor deposition (CVD). Detailed photoluminescence measurements reveal that the diameter distribution of SWNTs
clearly shifts to a large-diameter region with an increase in the pressure during plasma CVD, which is also confirmed by Raman
scattering spectroscopy. Based on the systematical investigation, it is found that the main diameter of SWNTs is determined by
the pressure during the heating in an atmosphere of hydrogen and the diameter distribution is narrowed by adjusting the pressure
during the plasma generation. Our results could contribute to an application of SWNTs to high-performance thin-film transistors,
which requires the diameter-controlled semiconductor-rich SWNTs.

1. Introduction

Single-walled carbon nanotubes (SWNTs) [1] have attracted
intense attention due to their prominent electrical and opti-
cal properties [2–6]. One of the most promising electrical
applications of SWNTs is to fabricate a thin-film field-effect
transistor (FET) exploiting their flexible structure and high
carrier mobility [7–9]. Since the mixture of metallic SWNTs
in the FET channel increases leak currents between source
and drain electrodes, which results in low on/off ratios,
the selective growth of semiconducting SWNTs is urgently
required. The band gap of SWNTs and contact resistance
between nanotubes and electrodes are strongly influenced
by the tube diameter [10, 11]. Thus, it is indispensable to
grow diameter-controlled semiconductor-rich SWNTs for
realizing high-performance SWNTs-based thin-film FETs. It
is known that the SWNTs grown by plasma chemical vapor
deposition (CVD) show a tendency to contain semiconduct-
ing SWNTs with concentration higher than that by the other
growth methods such as arc discharge, laser ablation, and
thermal CVD, while their detailed mechanisms are still under
investigation [12–15]. Although plasma CVD can be one
of the promising approaches to obtain the abovementioned
well-diameter-controlled semiconductor-rich SWNTs, the

difficulty in controlling the plasma conditions has gotten in
the way of realizing the precise diameter tuning of SWNTs.

Here, we demonstrate the diameter tuning of SWNTs by
changing the gas pressure during the CVD process. Detailed
photoluminescence (PL) and Raman scattering spectroscopy
analyses reveal that the main diameter of SWNTs becomes
large with an increase in the gas pressure. The systematic
investigation is also carried out to figure out the mechanism
of the diameter variation.

2. Experimental

2.1. SWNTs Growth. A home-made diffusion plasma CVD
system was utilized for the growth of freestanding SWNTs
[16, 17]. The Fe (thickness (t): 0.5∼1 nm)/Al2O3 (t: 20 nm)
multilayer catalyst was formed on an Ag substrate (t:
0.2 mm) by a vacuum evaporation and a sputtering method,
respectively. A capacitively coupled plasma was generated
by supplying a radio-frequency (RF: 13.56 MHz) power
(PRF) to an upper electrode. A mesh grid was used as an
anode to promote spatial diffusion of plasmas. A substrate
was placed on a heater which was located underneath the
lower anode-electrode. The distance between the lower
electrode and the substrate was fixed at 70 mm. The growth
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Figure 1: (a) SEM and (b), (c) TEM images of freestanding individual SWNTs. (d) Raman scattering spectrum (488 nm excitation) of
freestanding individual SWNTs. Inset of (d) is emphasis of the RBM region.

of SWNTs by plasma CVD was carried out with the following
procedures. First, the system was pumped down to a base
pressure of 10−2 Pa with rotary and diffusion pumps. The
substrate was heated up to 600◦C under an Ar flow, and
then the Ar gas was immediately switched to a methane and
hydrogen mixture gas (3 : 7 mixture ratio). Note that a total
pressure during the heating process was set to be as the same
as that during the growth unless otherwise specified. When
the total pressure reached a desired pressure (20–650 Pa),
the PRF of 80 W was supplied to generate plasmas and the
SWNT growth was started. The growth time was 20 sec.
After the SWNT growth, the methane and hydrogen gases
were pumped out and an Ar gas was introduced into the
system in order to cool down the substrate.

2.2. Electron Microscope Analysis. As-grown states of free-
standing SWNTs were analyzed with a scanning electron
microscope (SEM, Hitachi 4100) and a transmission electron
microscope (TEM, Hitachi HF-2000). A thin Cu wire (dia. =
100 μm) covered by the Fe/Al2O3 catalyst was utilized as a
substrate, which was able to be directly set in a TEM holder
without any conventional TEM grid.

2.3. Photoluminescence Analysis. Photoluminescence-exci-
tation (PLE) measurements were performed with a JY
(Horiba) Fluorolog-3 system. The excitation wavelength was
varied from 500 to 828 nm in 4 nm step, and emission
signals were accumulated for 20 sec in each excitation step.
Excitation and emission slit widths were fixed at 10 nm.
In order to cut the Rayleigh scattering, optical filters
(Sigmakoki, ITF-50S-83IR, ITF-50S-85IR) were set in front
of a liquid-nitrogen-cooled InGaAs array detector.

2.4. Raman Scattering Spectroscopy Analysis. Raman scatter-
ing spectra were taken with 488 nm Ar laser and 632.8 nm
He-Ne laser excitations. As-growth SWNTs were used for this
Raman scattering analysis.

3. Results and Discussion

Figures 1(a)–1(c) show typical SEM (a) and TEM (b, c)
images of the as-grown SWNTs produced by diffusion
plasma CVD. SWNTs are found to be grown in the freestand-
ing form [17]. The existence of SWNTs is also confirmed
by a Raman scattering spectrum as shown in Figure 1(d).
In general, electrostatic potentials in plasmas sharply drop
in the interface between the plasmas and solid materials,
forming strong electric fields on the surface of the solid
materials. Since the polarization constant of SWNTs in an
axial direction is extremely high, the strong dipole moment
is induced in the axial tube direction in the presence of
electric fields. Due to the energy stability of the dipole
moments under the electric fields, SWNTs tend to align
with the electric fields. This is a possible explanation for the
freestanding growth of SWNTs in the case of plasma CVD
[18].

PL spectroscopy is a powerful tool to assign each chirality
of semiconducting SWNTs [19, 20]. Since excited excitons
in the semiconducting SWNTs are easily quenched through
the metallic SWNTs, each SWNT has to be well isolated to
observe the occurrence of the optical emission. Thus, PL
measurements of SWNTs are usually carried out with the
dispersed SWNTs in the specific chemical solution. Owing to
the unique freestanding as-grown state of SWNTs grown by
diffusion plasma CVD, it is possible to obtain the PL signal
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Figure 2: (a–d) PLE maps of as-grown freestanding SWNTs grown at the different pressures: (a) 550 Pa, (b) 300 Pa, (c) 100 Pa, and (d) 40 Pa,
respectively. (e) Growth pressure dependence of RBM in Raman scattering spectra (632.8 nm excitation) of as-grown freestanding SWNTs.

from the as-grown SWNTs without any chemical dispersion
[21].

Figures 2(a)–2(d) give PLE maps of as-grown SWNTs
produced at different gas pressures. It is to be noted that
all the PLE measurements are carried out immediately after

the growth process in order to prevent the freestanding
SWNTs from forming bundles, which causes significant PL
changes [21]. It is found that peaks in the PLE map at the
high growth pressure (Figure 2(a)) tend to appear in the
range of long excitation and emission wavelengths. The peak
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Figure 4: (a–c) PLE maps and (d–f) population-diameter histograms of as-grown freestanding SWNTs. The pressures during heating and
growth are (a, d) both 60 Pa, (b, e) 500 Pa and 60 Pa, and (c, f) both 500 Pa, respectively.

positions shift to the region of short excitation and emission
wavelengths with a decrease in the growth pressure (Figures
2(b)–2(d)). Since each peak corresponds to each chirality
in the sample and smaller-diameter SWNTs are positioned
in the shorter wavelength region, the peak-position shift
in the PLE map indicates that the diameter distribution
of produced SWNTs is strongly influenced by the growth
pressure. Thus, lower pressure enables the SWNTs diameter
to become smaller. This diameter dependence on the growth
pressure is also reflected in Raman scattering spectra of
SWNTs grown at the different growth pressures. Figure 2(e)
demonstrates that peak positions of the radial breathing
mode (RBM) clearly shift from higher to lower values of wave
number with an increase in the growth pressures. Here the
RBM peak position and the SWNTs diameter are known to
have a close correlation, which is ω = 248/d [22], where ω
and d are RBM peak position (cm−1) and diameter (nm),
respectively. This result is fairly consistent with the PLE result
shown in Figures 2(a)–2(d). The typical pressure range where
SWNTs can be grown is from 30 Pa to 650 Pa, which depends
on the PRF used for the plasma generation. Although the
absolute intensity of G-band in Raman scattering spectra
decreases in the low or high pressure range, the G-band
to D-band ratio is almost the same. This indicates that the
quality of SWNTs should be the same in any pressure range
whereas the density of SWNTs depends on the pressure.
When we increase the input PRF, it is possible to grow SWNTs

even below 30 Pa, which means that the lack of hydrocarbon
supply is significant under the lower pressure condition, and
hence additional input PRF is required to increase the density
of active species used for the growth of SWNTs.

Since the optical absorption and emission efficiency of
each SWNT depend on its chirality, the PL emission intensity
does not directly correspond to the population of each chiral-
ity SWNT. To discuss the population of SWNTs, it is therefore
required to inspect the optical absorption and emission
efficiency of each chirality SWNT. Figures 3(a)–3(d) and
3(e)–3(h) are SWNTs population histograms as the functions
of diameter and chiral angle of SWNTs produced at the
different growth pressures. These data are calculated from the
absolute PL intensities shown in Figures 2(a)–2(d) and the
optical efficiencies obtained from the theoretical calculation
[23]. It is worthy of being noted that the detectable diameter
range is 0.75–1.2 nm in this study due to the limitation of
the PL detector used. The larger diameters of SWNTs (1.1-
1.2 nm) are confirmed to be dominant in the samples grown
at the high pressures, and the main diameter shifts to around
1.0 nm with a decrease in the growth pressure. In contrast,
there is no clear difference of chiral angle-among the growth
pressures. In all the cases, near-armchair (25–30 deg) SWNTs
show the highest population, which is similar to the SWNTs
grown by the other methods [24]. The mechanism of the
near-armchair rich growth is still unclear. In general, the chi-
rality can be determined by the initial cap structure formed



6 Journal of Nanomaterials

on the catalyst particle surface. For the stable cap formation,
it is required to satisfy the isolated pentagon rule [25].
This cap structure stability might have effects on the higher
population of near-armchair SWNTs than the other types of
SWNTs.

In order to understand the mechanism of diameter
shift depending on the process pressure, we carried out
the systematic investigation. Since the pressures during
the heating and growth are the same in our growth
process, the process pressure affects both the heating and
growth process. In order to clarify which exercises a critical
effect on the diameter tuning of SWNTs, we performed
experiments on the SWNTs growth under the following
conditions; the pressures during the heating and growth
are (1) both 60 Pa, (2) 500 Pa and 60 Pa, and (3) both
500 Pa, respectively. Figures 4(a)–4(c) and 4(d)–4(f) are
PLE maps and population-diameter histograms of SWNTs
produced under the conditions (1) (a and d), (2) (b and
e), and (3) (c and f), respectively. For the simplification,
we define the diameter ranges 0.75–1.0 nm and 1.0–1.2 nm
as “small” and “large,” respectively. When we compare the
conditions (1) and (2), it is found that the population
of small-diameter SWNTs decreases but the population of
large-diameter SWNTs increases. Although we do not have
any evidence about the catalyst particle size change after
the high-pressure annealing, we believe that the catalyst
size becomes large due to their aggregation after the high-
pressure annealing, which results in the growth of larger-
diameter SWNTs because the other growth conditions are
completely the same for these two samples. Interestingly,
the clear difference is also found between the conditions (2)
and (3). Although the population of large-diameter SWNTs
is almost the same, the growth of small-diameter SWNTs
is obviously suppressed. This can be explained as follows.
The density of reactive hydrocarbon radials and ions should
increase under the higher growth-pressure conditions. In the
high carbon-supply condition, the small catalyst can be deac-
tivated due to the oversupply of hydrocarbons, and hence
the population of small-diameter SWNTs decreases. These
indicate that the heating pressure is important to control the
catalyst size distribution, which directly influences the main
diameter of SWNTs, and that the pressure during plasma
CVD is also important to narrow the SWNTs diameter
distribution.

4. Conclusions

We have investigated the diameter distributions of plasma
CVD-grown SWNTs in their as-grown state by PLE mapping
and Raman scattering spectroscopy analyses. The pressure
dependence study reveals that the process pressures strongly
influence the SWNTs diameter distribution in plasma CVD.
Furthermore, it is found that the catalyst particle size
distribution can determine the main diameter of SWNTs
and that their distribution can be narrowed by adjusting the
plasma conditions. Our results could contribute to precisely
and perfectly controlling the structure of as-grown SWNTs
in the near future.
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We synthesize carbon nanotube (CNT)/carbon composite using catalyzed carbonization of CNT/Epoxy Resin composite at a fairly
low temperature of about 400◦C. The microstructure of the composite is characterized by scanning electron microscope (SEM),
transmission electron microscope (TEM), and X-ray diffraction (XRD). The results indicate that CNTs and pyrolytic carbon blend
well with each other. Pyrolytic carbon mainly stays in an amorphous state, with some of it forming crystalline structures. The
catalyst has the effect of eliminating the interstices in the composites. Remarkable increases in thermal and electrical conductivity
are also reported.

1. Introduction

Owing to the superior thermal, electrical, and mechanical
properties, carbon nanotube (CNT) has been widely used in
composite materials, especially in polymer based composites
[1–9]. Carbon nanotube/carbon (CNT/C) is a promising
new composite to make a better contact between CNT and
the matrix material. For one thing, CNT and carbon have
the same constituent atoms, which will tend to make a better
connection between them. For another, carbon itself is a
kind of material with better conduct properties than most
of polymers, so the CNT/C composite has the potential
to gain higher conducting performance than CNT/polymer
composites.

Some attempts have already been made on the synthesis
of CNT/C composites; many of which are inspired by the
processing methods of carbon/carbon (C/C) composites,
using either chemical vapor infiltration (CVI) method [10,
11] or high pressure impregnation carbonization method
[12–15]. High temperature or high pressure is needed in
such processes. In the field of application, CNT/C composites
can be utilized in many aspects, as structural or functional
materials. Researchers have added CNTs into carbon to
promote the tribological behavior [10, 16], to improve the
absorption property [17, 18], to make electrodes [19, 20] for
electrochemistry, and so on.

In our previous work [21], we proposed a facile
postprocessing way to fabricate aligned CNT array/carbon
composites at relatively low temperature and pressure. In
this paper, we follow the in-situ method, using catalyzed
carbonization of organic material to make homogenous
CNT/C composite, making it a promising method for large-
scale production. Instead of aligned CNT array and glucose,
we utilize dispersed multiwalled CNTs and epoxy resin in the
process, making it a more general situation. We believe that
by this method the material structures can be tuned a lot.
We did contrast experiment to analyze the role of the catalyst
in the carbonization process. In addition, we measured the
thermal properties of the composite and found a remarkable
increase in the thermal conductivity and decrease in the
contact thermal resistance. Electrical conducting property is
also tested.

2. Experimental

The raw multi-walled CNTs were grown by chemical vapor
deposition (CVD). The purity of the CNTs is 95%, with
diameter about 20 nm and length around 10 μm. Epoxy resin
is chosen as carbon resource to produce pyrolytic carbon.
The catalyst of carbonization is ferrocene. We first synthe-
size CNT/Epoxy resin composite, with around 2 wt % of
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Figure 1: SEM top view of as-prepared CNT/C composites (a)
without and (b) with ferrocene catalyst.

multi-walled CNTs and 0.1 wt % of ferrocene. The process is
as follows: we put CNTs into epoxy monomer and add some
ethanol to enhance fluidity. After that the mixture is stirred
for 1 hour before another hour of ultrasonic treatment. Then
it is cooled down and added into the catalyst and curing
agent, which in our case is polyamide resin. Another hour
of stirring will be needed before we put the mixture into the
mold and wait about 12 hours for complete curing. Then
the sample was heated in a vacuum tube furnace, which
was gradually elevated to 400◦C from room temperature
and maintained this temperature for 1 hour before cooling.
Nitrogen atmosphere was used in this treatment to protect
the sample from oxidation. We had tried this temperature
in the range 200–600◦C. We found that 400◦C was more
favorable.

Scanning electron microscopy (SEM, Sirion 200, reso-
lution 1.0 nm) and high resolution transmission electron
microscopy (HRTEM, Tecnai G2 F20 S-Twin, resolution
2.4 nm) were used for characterization of microstructures.
Thermal conductivity and contact resistance were measured
by the static method, using an apparatus designed according
to ASTM D5470, which was described elsewhere [8]. The
samples have two kinds of shapes, plates with a diameter of
11.5 mm and 25 mm. They have different thickness, ranging
from 0.5 mm to 2 mm. Electrical conductivity was measured
by a four-point method, using Keithley’s Model 2410 High-
Voltage SourceMeter.

3. Results and Discussion

Since the temperature of carbonization was fairly low, the
weight loss of the material was as low as about 20%. The
density of the obtained CNT/C sample was 0.98 g/cm3,

which was remarkably higher than the typical pristine CNTs
tablet (0.65 g/cm3). The enhancement in density shows that
pyrolytic carbon fills the interstices between the CNTs, and
instead of increasing the volume, the pyrolytic carbon holds
the CNTs closer, forming a much denser material.

The microstructure of as-prepared CNT/C composites is
shown in Figure 1. The sample in Figure 1(a) is synthesized
by directly carbonizing CNT/Epoxy resin while the other
sample made by catalyzed carbonization of CNT/Epoxy resin
is shown in Figure 1(b), with ferrocene as a catalyst. We can
see from the two pictures that CNTs blend well with the
pyrolytic carbon, forming block structures. The dispersed
CNTs are buried under the surface of pyrolytic carbon,
establishing the framework of the blocks while the pyrolytic
carbon closely surrounds the CNTs, making a compact
compound structure. Such blocks stack with one another,
building up the composite. The catalyst, ferrocene, plays
an important role in the formation of the composite. In
comparison Figures 1(a) and 1(b), we can see that there are
many gaps between the blocks in Figure 1(a); however, with
catalyst in Figure 1(b), such gaps disappear. So the ferrocene
can improve the connections between the blocks, which will
be beneficial to the conduct properties of the material. All
the CNT/C composites talked about afterwards are made by
catalyzed carbonization.

Figure 2 is the TEM image of the CNT/C composite.
The close contact between the CNT and pyrolytic carbon
is shown in Figure 2(a). We can see that the CNT is
surrounded by the pyrolytic carbon; most of which is in
an amorphous state. Their connection is so strong that we
can hardly find the interface between them. In order to
prepare the TEM sample uniformly, we treated the composite
flake with ultrasonic for more than 2 hours; the power of
which is 500 W. However, it is still hard to separate the
CNT and pyrolytic carbon apart. Most of them intertwine
together, forming big blocks in the pictures. It shows that
the two components have strong interaction between them.
Figure 2(b) gives us an enlarged view of the pyrolytic carbon.
Most of the pyrolytic carbon is in an amorphous state, but
on the edge of the sample, we can see some crystal texture
(shown in the inset picture), where the interplaner spacing
is about 0.34 nm, the same as graphite. Unfortunately, such
crystalline structures do not extend over a long distance.
Because of the large amount of amorphous carbon, and the
strong interaction between the two components, it is hard for
us to find more CNT feature under the cover of amorphous
carbon.

X-ray diffraction (XRD) pattern of MWNT and MWNT/
C are presented in Figure 3. The characteristic peak of
MWNT is around 25.9 degree. For the latter, the peak is
widened a lot, which indicates the existence of a large amount
of small particles of amorphous carbon. This result is
consistent with the microstructure characterization. Besides,
although the MWNT is only a little proportion in the
composite, the characteristic peak is still seen, showing that
the CNTs maintain their structure well after carbonization
process.

We measured the thermal properties of three different
samples: MWNT/Epoxy Resin composite, MWNT tablet and
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Figure 2: TEM image of CNT/C composite: (a) the image showing the close contact of CNT and pyrolytic carbon. (b) the microstructure
of the pyrolytic carbon. The inset shows an enlarged feature of the image.
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Figure 3: The XRD patterns of (a) MWNT tablet and (b) the
MWNT/C composite. The characteristic peak of the MWNTs was
around 25.9 degree.

MWNT/C composite. The thermal conductivity and thermal
contact resistance are shown in Figure 4. The shown data
was the average of multiple tests (three times) for each
sample, and the standard deviation for the results was below
10%. The white bars represent the thermal conductivity
while the black ones represent the thermal contact resistance.
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Figure 4: The thermal conductivity and thermal contact resistance
of MWNT/Epoxy Resin composite, MWNT tablet, and MWNT/C
composite. The white bars represent thermal conductivity, while the
black ones are the thermal contact resistance.

From the white bars, we see that the thermal conductivity
of MWNT/C composites, which is more than twice the
value of pure MWNT tablet, can increase remarkably by
one magnitude than MWNT/Epoxy Resin composite. This
increase is attributed to the good connections between the
CNTs and pyrolytic carbon as well as the relatively high
thermal conductivity of pyrolytic carbon, which, instead of
the air, fills in the interstices among the CNTs. The black
bars give us evident information that the thermal contact
resistance of MWNT/C composites remains a small value,
a little higher than pure MWNT but only about 1/3 of
the value of MWNT/Epoxy Resin composite. We believe
that the amorphous carbon in the pyrolytic carbon plays
an important role in decreasing of the thermal contact
resistance, for the small blocks can easily get into the gaps
between the two testing probes, squeeze the air in them, and
get a better thermal connection.

The MWNT/C composite has much higher thermal
conductivity and fairly low thermal contact resistance, which



4 Journal of Nanomaterials

is appropriate for thermal interface materials (TIMs). TIMs
are important materials for thermal conduction between
interfaces and are being wildly used in electronic packing.
As the electronics and information industry is progressing,
higher standard of thermal conduction will be needed for a
higher integrated density. MWNT/C composites are one kind
of potential material for future thermal conduction. Besides,
although the controlled growth of CNTs is still being studied,
MWNTs are easily fabricated by CVD method, which will
help to reduce the cost of this industry.

In addition, we measured the electrical resistivity of the
MWNT/Epoxy Resin and MWNT/C composites. The value
decreased a little from 3.1× 107 Ω·m to 2.5× 106 Ω·m after
the carbonization. It shows that pyrolytic carbon has a better
electrical conducting property than Epoxy Resin. However,
because of the low carbonization temperature, the increase
in conductivity is not so remarkable. Other characterizations
are still on the way.

4. Conclusions

In this paper, we fabricate MWNT/C composites by the
method of catalyzed carbonization of MWNT/Epoxy Resin
composite. The microstructure shows that the CNTs and
the pyrolytic carbon make a compact compound material,
with CNTs and carbon evenly distributed. The catalyst,
ferrocene, plays an important role in making a denser
composite structure. From the high-resolution TEM images,
we see that pyrolytic carbon wraps around the MWNTs.
Pyrolytic carbon is made up of amorphous carbon and
crystal carbon, with amorphous carbon as the majority.
The crystalline structure can be found on the edge of the
amorphous carbon. The measurements of thermal properties
of this composite indicate that the MWNT/C composite has
a much higher thermal conductivity and a fairly low thermal
contact resistance, which make it a good choice for the TIMs.
The electrical conducting properties of the composite are
also improved, increasing by one order of magnitude as to
CNT/Epoxy Resin composite.

Acknowledgments

This paper was supported by the National Basic Research
Program of China (2005CB623606) and the National Natural
Science Foundation of China (50673049).

References

[1] B.-K. Zhu, S.-H. Xie, Z.-K. Xu, and Y.-Y. Xu, “Preparation and
properties of the polyimide/multi-walled carbon nanotubes
(MWNTs) nanocomposites,” Composites Science and Technol-
ogy, vol. 66, no. 3-4, pp. 548–554, 2006.

[2] Q. Zhang, S. Rastogi, D. Chen, D. Lippits, and P. J. Lemstra,
“Low percolation threshold in single-walled carbon nan-
otube/high density polyethylene composites prepared by melt
processing technique,” Carbon, vol. 44, no. 4, pp. 778–785,
2006.

[3] E. T. Thostenson and T.-W. Chou, “Processing-structure-
multi-functional property relationship in carbon nanotube/
epoxy composites,” Carbon, vol. 44, no. 14, pp. 3022–3029,
2006.

[4] X. J. He, J. H. Du, Z. Ying, and H. M. Cheng, “Positive temper-
ature coefficient effect in multiwalled carbon nanotube/high-
density polyethylene composites,” Applied Physics Letters, vol.
86, no. 6, Article ID 062112, 3 pages, 2005.

[5] A. R. Bhattacharyya, T. V. Sreekumar, T. Liu et al., “Crystal-
lization and orientation studies in polypropylene/single wall
carbon nanotube composite,” Polymer, vol. 44, no. 8, pp.
2373–2377, 2003.

[6] R. Haggenmueller, H. H. Gommans, A. G. Rinzler, J. E. Fis-
cher, and K. I. Winey, “Aligned single-wall carbon nanotubes
in composites by melt processing methods,” Chemical Physics
Letters, vol. 330, no. 3-4, pp. 219–225, 2000.

[7] R. Andrews, D. Jacques, A. M. Rao et al., “Nanotube composite
carbon fibers,” Applied Physics Letters, vol. 75, no. 9, pp. 1329–
1331, 1999.

[8] H. Huang, C. Liu, Y. Wu, and S. Fan, “Aligned carbon nan-
otube composite films for thermal management,” Advanced
Materials, vol. 17, no. 13, pp. 1652–1656, 2005.

[9] C. H. Liu, H. Huang, Y. Wu, and S. S. Fan, “Thermal
conductivity improvement of silicone elastomer with carbon
nanotube loading,” Applied Physics Letters, vol. 84, no. 21, pp.
4248–4250, 2004.

[10] Q.-M. Gong, Z. Li, Z. Zhang et al., “Tribological properties of
carbon nanotube-doped carbon/carbon composites,” Tribol-
ogy International, vol. 39, no. 9, pp. 937–944, 2006.

[11] Q.-M. Gong, Z. Li, D. Li, X.-D. Bai, and J. Liang, “Fabrication
and structure: a study of aligned carbon nanotube/carbon
nanocomposites,” Solid State Communications, vol. 131, no. 6,
pp. 399–404, 2004.

[12] B. Wu, Z. Wang, Q. M. Gong, H. H. Song, and J. Liang,
“Fabrication and mechanical properties of in situ prepared
mesocarbon microbead/carbon nanotube composites,” Mate-
rials Science and Engineering A, vol. 487, no. 1-2, pp. 271–277,
2008.

[13] Z. Wang, B. Wu, Q. Gong, H. Song, and J. Liang, “In
situ fabrication of carbon nanotube/mesocarbon microbead
composites from coal tar pitch,” Materials Letters, vol. 62, no.
20, pp. 3585–3587, 2008.

[14] Y. Song, G. Zhai, J. Shi, Q. Guo, and L. Liu, “Carbon nan-
otube: carbon composites with matrix derived from oxidized
mesophase pitch,” Journal of Materials Science, vol. 42, no. 22,
pp. 9498–9500, 2007.

[15] Z. Li, Q.-M. Gong, Z.-Y. Zhang, J. Liang, Q.-Z. Huang, and
B.-Y. Huang, “Fabrication and characterization of a new pitch-
based ACNT/C nanocomposites,” Chinese Journal of Inorganic
Chemistry, vol. 22, no. 10, pp. 1755–1760, 2006.

[16] Q.-M. Gong, Z. Li, X.-D. Bai, D. Li, Y. Zhao, and J. Liang,
“Thermal properties of aligned carbon nanotube/carbon
nanocomposites,” Materials Science and Engineering A, vol.
384, no. 1-2, pp. 209–214, 2004.

[17] K. Dai, L. Shi, D. Zhang, and J. Fang, “NaCl adsorption
in multi-walled carbon nanotube/active carbon combination
electrode,” Chemical Engineering Science, vol. 61, no. 2, pp.
428–433, 2006.

[18] C. Ye, Q.-M. Gong, F.-P. Lu, and J. Liang, “Preparation
of carbon nanotubes/phenolic-resin-derived activated carbon
spheres for the removal of middle molecular weight toxins,”
Separation and Purification Technology, vol. 61, no. 1, pp. 9–
14, 2008.



Journal of Nanomaterials 5

[19] J. Luo, J. Zhu, Z. Huang, and L. Zhang, “Arrays of Ni
nanowire/multiwalled carbon nanotube/amorphous carbon
nanotube heterojunctions containing Schottky contacts,”
Applied Physics Letters, vol. 90, no. 3, Article ID 033114, 2007.

[20] P. Deng, J. Fei, J. Zhang, and J. Li, “Determination of trace
copper by adsorptive voltammetry using a multiwalled carbon
nanotube modified carbon paste electrode,” Electroanalysis,
vol. 20, no. 11, pp. 1215–1219, 2008.

[21] H. Li, C. Liu, and S. Fan, “Catalyzed filling of carbon
nanotube array with graphite and the thermal properties of
the composites,” Journal of Physical Chemistry C, vol. 112, no.
15, pp. 5840–5842, 2008.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2011, Article ID 707303, 5 pages
doi:10.1155/2011/707303

Research Article

Humidity Sensor Based on Multi-Walled
Carbon Nanotube Thin Films

C. L. Cao,1, 2 C. G. Hu,1 L. Fang,1 S. X. Wang,1 Y. S. Tian,2 and C. Y. Pan2

1 Department of Applied Physics, Chongqing University, Chongqing 400044, China
2 Department of physics, Chongqing Communication College, Chongqing 400035, China

Correspondence should be addressed to C. L. Cao, caochunlan0812@163.com and C. G. Hu, hucg@cqu.edu.cn

Received 26 April 2010; Accepted 1 September 2010

Academic Editor: Teng Li

Copyright © 2011 C. L. Cao 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.

The properties of the humidity sensors made of chemically treated and untreated multi-walled carbon nanotube (MWCNT) thin
films are investigated systematically. It shows that both the chemically treated and untreated MWCNT thin films demonstrate
humidity sensitive properties, but the former have stronger sensitivity than the latter. In the range of 11%−98% relative humidity
(RH), the resistances of the chemically treated and untreated MWCNT humidity sensors increase 120% and 28%, respectively.
Moreover, the treated humidity sensors showed higher sensitivity and better stability. In addition, the response and recover
properties, and stabilization of the humidity sensors are measured, and the humidity sensitive mechanisms of the sensors are
analyzed. The humidity sensitivity of carbon nanotube thin films indicates it promise as a kind of humidity sensitive material.

1. Introduction

Humidity sensors are widely applied in process control,
environment monitoring, storage, electrical devices, and so
forth, and the research to develop some new materials for
sensor device attracts more and more attention. Carbon
nanotubes (CNTs) is a kind of carbon allotrope, which was
found in 1991 by Iijima [1]. Owing to its very large surface
area to volume ratio [2], nanoscale structure and hollow
center, CNTs can absorb large amounts of foreign molecules
on its surface [3]. With the presence of these molecules,
many properties associated with CNTs would change. Due
to these reasons nanotubes have been explored for many
sensors [4–6]. Zahab et al. [7] reported that water vapor
has a great effect on the electrical conductivity of a single-
walled carbon nanotube (SWCNT) mat, and p-type carbon
nanotube would turn into n-type if water molecules added.
It means that CNTs may be a kind of humidity sensing
materials. Some studies of humidity sensitivity on SWCNTs
have been reported [7, 8], and Varghese et al. [5], Valentini
et al. [6], and Cantalini et al. [9] have investigated the
gas sensitive characteristics of MWCNTs systematically and
observed humidity sensitivity of MWCNTs briefly, and they
have found that the humidity sensor impedance increases

with increasing humidity [5, 6, 9]. But the humidity sensitive
properties of MWCNTs have seldom been studied deeply and
systematically.

Here we report the humidity sensing properties of
both untreated and chemically treated MWCNT thin films
systematically, including the sensitivity, the response and
recover properties, and stabilization. The different properties
of the two types of sensors are compared and the humidity
sensing mechanisms of the sensors are discussed.

2. Experimental

In this experiment, carbon nanotubes were produced by hot
filament chemical vapor deposition (CVD) [10] using C2H2

and Ni/Fe as the carbon source and catalyst, respectively.
The obtained carbon nanotubes were characterized by
the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

The CNTs used to prepare the humility sensors were
classified into two types, untreated and chemically treated
sample, respectively. In the chemical treatment process,
MWCNTs were undergone a ultrasonic treatment for 150
minutes in a mixture of 98% sulphuric acid and 79% nitric
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Figure 1: SEM images of pristine (a) and chemically treated (b) carbon nanotubes, and TEM image of carbon nanotubes (inset).

acid in ratio of 3 : 1. The treated nanotubes were rinsed
in deionized water and then let to dry. The thin films of
humidity sensors are prepared by spraying on top of pre-
deposited Au electrodes on quarts plate using an airbrush
with untreated and chemically treated MWCNTs dispersed
in ethanol, respectively. The dimensions of samples were 1 ×
10−2 m in length, 5 × 10−3 m in width, and 1 × 10−4 m in
thickness.

The electrical characteristic of the sensors were measured
by a multifunctional digital multimeter (FLUKE-45 model,
made in the US America) at variant humidity environments
at constant temperature (20◦C). The sensors were succes-
sively put into several chambers with different RH levels
obtained by saturation salt solution method. RH values
varied from 11% to 98%. The uncertainty of the RH values is
about ±1%. All samples were dried at 373 K for 30 minutes
prior to electrical measurements. The measurement was
done after 30 minutes when the temperatures inside and
outside the chambers became the same.

3. Results and Discussion

3.1. Microstructure. Figures 1(a) and 1(b) show the SEM
images of the pristine and the chemically treated carbon
nanotubes. From the SEM images, the diameter of carbon
nanotubes ranges from 40 to 60 nm. TEM image of the
pristine carbon nanotubes is shown in the inset, indicating
tube-like morphology. Before chemical treatment, carbon
nanotubes are impure with some carbon particles, and some
ends of the nanotubes are closed as is pointed by the arrow.
However, after chemical treatment, the carbon nanotubes are
more pure, and almost all the ends of the nanotube are open
(marked in circles).

3.2. Humidity-Resistance Characteristic. Figures 2(a) and
2(b) give the D.C. resistance versus RH plots of untreated

and treated MWCNT humidity sensors, respectively. The
solid lines in the figures are measured in the humidification
process (increasing RH), corresponding to the adsorption
process, while the dashed lines are measured in the des-
iccation process (decreasing RH), corresponding to the
desorption process. It shows that the resistance of both the
untreated and treated samples changes almost linearly with
the relative humidity. When RH increases from 11% to 98%,
the resistance of the untreated and treated samples increases
28% and 120%, respectively, means, the treated samples have
stronger sensitivity than the untreated.

The sensitivity factor S can be defined as

S = RRH − R0

R0
× 100%, (1)

where RRH and R0 are the resistance in the humidity state and
11% RH, respectively.

As shown in Figure 3, the sensitivity factor S increases
linearly with RH, and can be fitted linearly to (2) and (3)
for the untreated and chemically treated MWCNTs humidity
sensor, respectively,

S = − 4.70 + 0.32∗ RH, (2)

S = − 15.47 + 1.34∗ RH. (3)

It can be seen that the slope of chemically treated
MWCNTs humidity sensor (1.34) is far greater than that of
untreated MWCNTs humidity sensor (0.32), meaning that
the sensitivity of the former is much higher than the latter.
The higher sensitivity of the chemically treated sensor is
attributed to its purity of nanotubes and higher surface sites
available for the adsorption of water molecules resulting
from its shorter length and more open ends.

However, a hysteresis of resistance versus RH in the desic-
cation process (Figure 2) is found in both chemically treated
and untreated sensors. This is probably due to the different
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Figure 2: Resistance versus RH characteristics of (a) untreated and (b) treated MWCNT humidity sensors.
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Figure 3: The sensitivity factor S of untreated and treated MWCNT
humidity sensors.

amount of water molecules adsorbed on CNTs between the
humidification process and the desiccation process at a same
ambient RH, causing the different resistance at a same RH.

3.3. Response and Recover Properties. Several important
parameters for sensor devices are response time, recover
time, and reproducibility. To investigate these properties,
the dynamic testing of the untreated and chemically treated
MWCNT sensors at a constant RH is performed. The
response time for the absorption and desorption curves
measured at 20◦C for the sensors is shown in Figure 4.
The response time to continuous humidification from 33%
to 98% RH is 20 and 50 s for the untreated and treated
MWCNT sensors, respectively. While the recover time from
98% to 33% RH is 40 and 140 s for the treated and untreated
MWCNT sensors, respectively. Further testing after three

additional cycles demonstrates good reproducibility of the
treated MWCNT sensors. The response and recovery time
are much shorter than that of other sensors made of complex
oxides, such as In-doped CaZrO3 [11] which works at high
temperature (700◦C), Ba1−xLaxSnO3 (both 60 s) [12] and Sr
added BaAl2O4 (120 S and 50 s) [13] and other materials
[14–16]. Therefore, the sensor made of the treated MWCNTs
can be regarded as a fast response humidity sensor.

In case of humidity sensors, the recovery time is always
higher than the response time [5, 9, 17], agreeing with our
results. The long recover time can be attributed to slow
desorption process of water molecules from CNTs at ambient
temperature. As the usual response and recover time are
tens and hundreds seconds, the quick response and recover
property of the treated MWCNTs sensor has an advantage
for practical applications.

3.4. Stabilization. The resistance variations with time for two
kinds of samples are shown in Figure 5. The measurements
were repeated at 20◦C, every 5 days for one month. Slight
or little resistance variation have been observed in both
untreated and treated samples at each humidity region for
one month, indicating that both the treated and untreated
MWCNTs sensors are relatively stable to exposure to water
vapor in air.

3.5. Humidity Sensing Mechanism. The origin of the humid-
ity sensing effect in MWCNTs films may be caused by
adsorption to water molecules. Before our experiment, the
MWCNTs appear p-type semiconductor behavior tested by
Hall effect experiment. For p-type MWCNTs, the adsorbed
water molecules donate electrons to the valence band,
thereby decreasing the number of holes and increasing the
separation between the Fermi level and valence band [4, 7],
and resulting in increase of the electrical resistance (see
Figure 2). Although there is a humidity sensing effect to
untreated MWCNTs, it is much weaker than that of treated
MWCNTs. Chemical treatment makes carbon nanotubes
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Figure 4: Dynamic response of untreated (a) and treated (b) MWCNT humidity sensors to humidity.
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Figure 5: Resistance variations with time for the sensors at various RH levels: untreated (a) and treated (b) MWCNT humidity sensor.

shorten, more ends open, and more defects, which makes
water molecules adsorb tubes easily. As MWCNTs could
connect with lots of hydroxyl on its defects and open ends
by chemical treatment, they could act as sites of adsorption
to water molecules. Water molecules could be adsorbed on
MWCNTs for the hydrogen in H2O molecule could form
a weak bond with one of the surface C atoms. Pati et al.
[8] reported that charge can transfer between the adsorbate
and the CNTs. A quantitative analysis based on Mulliken
approach shows a charge transfer of 0.03e− from the single
H2O molecule to the CNTs [7]. The more water molecules
can be adsorbed on the surface, intertubes, and ends
after chemical treatment, the more charge transfer happens
between the water molecules and CNTs. The presence of
defects after chemical treatment may also reduce the conduc-
tivity of MWCNTs. Therefore, the humidity sensing charac-
teristics of MWCNTs films is greatly enhanced after chemical
treatment.

4. Conclusions

CNTs have been investigated as a new humidity sensitive
material. The properties of the chemically treated CNT
humidity sensors are discussed and compared with that
of the untreated CNT sensors. The sensitivity of CNTs to
humidity can be enhanced with chemical treatment. The
charge transfer from absorbed water molecules to CNTs
is a main reason for the humidity sensing properties. The
treated CNT humidity sensor exhibited good sensitivity,
linear and quick response, and excellent stability in different
RH atmosphere, which demonstrate that it could be used as
a good humidity sensor in practice applications.
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We demonstrate that Au-cluster-decorated single-walled carbon nanotubes (SWNTs) may be used to discriminate single nucleotide
polymorphism (SNP). Nanoscale Au clusters were formed on the side walls of carbon nanotubes in a transistor geometry using
electrochemical deposition. The effect of Au cluster decoration appeared as hole doping when electrical transport characteristics
were examined. Thiolated single-stranded probe peptide nucleic acid (PNA) was successfully immobilized on Au clusters
decorating single-walled carbon nanotube field-effect transistors (SWNT-FETs), resulting in a conductance decrease that could be
explained by a decrease in Au work function upon adsorption of thiolated PNA. Although a target single-stranded DNA (ssDNA)
with a single mismatch did not cause any change in electrical conductance, a clear decrease in conductance was observed with
matched ssDNA, thereby showing the possibility of SNP (single nucleotide polymorphism) detection using Au-cluster-decorated
SWNT-FETs. However, a power to discriminate SNP target is lost in high ionic environment. We can conclude that observed
SNP discrimination in low ionic environment is due to the hampered binding of SNP target on nanoscale surfaces in low ionic
conditions.

1. Introduction

The ability to detect small sequence differences in DNA
molecules is very important in molecular biology, especially
in the context of personalized diagnostics and therapy [1].
PCR combined with fluorescence detection is the most
widely used and commercialized technique to date; however,
this method requires expensive, bulky instruments, which
has hindered the popularization of DNA-based diagnostics.
There is a great demand for cost-effective, miniaturized
DNA diagnostic sensors. Electronic detection platforms such
as electrochemical or field-effect transistor sensors may be
ideal, because electronic sensors do not require expensive
instrumentation, and large-scale production is easy using
microfabrication technology. Extensive efforts have been
made to develop such DNA sensors. Two distinct approaches
have been taken. In one approach, oligomers are used to mea-

sure hybridization of target DNA, while in the other, muta-
tions are probed using enzymes recognizing single nucleotide
polymorphisms (SNPs), deletions, translocations, or inver-
sions [2, 3]. The first method (hybridization detection) using
hairpin probe DNAs with redox or enzyme tags has been
quite effective in development of electrochemical sensors [4–
6], and most reported DNA sensors of the FET type use
this method. For example, Hahm and Lieber reported real-
time detection of DNA using peptide nucleic acid (PNA-)
modified Si nanowire devices [7], and DNA sensors based
on single-walled carbon nanotube field effect transistors
(SWNT-FETs) have also been reported [8]. Silicon nanowire
devices have the advantage of well-established surface chem-
istry techniques borrowed from the silicon industry. How-
ever, immobilization of probe molecules onto carbon nan-
otubes remains challenging. If probe molecules are covalently
bound to the nanotubes, the carbon bonds will be broken,
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thus destroying the excellent electrical transport characteris-
tics of individual nanotubes. Thus, biosensors using SWNT-
FETs bearing noncovalently attached linkers such as pyrene
or CDI-Tween 20 have been developed [9, 10]. However, the
successful use of noncovalent binding linkers for hydrophilic
molecules such as DNA remains to be demonstrated.

Recently, Star et al. showed label-free detection of DNA
hybridization using nanotube network transistors [8]. In
their example, probe single-stranded DNAs (ssDNAs) were
nonspecifically adsorbed onto carbon nanotubes by π-
stacking between DNA bases and the sidewalls of SWNTs.
Such nonspecifically adsorbed molecules cannot easily bind
with complementary strands; it has been shown that ssDNA
forms a complex with an SWNT by wrapping around the
SWNT [11, 12]. Jeng et al. showed that although target DNA
could hybridize with probe ssDNA on SWNTs, the process
was relatively slow (13 hours at 25◦C, compared to less than
10 minutes for free DNA hybridization) [13]. Therefore, an
immobilization method better than that offered by simple
nonspecific binding is required. To that end, we developed
Au-nanoparticle-decorated SWNT-FETs as sensor platforms
for label-free detection of DNA hybridization. Thiolated
DNA capture probes bind to the Au nanoparticles on
SWNTs, but the nanoparticles do not disturb the excellent
electrical properties of SWNTs. Thus, we may covalently
attach DNA capture probes and measure electrical responses
upon hybridization. Metallic nanoparticles may offer a solid
support for molecular recognition elements, and incorporat-
ing metal nanoparticles into SWNT sensors has been shown
to effectively enhance the sensitivity [14–16].

2. Results and Discussion

The fabrication of devices using patterned growth techniques
and the fabrication details are described in the Method
section. Figure 1(a) shows an atomic force micrograph of a
device decorated with Au nanoparticles. Devices with only
one or two nanotubes between electrodes were used for all
experiments. Figure S1(b) (in Supplementary Material avail-
able online at doi:10.1155/2011/105138) shows the change in
I-Vg characteristics upon Au decoration by electrochemical
deposition. Several different approaches are available for Au
nanoparticle decoration of SWNTs. For example, SWNTs
may be decorated by chemical modification [17]. However,
a “physical” decoration method is preferable. We have
explored a simple evaporation method as well as sponta-
neous reduction [18]. With physical evaporation, nonspe-
cific probe immobilization is problematic, and it is difficult
to control Au nanoparticle size with spontaneous reduction.
Therefore, we used electrochemical deposition [19–21].

Unlike the electroless deposition method, electrodepo-
sition of Au nanoparticles does not require oxidative con-
sumption of nanotubes. Therefore, the observed hole-doping
effect may be explained by the work function difference
between the metal and the SWNT. When the high-work-
function metal Au (≈5.2 eV) is brought into contact with
an SWNT, electrons will be transferred from the SWNT to
the Au by virtue of the work function difference [22]. One of

the advantages with metal decoration on SWNTs is that the
reactions can be observed with optical microscope. A single
SWNT decorated with Au nanoparticles larger than 50 nm
can be directly imaged with optical microscopes, and dye
molecules immobilized on Au nanoparticles can be imaged
with confocal laser microscope. As shown in Figure 1(b) and
Figure S2 in Supplementary Material, strong fluorescence
signals observed upon Cy-3-labeled PNA binding. Usually,
fluorescence signals from metal surfaces are low because of
surface energy transfer [23]. The enhanced fluorescence that
we observed presumably arose from coupling between Au
nanoparticles [24].

As a probe, we used PNA rather than DNA. PNA is
an artificially synthesized polymer similar to DNA and is
used in both biological research and medical treatment
[25]. Whereas DNA has a negatively charged phosphate
backbone, the PNA backbone is composed of repeating N-
(2-aminoethyl)-glycine units linked by peptide bonds. PNA
has remarkable thermal, chemical, and enzymatic stability,
and unique ionic strength effects relative to the natural
analog, DNA. Hybridization of ssDNA with complementary
target DNA can be performed only in an ionic environment
that stabilizes the negatively charged backbones, because of
Coulombic repulsion between negatively charged molecules.
However, as PNA has a neutral peptide backbone, constraints
on hybridization conditions are less severe than with DNA-
DNA hybridization [26].

PNA probe sequences can be covalently immobilized
to Au nanoparticles decorated on SWNT-FETs using Au-S
binding. In our experiment, 5′-HS-GAC ATT ACT CAC C-
CG-Cy3-3′, with the 5′ end terminated by a thiol, was used
as a probe PNA, whereas 5′-CGG GTG AGT AAT GTC-
3′ was the target. The DNA sequences were chosen from
an Escherichia coli library and synthesized by Bioneer Inc
(Daejeon, Korea). Probe PNA solution was deposited on
SWNT-FETs decorated with Au-nanoparticles and allowed
to react for 6 hours in a humidified chamber at room
temperature (Figure S2 in Supplementary Material). To
confirm successful immobilization, Cy-3-labeled probe PNA
was employed. Figures 1(a) and 1(b) show an AFM image
and a confocal microscope image of an Au-decorated SWNT-
FET bearing Cy-3-labeled PNA.

To measure hybridization of target DNA electronically,
we first immersed the PNA-immobilized, Au-decorated
SWNT-FET in DI water with an Ag/AgCl reference electrode
as a liquid gate and applied bias voltages (100–300 mV) to
the device with measurement of current in real time. Positive
bias voltages were applied to enhance the hybridization of
target DNA [27]. When device signals became stabilized, we
added 5 μL of 100 pmol/μL target DNA solution in DI water.
Figure 2(a) shows real-time measurements from the device.
A decrease in conductance was observed as soon as com-
plementary target DNA was added. After about 20 minutes,
the conductance saturated at 40% of the original value. The
inset of Figure 2(a) shows an AFM image of the Au-decorated
device. Figure 2(b) shows the evolution of I-Vg characteris-
tics upon immobilization of PNA and hybridization of DNA.

The original device had ambipolar characteristics, and,
as is clear from the graph, the gate threshold voltage showed
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Figure 1: Immobilization of Cy-3-labeled probe PNA. (a) AFM image of a Au-decorated SWNT-FET. (b) Confocal micrograph of the
SWNT-FET in Figure 1(a) after immobilizing Cy3-labeled probe PNA. All confocal micrographs were taken with the Zeiss LSM Exciter, with
excitation at 543 nm.
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Figure 2: (a) The effect of hybridization on real-time conductance measured using a PNA-immobilized, Au-decorated SWNT-FET. Target
DNA of a perfect match was added to the sample at the time marked with the arrow. Inset shows an AFM image of the device used for this
experiment. (b) Evolution of electrical characteristics upon hybridization at Vsd = 100 mV.

a further positive shift after Au decoration, which may be
explained by the hole-doping effect of Au nanoparticles.
The decrease in the on-current observed after decoration is
possibly attributable to enhanced scattering at the nanotube
surface [15], but the change of electrical characteristics upon
Au decoration is also dependent upon decoration condition
(particle size, density, etc.). Immobilization of probe PNA
results in a decrease in conductance, presumably because of
a reduction in the Au work function upon Au-S binding
[28, 29]. However, evolution of gate threshold is not clear

in these 5 μm-long channel Au-decorated SWNT-FETs after
PNA immobilization. We can also consider the effect of
capacitance change as a dominant mechanism behind the
observed conductance change. It is known that capacitance
mechanism plays a major role only in the case of nearly-full
covered biomolecules [30], and we expect highly packed PNA
molecules on Au nanoparticles with 6 hours incubation.
Hybridization of target DNA results in a further conductance
decrease, again probably arising from a drop in the Au
work function upon hybridization or decreased capacitance.
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Recently, lowering of the Au work function after immobi-
lization of probe DNA and hybridization with target DNA
has been observed by Kelvin probe microscopy (KPFM) [31].
Also, DNA sensors based on nanotube Schottky transistors
showed decreased conductance upon hybridization related to
falls in Au work function [32, 33].

To confirm that the observed change of conductance
indeed originated from hybridization of target DNA, we
fabricated Au-decorated ultralong SWNT-FETs. Ultralong
SWNTs were grown on SiO2/Si substrates [34], and elec-
trical leads were patterned using photolithography and
liftoff. Immobilization of PNA and hybridization of DNA
were performed as in the case of 5 μm-channel devices.
Figure 3(a) shows a confocal microscope image of an Au-
decorated ultralong SWNT-FET after hybridization of Cy-
3 labeled target DNA. Inset of Figure 3(a) is an optical
micrograph of the sample, and the white arrow indicates
Au-decorated SWNT. The channel length of this device is
100 μm, and the active channel length decreased to 80 μm
after electrode passivation. Note that SWNT is visible with
normal optical microscope after Au decoration. As shown
in the confocal micrograph of Figure 3(a), clear fluorescence
signal observed from Au nanoparticles after hybridization
of Cy-3-labeled DNA. We also confirmed that hybridization
occurred mainly on Au nanoparticles by using an ultralong
nanotube decorated with only a few Au nanoparticles
(Figure S3 in Supplementary Material). Figure 3(b) shows
an evolution of gate-transfer characteristics from ultralong
SWNT. Again, decoration of Au nanoparticles appears as
hole doping (positive shift of gate threshold voltages), and
immobilization of PNA appears as decrease of conduc-
tance as well as negative shift of gate threshold voltages.
Hybridization of target DNA yields further decrease of
conductance. Since the active channel length is much longer
in ultralong SWNTs, we may expect that pronounced doping
effect (gating effect) plays a role in them. Decrease of
conductance upon hybridization of matching sequence was
universal for both short-channel (5 μm) and long-channel
(80 μm) devices. In Figure S4 in Supplementary Material,
we showed electronic transfer characteristics of 5 different
devices [(a), (b), and (c) from short-channel devices, while
(d) and (e) are from long-channel devices]. As is clear from
the graphs, decoration of Au nanoparticles appears as hole
doping, and immobilization of probe PNA causes decrease
of conductance, as well as negative shift of gate threshold
voltages. Hybridization of target DNA appears as a decrease
of conductance and negative shift of gate threshold voltage
in all five samples, though conductance change ΔI could vary
20∼50% from different devices. To test the advantages of Au-
decorated SWNT-FET, we performed the same experiment
with nonspecifically bound probe PNA molecules. Bare
SWNT-FET devices were incubated with PNA solution for
6 hours, and hybridization experiment was followed after
thorough washing. However, devices with nonspecifically
bound PNAs show little consistency. As shown in Figure S5 of
Supplementary Material, 60% of the devices showed decrease
of conductance, 30% of the devices did not show any change
of conductance, and the rest showed increase of conductance.
Since the nonspecific binding of probe PNA (DNA) depends
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Figure 3: Hybridization of DNA on PNA-grafted, Au-decorated
ultralong SWNT-FET. (a) Confocal micrograph of the Au-
decorated, PNA grafted ultralong SWNT after the hybridization of
Cy-3 labeled target DNA. Inset shows an optical microscope image
of the device, and the white arrow indicates Au-decorated ultralong
SWNT. (b) Evolution of electrical characteristics upon hybridiza-
tion at Vsd = 1 V. Clear decrease of conductance and negative shift
of gate threshold voltages observed upon hybridization.

heavily on the chirality of individual nanotubes, it may be
difficult to have consistency with individual SWNT devices
that have random chirality.

To determine whether the Au-decorated SWNT-FET
could detect an SNP, we used 5′-CGG GTG AAT AAT GTC-
3′ as target ssDNA. Figure 4(a) shows real-time conductance
values from this experiment. In contrast to the current
change seen when a perfectly matched target was added,
use of target ssDNA with a single mismatch did not alter
the device current. After incubation for 20 minutes, the
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Figure 4: The effect of a single base mismatch. (a) Real-time
conductance change upon adding target DNA with an SNP (black
curve) and target ssDNA with perfect match (orange). Inset shows
an AFM image of the device used for the measurement. Scale bar;
1 μm. (b) I-Vg characteristics of the device at each functionalization
and hybridization step.

device was washed with an ample amount of DI water
and blown dry with dry N2 gas. I-Vg measurements taken
after this did not show large changes either (Figure 4(b),
black curve). Then, target ssDNA with perfect match was
introduced to the same device baring 5 μL DI water. As
shown in Figure 4(a), clear decrease of conductance was
observed upon introduction of matching DNA. Since we
used the same concentration of target DNA in both SNP
targets and matching targets (100 pmole/μL), we may assume
that observed change of conductance is not due to the change
of ionic conditions or change of pH. I-Vg measurement
taken after washing and drying shows a clear decrease of
conductance as well (Figure 4(b), orange curve).

We next employed a hybrid buffer to improve hybridiza-
tion between probe PNA and target DNA sequence with
an SNP to determine whether a single mismatch could
really alter electrical characteristics. The hybrid buffer was
3 M NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA),
and 380 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES). Target DNA oligomers in the hybridization
buffer were allowed to react with PNAs immobilized on Au-
decorated SWNT-FETs for 20 minutes. The chip was then
washed with an ample amount of DI water to eliminate
nonspecific binding and blown dry with N2 prior to
further electrical characterization. We did not measure real-
time changes in conductance as the high salt concentra-
tion of hybrid buffer made such assessment impossible.
Figure 5(b) shows I-Vg characteristics of the device before
and after hybridization. In contrast to the absence of I-Vg

characteristic changes after hybridization in DI water, a
clear decrease of conductance was observed after reaction
in the hybrid buffer, as seen when sequences matched
perfectly.

We thus conclude that the observed single-base mismatch
discrimination shown by our device is likely not attributable
to an SNP charge effect, as is the case in strain sensors
[35, 36], but rather because hybridization of the SNP target
is more difficult in DI water. To verify this, we labeled
target SNP-bearing ssDNA with Cy-3 and hybridized this
material to PNAs immobilized on Au-decorated SWNT-
FETs in DI water for 20 minutes. No fluorescent signal
was seen, in contrast to the result when perfectly matched
target DNA was used for hybridization (data not shown).
Park et al. have shown that ionic strength can affect PNA-
DNA surface hybridization, although the influence of ionic
strength is not as great as seen with DNA-DNA hybridization
[37]. As we expect that probe PNAs are fully packed on
Au nanoparticles, hybridizing sequences can communicate
electrostatically with their neighbors, thereby hindering the
hybridization of mismatched sequences.

In summary, we combined electrical transport in Au-
decorated SWNT-FET with confocal microscopy to measure
hybridization of target ssDNA with PNAs. Uniform-sized Au
nanoparticles were formed on sidewalls of SWNTs by electro-
chemical deposition, and the effect of Au-decoration appears
as hole doping in most cases. By addition of thiolated PNA
probes to such a device, we achieved stable immobilization
of molecular recognition elements with minimal effects on
electrical properties. Hybridization of complementary DNA
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Figure 5: The effect of ionic concentration on target DNA
hybridization when a single mismatch was present. (a) Atomic force
micrograph of the Au-decorated device; (b) I-Vg characteristics of
the device at each functionalization and hybridization step.

in DI water resulted in a decrease in real-time conductance,
and we confirmed that hybridization has indeed occured
on Au nanoparticles by measuring fluorescence signal from
Cy-3-labeled target DNA. In contrast, introduction of SNP
target yields negligible change of conductance is in DI water.
However, clear decrease of conductance observed when
hybridization with SNP target is performed in hybridization
buffer; SNP target is indiscernible from perfect match in
high ionic conditions. Therefore, we may conclude that
hybridization of mismatched DNA with PNA immobilized
on nanoscale surfaces is difficult in low ionic conditions, at
least in the timescale of 20 minutes.

Ag/AgCl

W

Pt counter

Scheme 1: Schematic diagram for Au decoration of SWNT-FETs.

3. Experiments

3.1. Device Fabrication. SWNTs were grown on a Si/SiO2

substrate using a patterned chemical vapor deposition
(CVD). Liquid catalyst consists of Fe(NO3)2·9H2O, and
Mo(acac)2 in methanol was dispersed on substrates with
patterned poly(methyl mettacrylate). After liftoff, SWNT
growth was carried out in 900◦C-heated furnace for 10
minutes with CH4 or ethanol as a carbon source. To grow
ultralong SWNTs, 0.5 M FeCl3 in DI water was placed at the
edge of the sample. Ethanol was used as a carbon source, and
the growth was carried out at 970◦C for 20∼30 minutes. Pat-
terns for electrical leads were formed by photolithography,
followed by thermal evaporation of Ti and Au. For real-time
characterization and metal decoration, all electrodes were
insulated with SiOx or SU8-2000.5 negative photoresist.

3.2. Au Decoration. By cyclic voltammetry or chronoamper-
ometry, it is possible to control both Au nanoparticle size
and packing density. Scheme 1 shows a schematic diagram
of our Au-decoration process. A droplet of 100 μM HAuCl4
in 100 mM KCl (supporting electrolyte) was placed on
the device, both source and drain electrodes were used as
working electrodes, and a reduction potential was applied
with respect to the Ag/AgCl reference electrode with current
monitoring using a Pt counter electrode. We found that
cyclic voltammetry afforded better decoration control than
did chronoamperometry. Uniform 20- to 60-nm-sized Au
nanoparticles were formed on SWNTs by sweeping the
potential from −0.2 V to 0.6 V.

Supporting Information Available

Optical microscope images and AFM images of Au-decorated
CNT and electrical transport that show the effect of Au dec-
oration, confocal micrographs showing Cy-3-labeled probe
PNA immobilization condition, both a confocal micro-
graph and a scanning electron micrograph of Au-decorated
ultralong nanotubes after Cy3-labeled DNA hybridization,
Electronic transfer characteristics of 5 different devices
upon hybridization of DNA, and statistic of SWNT-FETs
with nonspecifically bound PNA after the hybridization of
matching DNA.
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The possibility of using magnesium powder as catalyst carrier for carbon nanotube growth by chemical vapor deposition, which
may pave a new way to in situ fabricate CNT/Mg composites with high CNT dispersion, was investigated for the first time. The
fabrication process of the catalyst supported on Mg powder involves the preparation of colloid by a deposition-precipitation
method, followed by calcination and reduction. The results show that the interaction between catalyst and support plays an
important role for the catalytic property of the catalyst. Ni alloyed with Mg shows no activity for the decomposition of methane.
The introduction of Y in Ni/Mg catalyst can promote the reaction temperature between Ni and Mg and thus enhance the activity
of the catalyst. A large amount of carbon nanotubes (CNTs) with an average diameter of 20 nm was obtained using Ni/Y/Mg
catalyst at 450◦C, while only a few short CNTs were obtained using Ni/Mg catalyst due to the low activity of the catalyst at lower
temperature.

1. Introduction

Since the first observation of carbon nanotubes (CNTs) [1],
extensive experimental and theoretical researches have been
performed to exploit their properties and applications [2, 3].
The experimental and theoretical studies on the mechanical
properties of CNTs predict them to be amongst the strongest
materials. The elastic modulus of CNTs is comparable to that
of diamond, and their tensile strength is about 100 times
than that of steel. Therefore, the CNT as reinforcement in the
composites is an obvious choice. Although the CNT/polymer
composites exhibit a tremendous strengthening effect for the
composites [4, 5], the issues of CNT dispersion in metal
matrix and nanotube/matrix interaction factors are still very
complex and have not been solved for the moment [6, 7]. In
order to solve these issues, the authors have attempted to use
metal powders as catalyst carrier to in situ obtain CNT/metal
composite powders and have successfully performed in Al
and Cu composites [8–10], which exhibit a higher advantage

than traditional methods. The key issues for this novel
process are to prepare effective catalyst supported on metal
powders and synthesize CNTs with controllable conditions.

Mg and its alloys are increasingly used in engineering
structures due to their high specific strength. Effort has
been made to increase the specific strength further through
use of suitable reinforcements such as carbon nanotubes
(CNTs), and the CNTs were found to improve the properties
of the alloy significantly [11, 12]. In the present work, the
possibility of using magnesium powder as catalyst carrier for
the carbon nanotube growth by chemical vapor deposition
(CVD) was investigated for the first time, which may pave
a new way to fabricate CNT/Mg composites. Although it
has been reported that nano-intermetallic alloy, MgNi, can
be used as catalyst for the CNT growth, a little amount of
Mg element is simply used to prevent the catalyst thermal
aggregation [13]. The effect of Mg and its interaction with
the catalyst (Ni) on the carbon nanotube growth is still
unclear. In this paper, the effect of the reaction between the
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Table 1: The parameters of the CNT growth by CVD.

Catalyst Reducing temperature (◦C) Reducing time (h) Growth temperature (◦C) Growth time (h)

10%Ni/Mg
400 5 400 1

450 2 450 1

500 2 500 1

16%Ni4%Y/Mg
450 2 450 1

500 2 500 1

500 2 600 1

carrier (Mg) and catalyst (Ni or Ni/Y) on the CNT growth
was investigated systematically.

2. Experimental

2.1. Preparation of the Catalyst. The magnesium-carried
Ni/Y catalyst was prepared by deposition-precipitation. For
a typical process, the right amounts of Mg powder (8 g)
and NaOH (2.721 g, 98.0% purity) were mixed in 500 mL
distilled water. Ni(NO3)2·6H2O (7.926 g, 98.0% purity) and
Y(NO3)3·6H2O (1.723 g, 98.0% purity) were dissolved in
300 mL distilled water and added to the previous mixture
dropwise with constant stirring. The coprecipitate was then
aged, washed several times, and dried at 100◦C in Ar (99.9%
purity). Then, the ternary colloid was calcined in Ar atmo-
sphere at 250◦C and 400◦C consecutively for 2 hours each
time to form the Ni/Y/Mg catalyst precursor, which would
be employed in the following catalytic synthesis experiments.
For comparison, 10%Ni/Mg catalyst was prepared using the
same process.

2.2. Synthesis of Carbon Nanotubes. The catalyst of 0.5 g was
kept in a quartz boat and placed in a horizontal quartz
tube reactor. The quartz tube, mounted in an electrical
tube furnace, was heated to reduction temperature in an Ar
atmosphere. Then the hydrogen (100 mL/min, 99.9% purity)
was introduced to reduce the catalyst. Subsequently, the
hydrogen flow was shut off, and the quartz tube was heated
again to the reaction temperature in an Ar atmosphere. A
mixture of CH4/Ar (100/300 mL/min, v/v) was introduced
into the quartz tube for 60 minutes. The parameter details are
listed in Table 1. Finally, the system was cooled to the room
temperature under Ar.

2.3. Characterization of the Catalyst and Carbon Nanotubes.
The catalysts and products by CVD were characterized
by an X-ray diffractometer (XRD, Rigaku D/max 2500
V/pc), scanning electron microscope (SEM, JEOL JSM-T330
and JSM-6700F), and high-resolution transmission electron
microscope (HRTEM, PHILIPS TECNAI G2 F20).

3. Results and Discussion

Figure 1 shows the XRD analysis of the 10%Ni/Mg catalyst
and reaction products by CVD. It can be seen that there are
several weak peaks, apart from that corresponding to Mg in
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Figure 1: XRD analysis of the 10%Ni/Mg catalyst precursor after
calcination (a) and reaction products by CVD at 400◦C (b), 450◦C
(c), and 500◦C (d).

the XRD pattern of the catalyst precursor after calcination
(Figure 1(a)). The peak at 43.335◦ is very similar to that of
Ni. However, there is no reductive gas during the calcination
process. The possible reactions during this process are as
follows:

Ni(OH)2 −→ NiO + H2O (1)

Mg + NiO −→ MgO + Ni (2)

Thus, the formation of Ni during calcination process
simultaneously produces MgO. It is known that the peaks of
NiO (43.095◦) and MgO (42.916◦) are very close. The broad
peak near 43◦ may be indicated to the existence of MgO
or NiO. In order to identify the peak near 43◦, the samples
were calcined for a longer time or reduced by H2. The
XRD analysis shows that the peak near 43◦ had no obvious
changes (not shown here), proving the existence of MgO,
and the reaction equations of (1) and (2) were reasonable.
After reduction and reaction at 400◦C, the peaks of Ni phase
still exist. However, the phases of the samples became more
complex when the temperatures were above 450◦C. From the
binary phase diagram of Ni and Mg, it is known that Ni
can react with Mg and result in Mg2Ni at 506◦C. However,
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when the sample was reduced and reacted at 450◦C, there
were no obvious peaks related to Ni, and some other peaks
appeared, which should be responsible to Mg2Ni, apart from
that related to Mg and MgO. This may be due to the effect
of nanosize level of Ni particles that promote the activity
of Ni phase. The peaks between 37◦-40◦ (indicated by black
dots in Figure 1) proved the formation of Mg2Ni. The peak
near 45◦ is corresponding to the (203) peak of Mg2Ni. In all
the 10%Ni/Mg samples, there are almost no obvious C peaks
observed.

Figure 2 shows the XRD analysis of the 16%Ni4%Y/Mg
catalyst and reaction products by CVD. From the XRD pat-
tern of the catalyst precursor after calcination (Figure 2(a)),
we can see that there are no obvious peaks corresponding
to Ni, inferring that yttria doped in NiO can stabilize the
structure of NiO. Meanwhile, when the reduction and reac-
tion temperatures were performed at 450◦C, carbon peaks
were obviously observed and no Mg2Ni peaks appeared
(Figure 2(b)). However, the peaks near 43◦ still existed. This
may be due to either incompletely reduction of NiO or the
existence of MgO. In order to distinguish this, the same
catalyst was reduced at 400◦C for different times and reacted
at 450◦C. As shown in Figure 3, the peak near 43◦ had almost
no change and existed even in the sample that reduced for
5 hours, inferring that this peak was not related to NiO.
The existence of MgO peaks indicated that the raw Mg
was in some sort oxidized during the process due to the
pure Mg with highly active chemical property. The peak
intensity of MgO increased with the reaction temperature
arose, further indicating that active Mg reacted with oxygen
even in Ar at high temperature. When the sample was
reduced and reacted at 500◦C, the peaks of Mg2Ni appeared
(in Figure 2(c)). With the temperature increasing, there are
no C and Ni peaks detected. At 600◦C, Mg reacted with Ni
almost completely. Another alloy, Mg6Ni, was detected apart
from Mg2Ni (Figure 2(d)).

The morphologies of the products obtained by CVD
were characterized by SEM and TEM. From Figures 4(a) and
4(b), it can be seen that some very short CNTs are obtained
by CVD at 400◦C using Ni/Mg catalyst, and all catalyst
nanoparticles are located on the top of the CNTs (indicated
by arrows in Figure 4(b)), inferring that “top-growth mode”
is suitable for this experiment. However, the activity of the
catalyst is very low due to the lower reaction temperatures
(only about 1 wt.% of carbon deposit was obtained, which
may be the cause why XRD could not detect the existence
of carbon). With the reaction temperature increasing, there
is almost no obvious carbon deposit observed by SEM
and TEM. Furthermore, the catalyst particles become larger
and joint together (Figures 4(c) and 4(d), compared with
the catalyst nanoparticles located on the top of CNTs in
Figure 4(b)). Combined with the XRD results (Figure 1), it
can be concluded that Ni nanoparticles begin to react with
Mg and lose their catalytic activity at and above 450◦C.

Figure 5(a) shows the low-magnification SEM image
of the product obtained at 450◦C using Ni/Y/Mg catalyst.
Almost all the Mg particles were covered by a dense CNT
coating. Figure 5(b) is the high-magnification SEM image of
the CNTs at 450◦C. It can be seen that the CNTs with an
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Figure 2: XRD images of the 16%Ni4%Y/Mg catalyst precursor
after calcination (a) and reaction products by CVD at 450◦C (b),
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Figure 3: XRD images of and reaction products by CVD using the
16%Ni4%Y/Mg catalyst reduced for 3 hours (a), 5 hours (b).

average diameter of 20 nm were also grown based on “top-
growth mode” (indicated by arrows). TEM images of the
CNTs indicate that the structure of the CNT is herringbone
or bamboo-shaped (Figures 5(c) and 5(d)). At 500◦C, there
were no CNTs formed instead of big particles (Figure 5(e)),
similar to that obtained at 450◦C using 10%Ni/Mg. When
the reaction temperature increased to 600◦C, Ni reacted
with Mg completely and formed two phases: Mg2Ni and
Mg6Ni. SEM images of the products show that the surface
morphologies of the product obtained become petaline
nanosheets (Figure 5(f)).
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Figure 4: SEM images of the products obtained by CVD at different conditions using 10%Ni/Mg catalyst (a, b) at 400◦C (c) at 450◦C (d) at
500◦C.

Based on the above analysis, it is obvious that the reaction
between catalyst and support play an important role for the
activity of the catalyst. Ni alloyed with Mg has no activity
for the decomposition of methane. Thus, the key issue to
use Mg as catalyst support is to prevent the reaction between
Ni and Mg. Although Ni can be used as catalyst directly, the
low activity of the catalyst will limit its further application in
composite fabrication process. Preliminary results show that
Y doped in Ni can elevate the reaction temperature between
Ni and Mg0020and promote the activity of the catalyst
(52.3 wt.% carbon deposit obtained using Ni/Y catalyst
compared to the mass of the raw catalyst, while only about
1 wt.% carbon deposit obtained using Ni catalyst). Thus, it is
possible to obtain dispersed CNTs with higher quantity and
quality using less Ni/Y catalyst supported on Mg powder by
optimizing the process parameters. Mg oxidization can be
reduced to a minimum content, which has little influence
on the property of Mg composites, by using inert gas with
higher purity and other solutions instead of water (to avoid
the possible reaction between water and Mg). Thus, it is

reasonable to prepare CNT/Mg composites with high CNT
dispersion using the in situ synthesized CNT-Mg composite
powders. Such work is in process.

4. Conclusions

The present paper demonstrates that Mg powder can be used
as a suitable catalyst carrier for the CNT growth by CVD.
However, the chemical interactions between the catalyst and
substrate should be avoided, because any Ni alloy with Mg
demonstrates no activity for the decomposition of methane.
The introduction of Y in Ni/Mg catalyst can promote the
reaction temperature between Ni and Mg and thus enhance
the activity of the catalyst. A large amount of CNTs with
an average diameter of 20 nm was obtained by CVD using
Ni/Y/Mg catalyst at 450◦C, while only a few short CNTs were
obtained using Ni/Mg catalyst due to the too low activity of
the catalyst at lower temperature.
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The single-walled carbon nanotubes (SWNTs, diameter: 2∼3 nm), which were obtained in the suspension of purification solution,
with Ni-P coating layers were obtained by an electroless deposition process. The SWNTs before and after coating were characterized
by transmission electron microscopy (TEM) and energy dispersive spectrometry (EDS). An Ni-P layer on individual nanotube with
thickness of 20 nm can be obtained after the deposition process. The X-ray diffraction (XRD) and selected area electron diffraction
(SAED) analysis of Ni-P SWNTs before and after heat treatment show that the heat treatment caused the transformation of the
amorphous Ni-P layer to the nanocrystalline Ni-P (crystalline Ni and Ni3P intermetallic compound) layer. The XRD pattern of
SWNTs with Ni-P layers after heat treatment revealed that the crystal structures of Ni in plating layer contained: hexagonal close-
packed (hcp) structure and face-centered cubic (fcc) structure. The lattice parameters of Ni (fcc) and Ni3P are larger than the
bulk’s, indicting that the lattice expansion has taken place. However, the lattice parameter of Ni (hcp) has no difference from the
bulk’s.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by Iijima
in 1991 [1], much attention has been focused on one-
dimensional nanomaterials for their outstanding proper-
ties, including high length/diameter ratio, low density, and
mechanical properties [2, 3]. Significant interest has been
recently focused on CNTs-metal composites. However, the
bonding of interface between carbon nanotubes and metal
is not strong enough. Metal-coated CNTs increase surface
active sites to improve interfacial bonding between CNTs and
metal matrix. Ni-P layers have been adopted for an increasing
number of CNT applications in recent years.

Electroless deposition is an effective approach for the
preparation of the CNTs with Ni-P layers. This means that
CNTs can be used as reinforcing fibers for metal matrix
composites with surface treatment. It will be essential to
achieve good interfacial adhesion. The coated layers can serve
as medium for adhesion and transferring loads. There have
been studies on the morphology of metallic nanoparticles

as a function of deposition time in electroless deposition of
metal on carbon nanotubes [4].

Multiwall carbon nanotubes (MWNTs) subjected to
electroless deposition are produced by CVD which appear
to be curved, twisted together, and hard to disperse [5, 6].
Single-walled carbon nanotubes (SWNTs) adopted in this
experiment are straight and easy to disperse. SWNTs with
Ni-P coating layers could improve the interfacial bonding
between SWNTs and metal matrix and the dispersion of
SWNTs in metal matrix.

In order to understand the combining mechanism at
the interface, it is necessary to investigate crystal structures
under heat treatment. Better thermodynamical stability can
be achieved through the nanocrystallization process of the
metastable amorphous structure in Ni-P layers, leading to an
improvement of the composite properties.

In this study, we prepared SWNTs, which were obtained
in the suspension of purification solution, with Ni-P layers by
electroless deposition processing. The Ni-P layers are thick
and smooth. SWNTs with nanocrystalline Ni-P layers were
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prepared by heat treatment at 400◦C. The samples were
characterized with TEM, EDS, SAED, and XRD.

2. Experimental

Single-walled carbon nanotubes were prepared by anodic
arc discharging plasma. The purification of SWNTs was
conducted by using mixed acid (HNO3 : H2SO4 = 1 : 3) to
take away amorphous carbon and catalytic nanoparticles. For
the purification before further pretreatments for electroless
plating, the SWNTs were obtained in the suspension of
purification solution, then filtered and washed with deion-
ized water and dried in air at 80◦C. Next, the cleaned
SWNTs were sensitized in the aqueous solution containing
SnCl2 + HCl and activated in the aqueous solution contain-
ing PdCl2 + HCl ( the so-called two-step process), followed
by washing thoroughly with deionized water. Finally, the
pre-treated SWNTs were immersed in the electroless plating
bath, which contains NiSO4, Na3C6H5O7, and NaH2PO2.
Ammonia solution was used as buffer to adjust and maintain
pH value between 8.5 and 8.7. The sample was heat treated
under argon atmosphere at 400◦C for 3 h, where heating rate
was 10◦C/min. The SWNTs before and after coating were
characterized with TEM (JEM-2010) and EDS. The Ni-P-
SWNTs before and after heat treatment were studied using
XRD (D8) and SAED.

3. Results and Discussions

3.1. Morphological Features of Ni-Coated SWNTs. Figure 1
shows the TEM image of SWNTs after purification, which
shows that the CNTs are straight. The diameter of SWNTs is
almost 2.6 nm. The purification processing has two effects:
taking away the impurities and introducing functional
groups on SWNTs surface, such as carboxyl (–COOH) and
hydroxyl (–C–OH) [7]. These functional groups change the
surface state of SWNTs, which plays an important role in
electroless deposition [8, 9]. The SWNTs have to be oxidized
to introduce high density and distributed homogenously
functional groups on their surface. This would subsequently
lead to a sufficiently high density of adsorbed activator nuclei
and a correspondingly distribution of growing Ni metal
nuclei. The growth of Ni would be insufficient to cover the
whole tube surface unless the initial density of catalytic sites
is very high and homogenous.

Figure 2 shows the representative TEM image of SWNTs
with Ni-P coating layers, which clearly indicates that the Ni-
P layers coat the tube surface uniformly. The electrolessly
deposited Ni-P layers are distributed on the individual
tube homogenously. The thickness of the coating layer is
more than 20 nm and as ten times as the semidiameter of
the nanotube. The coating thickness can be controlled via
reaction time of plating. The layer is symmetric around the
SWNTs. Compared to SWNTs produced by CVD, SWNTs
adopted in this experiment are straighter, leading to the fewer
defects exist on the surface of SWNT. The preparation of
tubes with continuous and smooth coating layer has been
influenced by two crucial factors: the curvatures of tube
[10, 11] and the distance between catalytic centers [12].

50 nm

Figure 1: TEM image of purified SWNTs.

20 nm

20 nm

SWNT

Figure 2: TEM image of the end of as-coated SWNTs.

Figure 3 shows the representative TEM, EDS image
of SWNTs with Ni-P layers. The EDS shows the major
component in deposited layer is Ni, with a little P and Pd.
The peak of Cu is due to the grid used in TEM.

3.2. The Transformation of Crystal Structures of Ni-P Layers.
The electroless deposition Ni is a metastable and supersat-
urated alloy consisting of P atoms between Ni atoms. The
face-centered cubic (fcc) structure of Ni may be maintained
within small grains. The structure is essentially amorphous
in the regions where the fcc structure cannot be maintained
at all [13]. The as-coated SWNTs have been confirmed to be
the SWNTs with the amorphous Ni-P layers, and the SWNTs
with nanocrystalline Ni-P layers can be prepared by the heat
treatment at 400◦C.



Journal of Nanomaterials 3

3500

3000

2500

2000

1500

1000 Ni Ni

Cu

Cu
Ni

Pd

500 P

0

0 5 10 15 20

100 nm

Energy (keV)

In
te

n
si

ty

Figure 3: TEM image of as-coated SWNTs and EDS, which was
selectively taken on the edge of SWNTs with Ni-P layers.

In order to observe the nanocrystallization structures, the
SWNTs with Ni-P deposition layers were analyzed by XRD
method. In addition to XRD, the SAED analysis was also
performed to determine the phase transformation. Figure 4
shows the results.

The XRD pattern of as-coated SWNTs afforded only a
broad peak showing the amorphous phase structure [14, 15].
And the SAED is a broad ring characteristic of an amorphous
phase without any trace of crystalline phases. Under heat
treatment, the Ni and Ni3P (intermetallic compound) peaks
became sharp [16, 17]. The SAED shows a polycrystalline
structural feature, which is in agreement with the results of
the XRD analysis. These results have demonstrated that the
SWMNs with nanocrystalline Ni-P layer can be prepared by
heat treatment at 400◦C using the SWNTs with amorphous
Ni-P layers as the precursors.

3.3. Microstructure of Ni-P Layers under Heat-Treatment.
Figure 5 shows the part of XRD pattern of SWNTs with Ni-P
layers under heat treatment. 2θ = (40◦, 56◦). There is one
sharp and intense peak of Ni3P at 2θ = 41.65◦, several weak
peaks are observed, and these peaks correspond to the (231),
(330), (112), (141), (222) and (132) planes of body-centered
tetragonal structure of Ni3P. The XRD pattern clearly shows
that Ni has two crystal structures in deposition layers after
heat treatment: hexagonal close-packed (hcp) structure and
face-centered cubic (fcc) structure. The peaks at 2θ = 45.07◦

and at 2θ = 44.37◦ correspond to the (011) plane of Ni
(hcp) and (111) plane of Ni (bcc), respectively. As we know,
there are three crystal structures of Ni: face-centered cubic
(fcc), hexagonal close-packed (hcp) and body-centered cubic
(bcc). The Ni (hcp) is metastable, but Ni (hcp) stably exists
in the deposition layers under heat treatment.

As shown in Figure 6, there is an obvious phenomenon
in XRD pattern. The crystal plane distance calculated from
XRD spectrum is different with the bulk’s value, which
reflects the change of lattice parameter.

For example, d(111) of Ni (fcc) is 2.04006 Å in Figure 6 and
is larger than the bulk’s value d(111)0 = 2.01000 Å indicting

Ni
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Figure 4: XRD and SAED image of SWNTs with Ni-P layers: a as-
coated, b under heat treatment.
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Figure 5: Partly of XRD pattern of SWNTs with Ni-P layers under
heat treatment.

the emergence of lattice expansion. The rate of the change of
crystal plane distance is (d(111) − d(111)0)/d(111)0 = 1.5%. And
d(231) of Ni3P (body-centered tetragonal) is 2.16654 Å, but
the bulk’s value d(231)0 = 2.16100 Å. The rate of the change
of crystal plane distance is (d(231) − d(231)0)/d(231)0 = 0.26%.

While the lattice of Ni (fcc) and Ni3P (bct) has expanded,
the lattice of Ni (hcp) has no change nearly. The change of
the lattice parameters of Ni (hcp) can be ignored.

The change of crystal plane distance shows that the lattice
of Ni (fcc) and Ni3P (bct) has expanded. There is a reason as
following: the relationship between the lattice parameter and
the grain size has been studied by Wei Zhi-Qiang and Lu Ke
using the experiment. These studies indicate that the lattice
parameter increase significantly with the decrease of the
grain size [18, 19]. So the lattice parameter of nanocrystalline



4 Journal of Nanomaterials

43.18 47.18 51.18 55.18

0

200

400

600

800

1000

In
te

n
si

ty
(C

P
S)

Diffraction angle, 2θ (◦)

d(111)
d(111)0

(a)

43.18 47.18 51.18 55.18

0

200

400

600

800

In
te

n
si

ty
(C

P
S)

Diffraction angle, 2θ (◦)

d(231)0
d(231)

(b)

43.18 47.18 51.18 55.18

0

200

400

600

800

Experiment
Standard

In
te

n
si

ty
(C

P
S)

Diffraction angle, 2θ (◦)

d(011)d(011)0

(c)

Figure 6: The change of crystal plane distance: a-Ni (fcc); b-Ni3P; c-Ni (hcp).

in Ni-P layers will increase when they are in nanometer scale
due to the grain refinement of nanocrystalline.

4. Conclusion

In this paper, the one-dimensional SWNTs with continuous
and dense coating layer have been successfully synthesized
by an electroless deposition process. The thickness of the
coated layer is more than 20 nm. It has been found that
the heat treatment can convert the amorphous Ni-P coating
layers into the nanocrystalline Ni-P (Ni and Ni3P) layers.
Our results show that the lattice of Ni (fcc) and Ni3P (bct)
has expanded but the rates of expansionary not equal. At the
same time, the lattice of Ni (hcp) has contracted and the the
change could be ignored.
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The adsorption of cyclohexene with two sp2 and four sp3 carbon atoms in graphitic slit pores was studied by performing grand
canonical Monte Carlo simulation. The molecular arrangement of the cyclohexene on the graphitic carbon wall depends on the
pore width. The distribution peak of the sp2 carbon is closer to the pore wall than that of the sp3 carbon except for the pore
width of 0.7 nm, even though the Lennard-Jones size of the sp2 carbon is larger than that of the sp3 carbon. Thus, the difference
in the interactions of the sp2 and sp3 carbon atoms of cyclohexene with the carbon pore walls is clearly observed in this study. The
preferential interaction of sp2 carbon gives rise to a slight tilting of the cyclohexene molecule against the graphitic wall. This is
suggestive of a π-π interaction between the sp2 carbon in the cyclohexene molecule and graphitic carbon.

1. Introduction

There has been an increase in the use of activated carbons
in the construction of environmentally friendly technologies
with sufficient safety. Activated carbon has basically slit-
shaped micropores, which provide much better accessibility
for most molecules than the cylindrical pores of zeolites
[1, 2]. Recent researches have succeeded in controlling the
pore width in the range from subnanometers to several
nanometers; this has resulted in improvements in a wide
range of applications, such as air separation (or air purifi-
cation), solvent recovery, and manufacture of automobile
canisters [3–7]. Furthermore, activated carbons have high
electronic conductivities, allowing them to be used in
electrochemical applications such as supercapacitors [8–
10]. Another striking advantage of activated carbons is the
fact that their production from natural products that fix
atmospheric CO2 can contribute to CO2 sequestration [5, 11,
12]. However, there are still many research issues that need to

be resolved to improve the performance of activated carbons.
With the exception of the surface functional groups involved
in the adsorption of polar molecules, the specific interaction
involved in the gas adsorbability of activated carbons has not
been studied sufficiently. Smith et al. [13] conducted the first
study on the comparison between benzene and cyclohexane
adsorptions on graphite; in this study, stronger cyclohexane
adsorption was observed than benzene adsorption. On the
other hand, the strong π-electron interaction of benzene
with nanopore surfaces was observed by Dosseh et al. [14].
Moreover, comparison studies on adsorbed molecules of
sp2 and sp3 carbons have been conducted for benzene
and cyclohexane and for ethylene and ethane [15–17]. The
adsorption isotherms of ethane and ethylene on activated
carbons showed larger amounts of adsorbed ethylene than
ethane [18], indicating stronger interaction of sp2 carbon
with pore walls. Radovic and Bockrath used molecular
orbital calculations to emphasise the essential importance
of the conjugated π-electron nature of the basal plane of
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Figure 1: Space-filled model of cyclohexene. Blue, black, and
red spheres represent sp2 carbon atoms, sp3 carbon atoms, and
hydrogen atoms, respectively.

the graphite in the adsorption of organic molecules [19].
The characteristic interaction, the π-π interaction of the sp2

carbons in an adsorbed molecule with graphite, is caused by
the electron cloud delocalization between the sp2 carbons
in the molecule and graphite. We still need to understand
the difference between the adsorbed structures of the sp2

and sp3 carbon atoms of the adsorbate molecules upon
adsorption on graphitic pores along with the dependence on
pore width in order to obtain a better carbon adsorbent of
high specificity for use in future technologies for the selective
reaction and separation of unsaturated molecules. Vernov
and Steele showed the orientation of adsorbed benzene on
graphite using a 12-site model [20–22]. Do et al. studied the
orientation structures of organic molecules on graphite and
porous carbons using grand canonical Monte Carlo (GCMC)
simulation, taking into account the molecular structures
[23, 24]. Such molecular simulation studies can reveal the
interactions between sp2 carbon and a graphitic carbon
surface along with the molecular structures.

Cyclic hydrocarbons are important intermediates in
many chemical reactions on transition metal surfaces [25,
26]. Cyclohexene is one of the critical intermediates in
catalytic reforming. Many studies on the reforming process
have been reported [25–27]. The cyclohexene molecule has
two sp2 carbon atoms in addition to four sp3 carbon atoms,
making it an appropriate probe molecule for research on
the comparison of the adsorptions of sp2 and sp3 carbon
atoms. To understand the difference between the adsorbed
structures of the sp2 and sp3 carbon atoms, we adopted
GCMC simulation for studying cyclohexene adsorption on
activated carbon. In addition, this study could serve as a
guide in the development of better adsorption media for
separating cyclohexene from commercial natural gas [4, 6,
15].

2. Simulation Procedures

Figure 1 shows a space-filled model of cyclohexene; the
structural parameters are given in the paper by Faller et al.
[28]. The cyclohexene molecule has a distorted plane
structure that consists of five single bonds (C–C) and one

double bond (C=C). The sp3 and sp2 carbon atoms must
be distinguished by using interaction potential calculation
and GCMC simulation. Faller et al. determine the parameters
of cyclohexene for the flexible model [28]. As rigid and
flexible models give no significant difference in structure [29,
30], a 16-centre model for the rigid cyclohexene structure
in this study was adopted for the calculation (ε/kB =
31.9 K for H and 35.6 K for sp3 and sp2 carbons; σ =
0.252 nm for H, 0.311 nm for sp3 carbon, and 0.321 nm
for sp2 carbon) [28, 31]. The availability is verified by the
comparison between the rigid and flexible models before the
calculation; the assembly structures of cyclohexene in the
rigid and flexible models are almost agreeing with each other,
although the structure distribution in the flexible model is
slightly dispersed due to the flexibility. The intermolecular
interactions were described by the Lennard-Jones potentials:

φAB = 4
∑
i

∑
j

εi j

⎡⎣(σi j
ri j

)12

−
(
σi j
ri j

)6
⎤⎦. (1)

Here, ri j is the distance between the ith atom in molecule
A and the jth atom in molecule B. The Lorentz-Berthelot
mixing rules were applied to obtain the interaction energy
and size parameters for the heteroatomic interaction:

σi j =
σi + σj

2
εi j = √εiε j . (2)

Here, each component atom in the molecule was assumed
to be electrically neutral; the stable molecular geometry of
a single molecule in the flexible model was used for the
calculation.

The slit-shaped pore was modelled using the interface
between two semi-infinite graphite slabs; the molecule-
carbon wall interaction was approximated by the 10-4-3
Steele potential [32]:

φs f =
∑
i

A

[
2
5

(σs fi
zi

)10

−
(σs fi
zi

)4

− σs fi
4

1.005(zi + 0.20435)3

]
.

(3)

Here, A is 76.38 πεs f iσ2
s f i, and z is the vertical distance of

the ith atom in a molecule from the centre of a carbon
atom on one side of a carbon surface; σs f i and εs f i were
derived from the Lorentz-Berthelot mixing rules. σs and εs
are the Lennard-Jones parameters for the carbon atom in
graphite (σs = 0.3416 nm and εs/kB = 30.14 K), and σ f i

and ε f i are the Lennard-Jones parameters for the ith atom in
the molecule [33]. Strictly speaking, the molecule-graphite
slab interaction was summed and smoothed by all of the
interactions between the component atoms in the molecule
and the graphite slab using the Steele potential. In the case
of the graphite slit pore, the interaction of the cyclohexene
molecule with the pore was expressed by the sum of the
interaction potentials of the cyclohexene molecule with both
graphite walls, as given by (4):

φp = φs f (z) + φs f (H − z). (4)
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Figure 2: Molecular arrangements of adsorbed cyclohexene. Head-
on (a), side-on (b), and in-plane (c) arrangements.

Here, H is the physical slit pore width, which is the
internuclear distance between opposite graphite walls. The
physical slit pore width was associated with the pore width,
w, which can be experimentally measured as follows [34]:

w = H − 2z0, z0 = 0.856 σ sf −
σ f f

2
. (5)

Here, z0 is the closest contact distance between the sp2 carbon
and the graphite pore wall.

The electrostatic interaction between a polar molecule
and a graphitic slab must be taken into account for a detailed
analysis of the adsorption of polar molecules, as reported in
previous papers [20, 35]. The electrically neutral cyclohexene
atoms assumed here nominally give no electrostatic contri-
bution to the interaction between the cyclohexene and the
pore wall. However, the electrostatic interaction is roughly
included in the Lennard-Jones parameters obtained from the
ab initio calculation by Faller et al. [28]. Grand canonical
Monte Carlo simulations of the cyclohexene were performed
using 3 × 106 steps at 298 K, with three equivalent trials for
the creation, deletion, and movement of the molecules. The
pressure was calculated from the bulk molecular density in
the unit cell of 6 × 6 × 6 nm3 by using the van der Waals
equation after more than 1 × 108 calculation steps and the
accumulation of 9 × 107 steps. A unit cell size of 6 × 6 ×
H nm3 and a 2-dimensional periodic boundary condition
were used in this calculation.

3. Results and Discussion

The molecule-graphite pore interaction energy was calcu-
lated for three arrangements, as shown in Figure 2. The
molecular plane is perpendicular to the graphite wall in
arrangements (a) and (b). The double bond is head-on
toward a plus-side wall for (a), whereas there is side-on
adsorption on the wall for (b). Hence, (a) and (b) are called
head-on and side-on arrangements, respectively. On the

other hand, because the molecular plane is parallel to the wall
in (c), arrangement (c) is called an in-plane configuration.
The molecule-pore interaction potentials were calculated as
a function of the vertical distance of the molecular centre of
gravity from the pore centre for the three arrangements.

Figure 3 shows the molecule-pore interaction potentials
for the three arrangements shown in Figure 2. For the
smallest pore (w = 0.6 nm), the in-plane arrangement gets a
large stabilization energy of−8000 K, suggesting the presence
of adsorption from an extremely low pressure. The side-
on arrangement provides the considerably large stabilization
energy of −4000 K, whereas the head-on arrangement leads
only to repulsive interaction energy. The potential profiles
for w = 0.7 nm are remarkably different from those for
w = 0.6 nm. The most stable arrangement (−7000 K) is
found to be the side-on type with w = 0.7 nm. The in-plane
arrangement gives double potential minima, and the head-
on and side-on arrangements give a single minimum. All
the potential minima are close to each other, within 500 K,
for w = 0.8 nm. The head-on arrangement leads to the
single deepest potential minimum for w = 0.8 nm, and the
side-on and in-plane arrangements have double minima. In
the case of w > 0.9 nm, the in-plane arrangement gave the
deepest potential double minima, which are situated near
the pore wall. Then, cyclohexene molecules on the pore walls
will be adsorbed on the pore walls with w > 0.9 nm in the
in-plane structure. Similar double potential minima were
obtained for the side-on arrangement, and the depth was
slightly shallower than that for the in-plane arrangement.
It is worth noting that the head-on arrangement gave an
asymmetrical potential profile for w > 0.9 nm; sp2 carbon
leads to a stronger interaction than sp3 carbon. Even the
single potential minima for w = 0.7 and 0.8 nm shift slightly
in the positive direction due to the contribution by the
sp2 carbons (see Figures 3(b) and 3(c)). This interaction
potential difference in the sp2 and sp3 carbon atoms is
clearly observed in the adsorbed structure obtained from
the GCMC simulation. The potential profiles for w =
1.0 nm have features that are almost similar to those for
w = 0.9 nm (Figure 3(d)). Figure 4 shows the changes
in the interaction potential minimum with the pore width
for different adsorption structures. The interaction energy
depends sensitively on the pore width and the molecular
arrangement in the pore; the most favourable arrangement
predicted from the interaction potential varies with the
pore width. The deepest potential energy is obtained in
the in-plane arrangement for w < 0.64 nm. The side-on
arrangement provides the deepest potential energy in the w
range of 0.64 to 0.75 nm. The head-on arrangement gives the
deepest interaction potential energy for w = 0.75–0.84 nm,
indicating a contribution by the sp2 carbon atoms in the
pores when w is approximately 0.8 nm, although the energy
difference from the side-on arrangement is not marked
compared with the difference for smaller pores.

Figure 5 shows the adsorption isotherms of cyclohexene
in pores with w = 0.5–2.0 nm at 298 K. The ordinate
represents the number of cyclohexene molecules adsorbed
in the pore, with wider pores resulting in larger numbers of
molecules above 10−5 MPa. As the pore with w = 0.5 nm is
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Figure 3: Potential profiles of a cyclohexene molecule in graphitic slit pores with w = 0.6 (a), 0.7 (b), 0.8 (c), and 1.0 nm (d). Red curve:
head-on arrangement, blue curve: side-on arrangement, and black curve: in-plane arrangements.

too narrow to accommodate cyclohexene molecules easily,
adsorption begins above 10−8 MPa. On the other hand, the
pore with w = 0.6 nm, which has the deepest potential
minimum (−8000 K) for the in-plane arrangement, exhibits
a quite intensive adsorption for cyclohexene; this adsorption
begins even below 10−10 MPa. As the pore with w =
1.0 nm has double minima, which are in the range from
−4000 to −4500 K, adsorption begins at 5 × 10−9 MPa. The
adsorption for w > 1.0 nm begins above 5 × 10−9 MPa. The
cyclohexene molecule has a distorted ring structure, making

dense packing in a smaller slit pore space very difficult. This
can be understood from the following snapshot analysis.

Figure 6 shows the snapshots at 10−3 MPa for w = 0.6,
0.7, 0.8, and 1.0 nm. Cyclohexene molecules form a single
adsorbed layer that is inherent to the pore width for
w = 0.6–0.8 nm, as shown in Figure 4. In the pore with
w = 0.6 nm, the cyclohexene molecules basically exhibit
the in-plane arrangement. Strictly speaking, the cyclohexene
molecules are tilted against the pore wall due to the stronger
sp2 carbon-pore wall interaction. The tilt angle will be shown
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later. Single adsorbed layers having the side-on and head-
on arrangements are observed in the pores with w = 0.7
and 0.8 nm, respectively, which is expected from the results
shown in Figure 4. Two adsorbed layers of cyclohexene
molecules are formed in the pore with w = 1.0 nm. Three
layers and four layers are observed in the pores with w = 1.5
and 2.0 nm, respectively, which are not shown in this paper.
In the case of the pores with w = 1.5 and 2.0 nm, molecules
at the monolayer position orientate along the pore walls;
molecules in the central space of the pore have almost a
perpendicular configuration against the pore wall with less
molecular orientation.

The tilting of the cyclohexene molecules toward the pore
walls clearly shows the molecular orientation to a pore wall.

w = 0.6 nm

w = 0.7 nm

w = 0.8 nm

w = 1.0 nm

Figure 6: Snapshots of adsorbed cyclohexene in the nanopores
with w = 0.6, 0.7, 0.8, and 1.0 nm at P = 10−3 MPa. Right side:
schematic model of typical structure of adsorbed cyclohexene. Blue,
grey, and red spheres depict sp2 carbon, sp3 carbon, and hydrogen,
respectively. Graphitic carbon walls are represented by the loose
lines composed of black spheres.

(a)

(b)

(c)

(d)

θ
(d

eg
)

−0.4 −0.2 0 0.2 0.4
z (nm)

0

45

90

0

45

90

0

45

90

0

45

90 θ

Figure 7: Angular distribution of cyclohexene against the plane of
the pore wall of w = 0.6 (a), 0.7 (b), 0.8 (c), and 1.0 nm (d).

Figure 7 shows the angular distribution between the normal
vector of a cyclohexene molecule and the pore wall surface.
Here, the normal vector is defined as a perpendicular vector
to the plane of two sp2 carbons and two sp3 carbons next
to the sp2 carbon; that is, the in-plane arrangement is at
0◦ and the head-on or side-on arrangement is at 90◦. The
probable angles for w = 0.6 and 0.7 nm are 20–30◦ and 50–
90◦, respectively. Thus, the in-plane arrangement is expected
for w = 0.6 nm, while the head-on or side-on arrangement
should be formed in the pore with w = 0.7 nm. For w = 0.8
and 1.0 nm, angles of 20–30◦ are observed in the contacts
with the pore walls. Angle distributions above 50◦ are also
observed at some pore-centred positions, suggesting the
head-on or side-on arrangement. The head-on or side-on
arrangement is mainly formed for w = 0.8 nm. On the other
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Figure 8: Distributions of cyclohexene in a direction perpendicular
to the pore wall at 10−3 MPa, for w = 0.6 (a), 0.7 (b), 0.8 (c), and
1.0 nm (d). Black curve: sp3 carbon, blue curve: sp2 carbon, red
solid curve: hydrogen bound to sp2 carbon, and red dashed curve:
hydrogen bound to sp3 carbon.

hand, the in-plane arrangement is the most common for
w = 1.0 nm.

As the exact arrangement of the molecules facing the pore
wall can provide useful information on the role of the sp2

carbon atoms in the molecule-pore wall interaction, distri-
bution profiles were determined for the sp2 and sp3 carbons
in the adsorbed cyclohexene against the perpendicular axis
of the pore walls, as shown in Figure 8. The snapshots in
Figure 6 and angular distribution in Figure 7 cannot provide
a clear insight into the role of the sp2 carbon atoms in the
cyclohexene-pore wall interaction. Cruz and Mota found a
slight difference between the distances of the sp2 and sp3

carbons from pore walls [16]. In contrast, Figure 8 distinctly
shows the difference in the positions of the sp2 and sp3

carbon atoms and the hydrogen atoms bonding to the sp2

and sp3 carbons. The sp2 carbon atoms are actually in contact
with a pore wall for w = 0.6 and 1.0 nm, although the
remarkable difference between the sp2 and sp3 carbon atoms
near the walls is not observed well for w = 0.7 and 0.8 nm.
The sp2 carbon has a considerably uniform distribution for
w = 0.8 nm, and a few sp2 carbons are closer to the wall
than the sp3 carbon, whereas the sp3 carbon prefers the
monolayer position. The distributions for w = 1.5 and
2.0 nm had tendencies similar to that for w = 1.0 nm; these
distributions for w > 1.0 nm have sharp peaks near the pore
walls, and no clear peak exists at around the centre of the
pore. The distribution peak of the sp2 carbon is closer to
the pore walls than that of the sp3carbon atoms for w =
0.6, 1.0, 1.5, and 2.0 nm, despite the fact that the Lennard-
Jones diameter of the sp2 carbon is larger than that of the
sp3 carbon by 0.01 nm. Therefore, the sp2 carbon atoms can
interact preferentially with the graphite walls in comparison

with the interaction of the sp3 carbon atoms for the specific
pore widths. The hydrogen atoms bound to the sp2 carbons
are also distributed on the pore walls, whereas those bound
to the sp3 carbons are orderly distributed in the pores. In
comparison to the carbon atoms, there exist nearer hydrogen
atoms to the pore walls.

4. Conclusion

The preferential interaction of sp2 carbon atoms with a
graphite wall is explicitly observed in the adsorption of
cyclohexene in graphite slit pores, with the exception of pores
with w = 0.7 and 0.8 nm, as cyclohexene has both sp2 and sp3

carbon atoms. The preferential interactions of the sp2 carbon
atoms and the hydrogen atoms bound to the sp2 carbon
atoms in cyclohexene are enhanced in a restricted nanoscale
pore space; this results in cyclohexene having a slightly tilted
conformation. The application of the preferential interaction
nature of the sp2 carbon atoms to the design of a better
adsorbent for aromatic compounds is expected to be quite
useful, because the orientation of cyclohexene to the graphite
walls depends on the pore width.
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We report a facile approach to prepare Fe3O4/Pt nanoparticles decorated carbon nanotubes (CNTs). The superparamagnetic
Fe3O4 nanoparticles with average size of 4 ∼ 5 nm were loaded on the surfaces of carboxyl groups functionalized CNTs via a
high-temperature solution-phase hydrolysis method from the raw material of FeCl3. The synthesis process of magnetic CNTs is
green and readily scalable. The loading amounts of Fe3O4 nanopartilces and the magnetizations of the resulting magnetic CNTs
show good tunability. The Pt nanopaticles with average size of 2.5 nm were deposited on the magnetic CNTs through a solution-
based method. It is demonstrated that the Fe3O4/Pt nanoparticles decorated CNTs have high catalytic activity in the reduction
reaction of 4-nitrophenol and can be readily recycled by a magnet and reused in the next reactions with high efficiencies for at
least fifteen successive cycles. The novel CNTs-supported magnetically recyclable catalysts are promising in heterogeneous catalysis
applications.

1. Introduction

The discovery of carbon nanotubes (CNTs) in the early
1990s has vitalized a flurry of research activities over
the past decade [1]. Due to their fascinating structural,
optoelectronic, physicochemical, and mechanical properties,
CNTs serve as an excellent candidate for the model systems
of nanoscale science and technology [2–7]. Among the
applications of CNTs in various fields, magnetic CNTs
(m-CNTs) produced by functionalizing CNTs with magnetic
nanomaterials are one of the most useful nanocomposites,
which incorporate the features of both magnetism and CNTs,
and thus have great potential in biomanipulations [8, 9],
alignment [10], contrast agents for magnetic resonance
imaging [11], targeted drug delivery [12], and so forth.

Up to date, various kinds of m-CNTs have been syn-
thesized by decorating CNTs with Ni [13], Co [14], CoO
[15], Fe [16] nanoparticles, and so forth. Among them,
magnetic iron oxide (e.g., maghemite γ-Fe2O3 or magnetite
Fe3O4) nanoparticles have attracted tremendous attentions
due to their low toxicity, stability, and biocompatibility in the
physiological environment [17–19].

In this regard, numerous reports related to functionaliz-
ing CNTs with iron oxide nanoparticles have progressively
sprung up, which can be broadly categorized into three
methodologies.

(1) The first strategy can be termed as “simultaneous”
methodology, in which the nanoparticles and CNTs
are formed and combined together simultaneously.
For example, CNTs containing magnetic iron oxide
were obtained by chemical vapor deposition of coal
gas with ferrocene as catalyst [20], by carbonization
of iron-complex-doped polypyrrole nanotubes [21],
and by a carbonization process using ferric chloride-
embedded polyimide precursor [22].

(2) The second strategy is “inside-filling”: iron oxide
nanoparticles were encapsulated inside the hollow
tubular structures of CNTs to produce magnetic
nanotubes. There have been many studies on the frac-
tionation of Fe2O3- or Fe3O4-filled carbon nanotubes
[23–28].

(3) The third and more commonly used strategy is
“outside-decorating”: iron oxide nanoparticles were
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connected onto the outer convex surfaces of CNTs.
This type of decorating can be generated, for
instance, by in situ growth [17, 29], covalent [30], or
noncovalent linkage [10] of functionalized magnetic
nanoparticles.

On the other hand, CNTs are also suitable nanoparticle
supports for heterogeneous catalysts due to their unique
geometry and electronic properties [31]. The activities of
CNTs-supported metal nanoparticles would be enhanced
through metal-support interactions [32]. This phenomenon
is presumably caused by the facts that CNTs are consisted
of rolled graphene sheets with curved surface that changes
the π-bonding in the graphene sheets, leading to different
electronic structures. There have been plenty of reports
about the decorating of CNTs with various noble metal
nanoparticles such as Pt [33, 34], Pd [32], Ag [35, 36], and
Au [37].

Recently, magnetic catalysts have received increasing
attention because of the recycled use of the catalyst by an
external magnetic field. However, the concept of magnetic
catalyst made of magnetic CNTs and catalytic nanoparticles
has never been presented and tried despite magnetic catalysts
with other substrates such as silica spheres have been
reported and demonstrated to be powerful in the reusable
catalysts [38]. Based on their large surface area and the
intrinsic electronic properties, CNTs would be a superior
candidate for the magnetic catalyst support. But in the
actual practice, there exist big challenges in the synthesis
of CNT-supported magnetic catalysts, since (1) the loss
of magnetism or noble nanoparticles is difficult to be
avoided, and (2) it is difficult to load different nanoparticles
independently on CNTs. So in the previous synthesis of
magnetic nanocatalysts, the magnetic nanoparticles were
usually stabilized by coating with a silica shell that could not
only protect the magnetic particles from chemical attacking
but also provide functional groups for subsequently loading
the metal catalysts [38]. However, such a process would lead
to complex experimental procedures and higher cost.

In this study, we present a facile and versatile approach
to acquire CNT-supported magnetic catalysts. The synthesis
method is simple and does not need any other stabilizing
components. The carboxyl-functionalized CNTs were firstly
decorated with Fe3O4 nanoparticles in a controlled manner
and subsequently deposited with Pt nanoparticles by taking
advantage of the unoccupied carboxyl groups on CNTs.
The resulting Fe3O4/Pt nanoparticles decorated CNTs still
maintain strong magnetism and catalytic activities. The

superiorities of our approach are summarized as follows: (1)
the superparamagnetic nanoparticles are highly crystalline,
monodispersed, and evenly decorated on the convex sur-
faces of CNTs; (2) the fraction of magnetic nanoparticles
deposited on CNTs and magnetic intensity of the resulting
m-CNTs can be easily controlled to some extent by adjusting
the feed ratio of the precursor to CNTs; (3) the synthesis
process is simple, facile, and readily scalable, and the starting
materials and other reagents are all commercially available,
which will facilitate the large-scale and economically favor-
able production of m-CNTs catalysts; (4) this approach is in
consonance with green chemistry principles. As the “green”
concept has been highlighted by worldwide researchers
nowadays, this approach is doomed to be promising with its
environmentally harmonious features.

Moreover, we also studied the catalytic performance of
the resulting catalysts in the reduction of 4-nitrophenol.
Recycling the CNTs-supported catalytic nanoparticles can
be easily accomplished by applying an external magnetic
field, and the separated catalysts can be reused for many
times. The novel Fe3O4/Pt nanoparticles decorated CNTs
reported herein take advantage of both the unique properties
of CNTs supports and the superparamagnetism of the
Fe3O4 nanoparticles, offering promising applications in the
heterogenerous catalysis.

2. Experimental

2.1. Materials. The pristine multriwalled carbon nanotubes
(p-MWNTs) were purchased from Tsinghua-Nafine Nano-
Powder Commercialization Engineering Center in Beijing
(purity >95%). Anhydrous iron (III) chloride (FeCl3, 98%)
and diethylene glycol (DEG, 99%) were purchased from
Alfa Aesar and used as received. Sodium hydroxide (NaOH,
99%) and ethanol were obtained from Sinopharm Chemical
Reagent Co., Ltd. and used as received. The carboxyl-
functionalized MWNTs (MWNTs-COOH) were prepared
in our lab previously [33], and the density of carboxyl
group was calculated to be 0.52 mmol (–COOH)/g from the
corresponding TGA data.

2.2. Instrument. Thermal gravimetric analysis (TGA) was
carried out on a TA Instruments TGA-2050 Thermogravi-
metric Analyzer with a heating rate of 20◦C/min under
a nitrogen flow rate of 60 mL/min. Transmission electron
microscopy (TEM) and energy-dispersive X-ray spectrom-
eter (EDS) analyses were performed on a JEOL JEM2010
electron microscope at 200 kV. X-ray diffraction (XRD)
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Figure 1: TEM images of p-MWNTs (a), m-MWNTs with feed ratios of 0.2/1 (b) and (c), 1/1 ((d)–(f)), and 5/1 ((g)–(i)).

patterns were recorded on a Rigaku X-ray diffractometer
D/max-2200/PC equipped with Cu Kα radiation (40 kV,
20 mA) at the rate of 5.0 deg/min over the range of 10–
70◦ (2θ). The magnetic properties were measured using a
sample-vibrating magnetometer (VSM, Lake Shore 7410).
Raman spectra were collected on a LabRam-1B Raman spec-
troscope equipped with a 632.8 nm laser source. UV-visible
spectra were recorded using a Varian Cary 300 Bio UV—vis
spectrophotometer.

2.3. Synthesis of Magnetic Multiwalled Carbon Nanotubes
(m-MWNTs). First, a solution of NaOH dissolved in DEG

(10 mg/mL) was prepared in advance. NaOH (100 mg,
2.5 mmol) was added into 10 mL of DEG under nitrogen
and magnetic stirring, which was heated to 120◦C for 1
hour, and then cooled down to 70◦C and maintained for
later use. In a typical synthesis of m-MWNTs (feed ratio =
1/1 (w/w)), MWNTs-COOH (30 mg) and DEG (10 mL) were

placed in a three-neck round-bottom flask equipped with a
condenser. The mixture was treated with an ultrasonic bath
(40 kHz) for 1 minute and then placed on a magnetic stirrer
with an oil bath. After FeCl3 (63 mg, 0.388 mmol, the iron
content was equivalent to 30 mg of Fe3O4) was added under
nitrogen atmosphere and magnetic stirring, the mixture was
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Figure 3: The curves of magnetic hysteresis loop at 300 K of
m-MWNTs with feed ratios of 5/1 (a), 1/1 (b), and 0.2/1 (c).

then heated and maintained around 220◦C for 30 minutes.
A NaOH/DEG stock solution (5 mL) was injected quickly
into the rapidly stirring mixture via a syringe. The resulting
mixture was further heated at around 220◦C for 1 hour.
After cooling down to room temperature, the product was
separated by centrifugation, redispersed in ethanol and col-
lected by centrifugation several times, and then redispersed
in water and collected by centrifugation several times. The
black solid was dried under vacuum at 60◦C overnight to give
48 mg of m-MWNTs. The same protocol was used to prepare
m-MWNTs of different feed ratios, except that (1) for the
synthesis of m-MWNTs (feed ratio = 1/5 (w/w)), FeCl3
(0.325 g, 2 mmol) and NaOH/DEG solution (100 mg/mL,
2.5 mL) were used; and (2) for the synthesis of m-MWNTs

((feed ratio = 1/0.2 (w/w)), FeCl3 (12.6 mg, 0.078 mmol) and
NaOH/DEG solution (10 mg/mL, 1 mL) were used.

2.4. Synthesis of Pt Nanoparticles Decorated m-MWNTs
(m-MWNTs@Pt). Typically, the as-prepared m-MWNTs
(10 mg) and 10 mL of ethylene glycol-water solution (3 : 2
volume ratio) were placed into a 25 mL Schlenk flask,
which was then treated with an ultrasonic bath (40 kHz)
for 3 minute. K2PtCl4 (6.4 mg) was added into the reaction
mixture and then heated in a 125◦C oil bath under nitrogen
atmosphere for 4 hour. The product was centrifuged, rinsed
several times with deionized water, and dried under vacuum
at 60◦C.

3. Results and Discussion

3.1. Preparation and Characterization of m-MWNTs. The
synthesis protocol of magnetic multiwalled carbon nan-
otubes (m-MWNTs) is illustrated in Scheme 1. Firstly, we
used an improved one-step nitrene chemistry to function-
alize CNTs [33]. The pristine multiwalled carbon nan-
otubes (p-MWNTs) were mixed with 4-(2-azidoethoxy)-4-
oxobutanoic acid in N-methyl-2-pyrrolidinone (NMP), and
the carboxyl groups were covalently linked on the surfaces
of nanotubes by nitrene addition at elevated temperature,
affording carboxyl-functionalized multiwalled carbon nan-
otubes (MWNTs-COOH). To produce m-MWNTs, we used
a high-temperature solution-phase hydrolysis method [19,
39]. The Fe precursor, FeCl3, was firstly coordinated to
the carboxyl groups on the surfaces of MWNTs-COOH in
diethylene glycol (DEG), then hydrolyzed upon the addition
of NaOH at elevated temperature, and eventually dehydrated
to in situ generate Fe3O4 nanoparticles.

It is worth noting that instead of using the most
commonly used acid oxidation method, the MWNTs-COOH
were prepared by the nitrene addition method, which has
several advantages: (1) the pollutive acid (concentrated
H2SO4/HNO3) could be avoided, making the synthesis pro-
cess cleaner and more convenient in practice; (2) the reaction
is a weight increasing process and the reagents involved in
the reaction are cheaply available in large quantity, making
the synthesis economically favorable; (3) the severe erosion
of CNTs by acid oxidation could be avoided, and thus
the damages to the intrinsic morphology and properties of
CNTs were significantly reduced. It is also worth mentioning
that unlike some widely used iron sources including iron
pentacarbonyl and iron acetylacetonate, the FeCl3 (as well
as the solvent DEG) used in the synthesis of m-CNTs is
more environmentally friendly and inexpensive. Thus, the
entire synthesis route (from the raw materials of CNTs to the
final product of m-CNTs) is a totally clean, cheap, and green
process.

In the synthesis of m-MWNTs, different feed ratios of
FeCl3 to MWNTs-COOH were used and the transmission
electron microscopy (TEM) observation results are shown
in Figure 1. The Fe3O4 nanoparticles appear as spherical
nanocrystals that spread on the sidewalls of MWNTs. With
the feed ratios raise from 0.2/1 to 1/1 and then to 5/1,
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Figure 4: TEM images of m-MWNTs@Pt: low-resolution images ((a) and (b)), high-resolution images of the side walls of MWNTs (c),
Pt nanoparticles (d), and Fe3O4 nanoparticles (e). The size distribution analysis of Pt nanoparticles (f) and Fe3O4 nanoparticles (g) of
m-MWNTs@Pt.
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Figure 5: The EDS spectrum (a) and XRD pattern (b) of m-
MWNTs@Pt.

the average sizes of Fe3O4 nanoparticles are all in the range
of 4 ∼ 5 nm, but the amounts of Fe3O4 nanoparticles on
the nanotubes increase remarkably. It is concluded that
there are plenty of carboxyl groups along the entire surfaces
of MWNTs-COOH, and the relatively amounts of the
carboxyl groups that are occupied and unoccupied by Fe3O4

nanoparticles can be adjusted by varying the feed ratios.
The unoccupied carboxyl groups, thereby, could be used to
deposit metal nanoparticles in the succeeding reaction.

In addition, the saturated magnetizations of m-MWNTs
are also increased from 0.8 to 10.2 and then to 34.1 emu/g
with the feed ratios raise from 0.2/1 to 1/1 and then to
5/1. As seen in Figure 2, the magnetic hysteresis loops of
all these samples have no remanence or coercivity and
exhibit superparamagnetic characteristics at room tem-
perature. All of the resulting samples of m-MWNTs can
move toward a magnet placed nearby, and the magnetic
response is more obvious for the sample with higher
feed ratio (see Figures S3, S5 and S7 in Supplementary
Material available online at doi: 10.1155/2011/193510).
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Figure 6: Raman spectra of p-MWNTs (a), MWNTs-COOH (b),
m-MWNTs (c), and m-MWNTs@Pt (d).

The X-ray diffraction (XRD) analysis in Figure 3 further
proved that the nanoparticles on m-MWNTs have good
crystalline quality and the diffraction peak positions fit
well with the standard XRD data for magnetite (JCPDS
card, file No. 19-0629). The diffraction peak at 2θ 25.9
is attributed to the graphite crystalline phase of CNTs,
and the intensities of Fe3O4 diffraction peaks become
stronger than those of CNTs with the enlarging of feed
ratios.

In comparison, m-MWNTs could not be obtained in the
control experiment using p-MWNTs instead of MWNTs-
COOH as the templates, as confirmed by the TEM images
in Figure S3. This is due to there are no carboxyl groups
on p-MWNTs, and the Fe3+ ions could not be coor-
dinated onto the surfaces of p-MWNTs to form Fe3O4

nanoparticles. Moreover, the oxidized MWNTs produced by
a commonly used acid oxidation method [35] were also
used in the control experiment and m-MWNTs could be
successfully produced because of their abundant carboxyl
groups (Figure S3).

3.2. Preparation and Characterization of m-MWNTs@Pt.
Here we select Pt nanoparticles as a typical example of noble
metal nanoparticles in this study to prepare Pt nanopartciles
decorated m-MWNTs (m-MWNTs@Pt) by using K2PtCl4
as the Pt precursor and m-MWNTs as the templates via
a solution-based method (Scheme 1). The m-MWNTs with
feed ratio of 1/1 was chosen as the starting sample for the
preparation of m-MWNTs@Pt since the decoration density
of Fe3O4 nanoparticles is moderate and the magnetization is
strong enough to enable them to be separated by magnetic
force quickly. The residual carboxyl groups on the surfaces
of m-MWNTs that are not occupied by Fe3O4 nanoparticles
could serve as the nucleation centers for Pt nanoparticles.
By mixing m-MWNTs and K2PtCl4 in ethylene glycol
and heating at elevated temperature, the Pt nanoparticles
were generated under the reductive atmosphere. Besides,
by replacing K2PtCl4with different metal precursors and
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optimizing the synthesis conditions if necessary, we could
probably obtain other kinds of metal nanoparticles (e.g., Pd,
Au, Ag, Ru) decorated m-MWNTs.

The typical TEM images of m-MWNTs@Pt are shown in
Figure 4. The Fe3O4 nanoparticles on MWNTs (marked by
blue arrows) show the same scattered distribution pattern
as those in Figures 1(d)–1(f), while the Pt nanoparticles
mostly appear as nanoscale clusters that consist of many
Pt nanoparticles (marked by red arrows). In the high-
resolution TEM (HR-TEM) images of m-MWNTs@Pt (Fig-
ures 4(c)–4(e)), the lattice fringes of carbon walls (002),
Pt(111), and Fe3O4 (311) were clearly observed, which
denote that the sidewall structures of MWNTs were not
spoiled after being modified with surface carboxyl groups
and deposited with nanoparticles, and the Pt and Fe3O4

nanoparticles have good crystalline quality. The statistical
sizes of Pt and Fe3O4 nanoparticles are 2.5 and 4.2 nm,
respectively, with narrow size distributions (Figures 4(f) and
4(g)).

Figure 5(a) shows the EDS spectrum of m-MWNTs@Pt,
revealing the presence of Fe and Pt elements on the carbon
supports (the Cu signs origin from the TEM cupper grid
loaded with the samples). From the EDS analysis results, it
is also found that contents of Pt and Fe in m-MWNTs@Pt
are 35.9 and 14.5 wt%, respectively. The crystalline structure
of m-MWNTs@Pt was confirmed with powder XRD mea-
surements (Figure 5(b)). The main reflection peaks of Fe3O4

and Pt crystals were clearly presented and the assignments of
their peaks are indexed in Figure 5(b).

The Raman spectra for p-MWNTs, MWNTs-COOH,
m-MWNTs, and m-MWNTs@Pt are shown in Figure 6.
The G and D bands located around 1580 and 1320 cm−1

were clearly observed and are related to the vibration of
sp2-bonded carbon atoms in a 2D hexagonal lattice and
the defects/disorder-induced modes, respectively [40]. The
ratios of D- to G-band intensity (ID/IG) for MWNTs-COOH
(2.44), m-MWNTs (2.48), and m-MWNTs@Pt (3.81) are
greater than those of p-MWNTs (2.38), which are resulted
from the increase in the degree of disorder after function-
alization of MWNTs. The D′-bands around 1602 cm−1 are
not very distinct for the p-MWNTs and MWNTs-COOH,
but they become more obvious for m-MWNTs and m-
MWNTs@Pt, indicating the defects and disorder of MWNTs
increase after functionalization [41].

3.3. Catalysis Applications. The catalysis activity of the result-
ing sample of m-MWNTs@Pt is measured by using a model
reaction of the catalytic reduction of 4-nitrophenol into 4-
aminophenol with NaBH4, which has been demonstrated
to be an effective way to evaluate the catalytic capability
of noble metal nanocatalysts [38, 42–44]. The ultraviolet-
visible (UV-vis) spectroscopy was used to monitor the
reduction process, and the results for the first reduction
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Figure 7: (a) Successive UV-vis spectra for the reduction
of 4-nitrophenol into 4-aminophenol with the catalyst of m-
MWNTs@Pt in the first cycle. (b) The linearized data for first-order
analysis corresponding to (a). (c) The calculated values of kobs in
the fifteen successive cycles of reduction and magnetic separation
with the catalyst of m-MWNTs@Pt.

cycle are shown in Figure 7(a). Before the catalysts were
added, the characteristic absorption peak of 4-nitrophenol
located at 400 nm remained constant, suggesting no reduc-
tion is occurred. Once the catalysts were added into the
reaction mixture, the peak at 400 nm decreased quickly and
completely disappeared within several minutes. Meanwhile,
a new peak at 290 nm appeared that was attributed to 4-
aminophenol. The reduction could also be clearly observed
by naked eyes since the yellow color of 4-nitrophenol
solution gradually faded out during the reduction process
(Scheme 2).

The concentration of NaBH4 greatly exceeded those
of 4-nitrophenol and the catalyst and remained essentially
constant during the reduction. Therefore, the kinetics of this
reduction is supposed to follow pseudo-first-order to the
concentration of 4-nitrophenol, and the kinetic equation can
be defined as follows:

In
(
At − A∞
A0 − A∞

)
= −kapt, (1)

where t is the reaction time, A0 is the initial absorbance at
time zero, At is the absorbance at time t,A∞ is the absorbance
when the reaction is completed, and kap is the apparent
rate constant [45]. As seen in Figure 7(b), the linear-fit plot
coincides with (1), indicating the pseudo-first-order kinetics
of this reduction with m-MWNTs@Pt. When the reduction
is completed, the m-MWNTs@Pt could be quickly separated
from the reaction system by applying an external magnetic
field. The magnetically separated m-MWNTs@Pt could be
reused in the next run of the same catalytic reaction. It is
found that the m-MWNTs@Pt still possess catalytic activity
even after 15 consecutive cycles of catalytic reduction and
magnetic separation. In each cycle of catalytic reduction, the
data show good linear correlation with time as (1) (Figure
S7). The calculated values of kap in the fifteen successive
cycles of catalytic reduction are shown in Figure 7(c). The
values of kap exhibit a general trend of decrease with the
increase of the number of cycles (from 1.92 × 10−2 s−1 for
cycle 1 to 2.74 × 10−4 s−1 for cycle 15). The changing range
of kap is comparable with or higher than some other types
of supported metal nanocatalysts, such as dendrimer-metal
nanocomposites (10−5 ∼ 10−1 s−1) [42, 46] and SiO2-Pt
nanohybrids (∼10−3 s−1) [38]. The large values of kap in the
successive cycles of catalytic reduction (even after 15 cycles)
demonstrated the high catalytic activity of m-MWNTs@Pt
and the feasibility to use them as magnetically recyclable
catalysts.

4. Conclusions

In summary, we developed a novel kind of Fe3O4/Pt
nanoparticles decorated CNTs for use as the magnetically
recyclable catalysts for the first time. The synthesis of
magnetic CNTs is facile, well controllable, and readily
scalable. The resulting catalysts show high catalytic activity
in the reduction of 4-nitrophenol and can be reused for at
least fifteen cycles. The superparamagnetic property of the
catalysts enables them to be easily separated by an external
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magnetic field, which greatly facilities the recycle of the cata-
lysts. This synthesis approach reported here is a general one
that is expected to be applicable with (1) different types of
CNTs: single-walled, double-walled, and multiwalled carbon
nanotubes; (2) different types of magnetic nanoparticles:
Fe3O4, γ-Fe2O3, Co, CoO, Ni, and so forth; (3) different
embedding types of magnetic nanoparticles to the CNTs:
inside-filling, outside-decorating, and so forth; (4) different
types of metals: Pt, Pd, Ag, Au, Ru, and so forth; and (5) dif-
ferent types of catalytic reactions: hydrogenation, oxidation
of alcohols, Heck reaction, and so forth. It is believed that the
novel CNTs-supported magnetically recyclable catalysts will
find important applications in heterogeneous catalysis.
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