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1. Introduction 

Carbon nanotubes (CNTs) have been the focus of extensive research in recent years due to 
their exceptional mechanical, thermal, and electrical properties (Treacy et al., 1996; Lourie et 
al., 1998; Yu et al., 2000; Lukic et al., 2005). As a result of their nanoscale dimensions and 
high surface area, CNTs could also be considered as efficient templates for the assembly and 
tethering of nanoparticles on their surface (Grzelczak et al., 2006). The decoration of CNTs 
with various compounds and various structures could increase their surface functionality 
and the tunability of their properties, such as their electrical and magnetic characteristics 
(Korneva et al., 2005; Kuang et al., 2006). Recent reports described the attachment of various 
inorganic nanoparticles to either the external surface of the CNTs, or to the internal surface 
of the CNT cavity, through several experimental methods (Han et al., 2004; Qu et al., 2006). 
In this context, it is important to note that the control of the size of these tethered 
nanoparticles is of primary importance for the purpose of tailoring the physical and 
chemical properties of these hierarchical materials. 
Iron oxide nanoparticles, such as magnetite and maghemite, have been of technological and 
scientific interest due to their unique electrical and magnetic properties. These nanoparticles 
can be used in such diverse fields as high-density information storage and electronic devices 
(Sun et al., 2000; Pu et al., 2005; Yi et al., 2006; Jia et al., 2007; Wan et al., 2007). Maghemite, -
Fe2O3, is the allotropic form of magnetite, Fe3O4 (Rockenberger et al., 1999; Pileni et al., 2003; 
Sun et al., 2004). These two iron oxides are crystallographically isomorphous. The main 
difference is the presence of ferric ions only in -Fe2O3, and both ferrous and ferric ions in 
Fe3O4. As a result, while the magnetic properties of Fe3O4 are superior, -Fe2O3 is more 
stable, since the iron cannot be further oxidized under ambient conditions. This renders -
Fe2O3 nanoparticles easier to work with, especially in the presence of organic solvents and 
organic ligands, and consequently, they have been widely used for magnetic storage in a 
variety of fields such as floppy disks and cassette tapes. However, maghemite-CNT 
nanohybrid materials have not been studied as extensively as magnetite-CNT nanohybrid 
materials, with the exception of several few examples (Sun et al., 2005; Youn et al., 2009). 

                                                 
*All correspondences should be addressed to rinatan@mse.gatech.edu or 404-385-1235. 
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The alignment of CNTs in a variety of matrices can be used to reinforce, intensify, and enhance 
some of the properties of the resulting systems, as well as introduce various degrees of 
anisotropy into the properties of the desired nanomaterials (Kimura et al., 2002; Garmestani et 
al., 2003). The alignment of CNTs in a suspension under a magnetic field requires that the 
energy produced by the torque acting on a magnetically-anisotropic segment exceeds the 
thermal energy of that particular segment, such that: 2~U B n kT   , where B  is the field 
strength, n  is the number of carbon atoms in the segment, and   is the magnetic anisotropy 
(Fisher et al., 2003). However, due to the low magnetic susceptibility of CNTs, their alignment 
by the application of an external magnetic field requires a relatively high magnetic field 
(Camponeschi et al., 2007). This drawback could be eliminated by enhancing the magnetic 
susceptibility of carbon nanotubes via the tethering of magnetic nanoparticles onto their 
surface. In zero field, the magnetic moments of the maghemite nanoparticles randomly point 
in different directions, resulting in a vanishing net magnetization. However, if a sufficient 
homogeneous magnetic field is applied, the magnetic moments of the nanoparticles align in 
parallel, and the resulting dipolar interactions are sufficiently large to overcome thermal 
motion and to reorient the magnetic CNTs.  
In this chapter, we describe and report a convenient approach for the decoration of CNTs 
with near-monodisperse maghemite nanoparticles by employing a novel and simple 
modified sol-gel process (in-situ process) with an iron salt as precursor, followed by 
calcination. The resulting hybrid nanomaterials are superparamagnetic at room temperature 
and are conducive to facile alignment under relatively low magnetic fields. Subsquently, the 
nanohybrid materials, i.e. the magnetized carbon nanotubes, were incorporated into a 
polymer matrix and aligned by the application of a magnetic field, forming polymer 
composites with an aligned filler phase. It is therefore expected that the composites formed 
in this manner would exhibit anisotropic mechanical and electrical properties that would 
depend on and correlate with the parallel and perpendicular direction to the magnetic field 
that has been applied and under which the alignment has taken place. 

2. Experimental details  

2.1 Synthesis of maghemite-MWCNT nanohybrid materials 
Pure-MWCNTs were first dispersed in a solution mixture of concentrated H2SO4 and HNO3 
with the volume ratio of 3:1. The suspension was ultra-sonicated for 3 hrs at room 
temperature. After that, the concentration of the suspension was diluted up to 50% and 
filtered with a PTFE membrane (0.45 μm pore size) with the aid of a vacuum pump. 
Carboxylated MWCNT (MWCNT-COOH) was washed with de-ionized water several times 
to reach neutral pH and dried under vacuum at 50 °C overnight. The synthesis of 
maghemite-MWCNT was performed by first adding 0.65 g Fe(NO3)3·9H2O to 20 ml of 
absolute ethanol (100% purity) and stirring until the Fe(NO3)3·9H2O was dissolved 
completely. Subsequently, this iron salt solution was added to a suspension of oxidized 
MWCNTs with a mass ratio of 4:1 (Fe(NO3)3·9H2O : MWCNTs mass ratio of 4:1), stirred, 
and sonicated for 3 hrs. Twenty ml of 1.2 mM of NaDDBS were added to the solution and 
stirred for 30 min. Then, 1.2 ml of propylene oxide was added as a gelation agent and stirred 
for 30 min. The mixture was then placed in a Fisher Scientific iso-temperature oven for 
drying for 3 days at 100 °C. The resulting powder products were washed with ethanol 
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several times and dried at 50 °C. The calcination of these powders was performed in a 
furnace under argon atmosphere at both 500 °C and 600 °C for 2 hrs. The overall strategy for 
the preparation of MWCNT/-Fe2O3 is shown in Figure 1 (Kim et al., 2010). 
 

 
Fig. 1. Schematic representation for the preparation of nanohybrid materials, MWCNT/-
Fe2O3 via a modified sol-gel technique (Reprinted with permission from Kim et al., J. Phys. 
Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS). 

2.2 Fabrication of polymer nanocomposites with aligned feature 
Various weight percents of magnetic multi-walled carbon nanotubes (m-MWCNTs) were 
dispersed in a small amount of ethanol with sonication for 1 hr. Epoxy resin (PR2032) was 
added to the suspension and mixed with a mechanical stirrer for 30 min in order to obtain 
optimal dispersion. After that, the nanocomposite solution was sonicated to evaporate entire 
solvent at 50 °C. The curing agent (PH3660) was added into the solution, mixed, and 
degassed under vacuum. The solution was immediately poured into a mold, and a 0.3 T 
magnetic field was applied for 1 hr at room temperature, for 1 hr at 60 °C, and for another 1 
hr at 60 °C without a magnetic field. The nanocomposite was post-cured at 60 °C for 6 hrs in 
the iso-temperature oven (Kim et al., 2011). 

2.3 Characterization 
The dried samples were ground into a fine powder using a ceramic mortar and pestle. Tiny 
amounts of samples were rarified with KBr powder, ground, and pressed in a KBr pellet 
with a punch and die. A Nicolet Nexus 870 spectrometer scanned the range from 4000 to 400 
cm-1 with a resolution of 2 cm-1 and data spacing of 0.964 cm-1. XRD measurements were 
performed using an X’pert Pro Alpha-1 (wavelength of 1.54 Å). XRD peaks were collected 
from 2θ = 0° to 90° with a step size of 0.02°. XPS scans of powder samples were taken using 
a Surface Science Laboratories SSX-100 ESCA spectrometer using monochromatic Al Kα 
radiation (1486.6 eV). Raman spectra were recorded in the range of 200-2000 cm-1 at ambient 
temperature using a WITEC Spectra Pro 2300I spectrometer equipped with an Ar-ion laser, 
which provided a laser beam of 514 nm wavelength. The magnetic properties of MWCNTs 
were measured using a 5.5 T Quantum Design Superconducting Quantum Interface Device 
(SQUID) magnetometer. The alignment of the sample was conducted by a magnet (GMW-
5403) at 0.3 T. The morphology and aligned feature of as-prepared samples were also 
characterized using SEM (LEO 1530). TEM samples were prepared by placing a droplet of 
solution onto a TEM grid, and for the observation of aligned features, samples were micro-
tomed into 100 nm thick slices using a diamond knife and placed on a TEM grid. These 
samples were analyzed using a Hitachi HF2000, 200 kV transmission electron microscopy. 
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The electrical conductivity data of as-prepared composites were collected using impedance 
analyzer (Solartron Instruments SI 1260 with dielectric interface 1296) for the frequency 
range 0.1 Hz ~ 1 MHz. All the data were collected under an AC voltage of 0.1 V. Contact 
was achieved by silver painting the two ends of the samples, and then using coaxial probers 
on a probe station attached to the impedance analyzer (Peng et al., 2008). 

3. Decoration of carbon nanotubes with magnetic nanoparticles and the 
characteristics of the resulting hybrid nanostructures 

A variety of methods to form nanohybrid materials on the surface of CNTs have been 
reported. Correa-Duarte group (Correa-Duarte et al., 2005) coated CNTs with iron oxide 
nanoparticles (magnetite/maghemite) via a layer by layer (LBL) assembly technique and 
aligned CNT chains in relatively small external magnetic fields. Subsequently, the resulting 
magnetic CNT structures could be used as building blocks for the fabrication of 
nanocomposite materials. Cai group (Wan et al., 2007) decorated CNTs with magnetite 
nanoparticles in liquid polyols. As a result, these nanoparticles could have significant 
potential for application in the fields of sensors. In addition, Gao group (Jia et al., 2007) 
initiated the self-assembly of magnetite particles along MWCNTs via a hydrothermal 
process. The resulting materials feature nanoparticle beads along the CNT surface, 
rendering this as an appropriate material to be used as a functional device.  
The maghemite-CNT nanocomposite systems also have been reported even though research 
has not been studied as extensively as magnetite-CNT system. Liu group (Sun et al., 2005) 
decorated MWCNTs with maghemite via the pyrolysis of ferrocene at different 
temperatures. This product is expected to provide an efficient way for the large-scale 
fabrication of magnetic CNT composites. Jung group (Youn et al., 2009) decorated single-
wall CNTs (SWCNTs) with iron oxide nanoparticles along the nanotube via a magneto-
evaporation method. The nanotubes were aligned vertically on ITO surfaces, suggesting the 
possibility of rendering this process adequate and cost-effective for mass production. The 
method described in this work consisted of the use of an iron-oleate complex, oleic acid, and 
truncated SWCNTs to create iron oxide nanoparticles. The research also demonstrated the 
anisotropic properties of vertically aligned SWCNTs in a nanocmoposite by comparing 
current densities of the aligned and non-aligned CNTs. 
Keeping pace with these researches’ streaming, we have developed the MWCNT/-Fe2O3 
nanohybrid materials. As a first step, the MWCNTs were carboxylated in order to introduce 
negative charges on their surface, which in turn will interact with Fe (III) ions present in a 
strong acid solution. This process was also coupled with sonication to ensure dispersion of 
the MWCNTs in the suspension. The x-ray photoelectron spectroscopy (XPS) wide-survey 
(Fig. 2a) and high resolution spectra (Fig. 2b) reveal not only the presence of carbon-carbon 
bonding of MWCNTs at 285 eV binding energy but also the formation of a carbonyl moiety 
consistent with carboxylated groups at 288 eV binding energy. Nucleation sites for the iron 
oxide were generated at the CNT surface due to the electrostatic interaction between Fe (III) 
ions and the carboxylate surface groups of acid-treated CNTs. In this system, the occurrence 
of gelation was inhibited by the addition of a surface active molecule, sodium 
dodecylbenzenesulfonate (NaDDBS), before the addition of propylene oxide, which is a gel 
promoter. The surfactant interfered in the growth stage of the iron oxide nanoparticles (gel 
phase) and prevented the formation of a gel. This occurred because the NaDDBS molecules 
had already coordinated to the iron (III) centers due to the attraction between the 
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negatively-charged hydrophilic head of the surfactant and the positively-charged iron 
(Matarredona et al., 2003; Camponeschi et al., 2008). Therefore, due to the presence of the 
NaDDBS molecules, no aggregates of γ-Fe2O3 were formed but rather the nanoparticles 
remained individually isolated and dispersed along the length of the CNTs. 
 

Functionalized MWCNT

Binding Energy (eV)

02004006008001000

C
o

u
n

ts

C 1s

O 1s

(a)

 Binding Energy (eV)

275280285290295

C
o

u
n
ts

Oxidized carbon

C-C(b)

 
Fig. 2. (a) The XPS survey spectrum of functionalized MWCNTs. (b) The high-resolution 
XPS spectrum of C1s. (Adapted with permission from Kim et al., J. Phys. Chem. C 2010, 114, 
15, 6944-6951, Copyright 2010 ACS). 

X-ray diffraction patterns of MWCNT containing iron oxide nanoparticles calcinated at 
different temperatures with the initial Fe(NO3)3·9H2O : MWCNTs mass ratio of 4:1 and 2:1 
demonstrate the high crystalline nature of the nanoparticles as shown in Figure 3. The 
diffraction peak at 2θ = 26° can be confidently indexed as the (002) reflection of the 
MWCNTs, similar to that of pure MWCNTs. The other peaks in the range of 20° < 2θ < 80° 
correspond to the (220), (311), (400), (422), (511), (440), and (533) reflections of maghemite (-
Fe2O3) and/or magnetite (Fe3O4). When the mass ratio of Fe(NO3)3·9H2O and MWCNTs 
increases from 2:1 to 4:1, the intensity of the carbon (002) reflection decreases. Also, when 
calcination temperature increases from 500 °C to 600 °C, the crystal structure of the product 
becomes better-defined. Because XRD patterns of maghemite and magnetite are practically 
identical (Sun et al., 2005), x-ray diffraction alone cannot be used to distinguish between the 
two phases. Therefore, we employed additional experimental techniques to discern between 
these two phases. 
The FTIR spectrum of the product of this modified sol-gel process shows the presence of 
well-crystallized iron oxide nanoparticles after calcination at 600 °C as shown in Figure 4. 
Maghemite (-Fe2O3) has an inverse spinel structure and therefore, it can be seen as an iron-
deficient form of magnetite. If the powder is not heat-treated, a weak peak from 800 to 400 
cm-1 is shown. This is evidence of an amorphous iron oxide phase with minimal long-range 
order typical of maghemite or magnetite. However, after calcination, IR bands show strong 
peaks at 576 and 460 cm-1, which correspond to a partial vacancy ordering in the octahedral 
positions in the maghemite crystal structure (White et al., 1967; deFaria et al., 1997; Millan et 
al., 2007). 
X-ray photoelectron spectroscopy (XPS) as well as Raman spectroscopy confirmed that the 
iron oxide nanoparticles formed were indeed maghemite and not magnetite. After the 
formation of oxidized MWCNTs decorated with iron oxide nanoparticles followed by  
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Fig. 3. XRD patterns of MWCNT/-Fe2O3 nanostructures fabricated with two different mass 
ratios of Fe(NO3)3·9H2O and MWCNTs: (a) MWCNT; (b) 2:1 at 500 °C; (c) 2:1 at 600 °C; (d) 
4:1 at 500 °C; (e) 4:1 at 600 °C (Reprinted with permission from Kim et al., J. Phys. Chem. C 
2010, 114, 15, 6944-6951, Copyright 2010 ACS). 

 

Wavenumbers (cm
-1

)

400500600700800

T
ra

n
s
m

it
ta

n
c
e

576cm-1

460cm-1

 
Fig. 4. FTIR spectrum of MWCNT/-Fe2O3 after calcination at 600 °C (Reprinted with 
permission from Kim et al., J. Phys. Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS). 

calcination at 600 °C, Figure 5 shows XPS characteristic iron peaks in addition to carbon and 
oxygen. The position of the Fe (2p3/2) and Fe (2p1/2) peaks were marked at 711.3 and 724.4 
eV, respectively, which are in good agreement with the values reported for -Fe2O3 in the 
literature (Hyeon et al., 2001; Sun et al., 2005). Therefore, this suggests the formation of -
Fe2O3 in our samples. Raman spectroscopy can also effectively distinguish between 
maghemite and magnetite nanoparticles. The strong peak at ~1350 cm-1 can be assigned to 
the D band of MWCNTs, while another dominant peak at ~1576 cm-1 can be ascribed the G 
band of MWCNTs as shown in Figure 6 (Jorio et al., 2003). In contrast to magnetite, the 
maghemite bands are not well-defined, but rather consist of several broad peaks around 
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350, 500, and 700 cm-1, which are unique to these species and are absent in other types of 
iron oxide nanoparticles (deFaria et al., 1997). This supports the conclusion that the 
nanoparticles bound at the walls of the MWCNTs are maghemite and not magnetite. 
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Fig. 5. (a) The XPS survey spectrum of MWCNT/-Fe2O3. (b) The high-resolution XPS 
spectrum of Fe 2p bands (Adapted with permission from Kim et al., J. Phys. Chem. C 2010, 
114, 15, 6944-6951, Copyright 2010 ACS). 
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Fig. 6. (a) The Raman spectrum of MWCNT/-Fe2O3 nanostructure prepared at 600 °C with 
the mass ratio of 4:1.  (b) The detailed Raman spectrum of the same sample in the 200-800 
cm-1 spectral range (Reprinted with permission from Kim et al., J. Phys. Chem. C 2010, 114, 
15, 6944-6951, Copyright 2010 ACS). 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of 
MWCNTs/-Fe2O3 confirmed that -Fe2O3 was attached to the walls of the MWCNTs as 
shown in Figure 7. The high-resolution transmission electron microscopy (HRTEM) image 
of a nanoparticle (Figure 7(b)) illustrates the maghemite interlayer spacing of the (311) lattice 
plane of approximately 0.25 nm (Hyeon et al., 2001). Furthermore, the inset image of Figure 
7(b) shows the electron diffraction patterns of maghemite, indicating the high crystallinity of 
the maghemite nanoparticles. At a mass ratio of 4:1 between the Fe(NO3)3·9H2O precursor 
and the MWCNTs, the particle size increased with increasing temperature from 500 °C to 
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600 °C, and the average sizes were 10.1 nm and 10.8 nm, respectively as shown in Figure 7(c) 
and (d). Similarly, when the mass ratio of Fe(NO3)3·9H2O precursor and MWCNT was 2:1, 
the average particle sizes as a result of the increased temperature were 7.9 nm and 8.4 nm, 
respectively (Figure 7(e) and 7(f)), which also slightly increased with increasing 
temperature. This result indicated that both a higher mass ratio between the Fe(NO3)3·9H2O 
  

50 nm 10 nm

-Fe2O3

0.25 nm

(b)(a)

 
 

  
 

  
Fig. 7. (a) SEM image of MWCNT/-Fe2O3 hybrid structures prepared with 4:1 mass ratio of 
iron salt and MWCNT; (b) High resolution TEM image of maghemite. Inset shows 
diffractions of a single maghemite nanoparticle. TEM images of MWCNT/-Fe2O3 prepared 
with 4:1 mass ratio of iron salt and MWCNT: (c) High-resolution image prepared at 500 °C; 
(d) High magnification image prepared at 600 °C. TEM images of MWCNT/-Fe2O3 

prepared with 2:1 mass ratio; (e) High magnification image prepared at 500 °C; (f) High 
magnification image prepared at 600 °C (Adapted with permission from Kim et al., J. Phys. 
Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS, and Kim et al., Carbon 2011, 49, 1, 54-
61, Copyright 2011 Elsevier ). 
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precursor and the MWCNT and increasing temperature led to larger nanoparticles, and 
therefore, we can conclude that particle size could be controlled by the precursor to 
MWCNT mass ratio and temperature.  
Chemical analysis using EDS during the TEM analysis showed the presence of Fe, O, and C 
in the maghemite-MWCNT system as shown in Figure 8, and the calculated atomic ratio of 
Fe and O was close to 2:3, which suggested the formation of -Fe2O3. 
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Fig. 8. Energy dispersion spectrum (EDS) of the MWCNT/-Fe2O3 hybrid material (Adapted 
with permission from Kim et al., J. Phys. Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 
ACS). 

The magnetic properties of the as-prepared MWCNTs/-Fe2O3 nanocomposites were 
measured using Superconducting Quantum Interference Device (SQUID) magnetometer. 
The magnetization hysteresis loops were measured in fields between ±50 kOe at room 
temperature as shown in Figure 9(a). The saturation magnetization (Ms) of the samples 
obtained is below 2 emu/g, which is considerably smaller than that of bulk iron (Ms = 222 
emu/g) as shown in Table 1. Coercivity is below 10 Oe, which is larger than that of bulk iron 
(Hc = 1 Oe). The conclusion drawn from the measurement of magnetic properties is that 
both samples, having different ratios between Fe(NO3)3·9H2O precursor and MWCNT, 
exhibit superparamagnetic behavior at room temperature. This should be mainly attributed 
to the small size of -Fe2O3 nanoparticles that were formed in the presence of MWCNTs 
(Pascal et al., 1999). This result is in good accordance with the TEM observation of the small 
sizes of the maghemite nanoparticles mentioned above.  
The magnetic attraction of our sample was also tested by placing a magnet near a vial 
containing the maghemite-MWCNT nanostructures as shown in Figure 9(c) and 9(d). Our 
samples can be easily dispersed in solution and form a stable suspension. When a magnet 
approaches the vial, magnetic carbon nanotubes are attracted toward the magnet. This 
phenomenon illustrates that the maghemite nanoparticles that are anchored on the surface 
of the MWCNTs impart to the composite material a magnetic response similar to that 
observed with magnetite. 
This novel method for the magnetization of carbon nanotubes through the tethering of 
magnetic iron oxide nanoparticles with controlled size and site distribution would open up 
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a slew of new opportunities for applications in which the alignment of CNTs is not only 
desired, but is actually required. While many groups have studied strategies to align 
MWCNT/Fe3O4 nanostructures under external magnetic fields due to their strong magnetic 
properties, very little attention has been devoted to MWCNT/-Fe2O3 conjugate 
nanomaterials. Therefore, we would like to show that this latter system also exhibits similar 
interesting properties and can constitute a facile gateway to MWCNT alignment processes 
under tight morphological control and relatively low magnetic fields, resulting in enhanced 
anisotropic electrical conductivity behavior, in the following sections. 
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Fig. 9. (a) Magnetization vs. applied magnetic field for the magnetic carbon nanotubes 
prepared at different mass ratios and temperatures: 4:1 mass ratio of Fe(NO3)3·9H2O and 
MWCNT at a) 500 °C, b) 600 °C, and 2:1 mass ratio of Fe(NO3)3·9H2O and MWCNT at c) 500 
°C, d) 600 °C. (b) The enlarged hysteresis loop of the MWCNT/-Fe2O3 structures formed 
from a 4:1 mass ratio of Fe(NO3)3·9H2O and MWCNT calcinated at 600 °C. The photographs 
of magnetic carbon nanotubes (c) in the presence (left image) and in the absence (right 
image) of a magnet and (d) suspended in ethanol in the absence (left image) and in the 
presence (right image) of an externally-placed magnet  (Adapted with permission from Kim 
et al., J. Phys. Chem. C 2010, 114, 15, 6944-6951, Copyright 2010 ACS, and Kim et al., Carbon 
2011, 49, 1, 54-61, Copyright 2011 Elsevier). 
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Magnetic properties Calcination temperature (oC) 2:1 4:1 

Ms (emu/g) 
500 0.3 2.0 

600 0.2 1.4 

Hc (Oe) 
500 4.8 2.8 

600 6.3 9.6 

Table 1. Magnetic properties as a function of both different mass ratio of Fe(NO3)3·9H2O and 
MWCNT and different calcination temperatures. 

4. Alignment strategies of carbon nanotubes in polymer matrices 

Alignments of CNTs by electric, shear induced field, and magnetic field were reported 
previously by several groups (Chen et al., 2001; Nagahara et al., 2002). Bauhofer group 
(Martin et al., 2005) successfully demonstrated the application of AC electric fields allowing 
both the alignment of carbon nanofibers in epoxy resin and their connection into a network. 
Zhu group (Zhu et al., 2009) studied electric field aligned MWCNT/epoxy nanocomposites 
with a sample size of up to several centimetres using fast UV polymerization, showing 
significant anisotropic properties for storage modulus and electrical conductivity.  
For the characterization of aligned composite systems using shear induced field, we probed 
the effects of shear flow on the alignment of dispersed SWCNTs in polymer solutions as a 
previous study (Camponeschi et al., 2006). The sample solutions were placed in the 8.5 mm 
gap between the outer cylinder and the spindle, as shown Figure 10. In turn, the spindle was 
allowed to rotate for one week at several different angular velocities ranging from 12 to 100 
rpm. TEM samples were taken in situ from the solutions flowing in circular motion in the 
gap between the outer cylinder and inner cylinder as shown in Figure 10(b). 
 

 
Fig. 10. (a) Concentric cylinder arrangement in the Brookfield viscometer. (b) TEM sample 
retrieval and preparation (Reprinted with permission from Camponeschi et al., Langmuir 
2006, 22, 4, 1858-1862. Copyright 2006 ACS). 
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In this experimental set up, for systems in which effective dispersion of the carbon 
nanotubes was achieved by the combined action of both NaDDBS and 
Carboxymethylcellulose (CMC). The only system in which tube alignment was observed 
was for the NaDDBS/CMC/SWCNT solution that was subjected to shear stresses at the 
highest angular velocity used in the experiments as shown in Figure 11. 
 

 
Fig. 11. Oriented carbon nanotubes dispersed with NaDDBS and CMC and subjected to 
shear flow at 100 rpm. The inset image is a 4-fold magnification of the larger image showing 
the local orientation of the surface modified SWCNT (Reprinted with permission from 
Camponeschi et al., Langmuir 2006, 22, 4, 1858-1862. Copyright 2006 ACS). 

A high magnetic field is an efficient and direct ways to align carbon nanotubes. Tanimoto 
group have found that a high magnetic field of 7 T aligns arc-grown MWCNTs (Fujiwara et 
al., 2001). They dried a MWCNT dispersion in methanol under a constant magnetic field 
and observed the MWCNTs alignment parallel to the field. This result was explained by the 
difference between the diamagnetic susceptibilities parallel ( // ) and perpendicular (  ) to 
the tube axis; if   is larger than // , a MWCNT tends to align parallel to the magnetic 
field by overcoming thermal energy (Ajiki et al., 1993; Fujiwara et al., 2001). More recently, 
Steinert and Dean (Steinert & Dean, 2009) obtained solution cast PET-carbon nanotube 
composite films by applying a magnetic field, resulting in increased conductivity with the 
increase of the applied magnetic field. Furthermore, in our previous study (Camponeschi et 
al., 2007), we prepared magnetically aligned carbon nanotube composite systems; thus, 
carbon nanotubes were aligned parallel to the direction of magnetic field, resulting in 
enhanced mechanical properties. However, due to the low magnetic susceptibility of carbon 
nanotubes, their alignment by the application of an external magnetic field requires a 
relatively high magnetic field. This draw-back could be solved by enhancing the magnetic 
susceptibility of carbon nanotubes by tethering magnetic nanoparticles on their surface, as 
we developed MWCNT/-Fe2O3 hybrid materials.  
The samples for SEM were prepared by dispersing as-prepared nanostructures in water 
solution with surfactant, sonicating for 30 min, and then depositing the samples onto silicon 
wafer under an external field. Figure 12 shows the SEM images of magnetic carbon 
nanotubes. When a droplet of dispersed hybrid materials in a water solution was dried 
under the magnetic field, the surface-modified MWCNT were aligned easily as shown in 
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Figure 12(a). However, when the nanocomposite solution was dried without applying 
magnetic field, the surface-modified MWCNT did not exhibit alignment features. 
 

  
Fig. 12. (a) SEM image of aligned magnetic carbon nanotube hybrid materials parallel to the 
direction of magnetic field. (b) SEM image of magnetic carbon nanotube hybrid materials 
that were not subjected to a magnetic field (Reprinted with permission from Kim et al., 
Carbon 2011, 49, 1, 54-61.2011. Copyright 2011 Elsevier). 

The TEM images of composites in which surface-modified MWCNT (m-MWCNT) and 
unmodified MWCNT were embedded in epoxy matrices are shown in Figure 13(a) through 
13(d). We first compared the alignment features of the MWCNT/epoxy nanocomposite and 
the m-MWCNT/epoxy nanocomposite systems, under the same experimental conditions, 
i.e. the same strength of the externally-applied magnetic field (0.3 T). Figure 13(a) and 13(b), 
representing MWCNT/epoxy composites with 0.5 wt% MWCNT and 1.0 wt% MWCNT, 
respectively, did not reveal any alignment features of filler phase in the polymer matrix 
under the externally-applied magnetic field. However, in the case of the m-MWCNT/epoxy 
nanocomposite systems also having 0.5 wt% m-MWCNT and 1.0 wt% m-MWCNT and 
shown in Figure 13(c) and 13(d), respectively, it is obvious that the m-MWCNTs embedded 
in the epoxy matrix have indeed aligned parallel to the direction of magnetic field (0.3 T). 
Comparing the alignment features of aligned m-MWCNT hybrid materials and aligned m-
MWCNT/epoxy composites (Figure 12(a), 13(c), and 13(d)), it becomes evident that the m-
MWCNT hybrid materials in the absence of a polymer matrix show better alignment, fact 
which could be attributed to the viscosity of the polymer matrix during processing. 
Therefore, we can conclude that the m-MWCNT hybrids can be aligned under a relatively 
weak magnetic field even when embedded in a polymer matrix. This alignment is expected 
to directly affect the anisotropic conductivity of the resulting epoxy composites, as will be 
shown in the subsequent section (Figure 14 and 15). The bundling of the m-MWCNTs in the 
polymer matrix, as observed in the inset in Figure 13(c), may be attributed to the anisotropic 
nature of the dipolar interactions of the iron oxide nanoparticles near the ends of the carbon 
nanotubes, i.e. the near-linear stacking of the north and south poles of the m-MWCNT in the 
polymer matrix, resulting in their observed end-to-top connectivity (Butter et al., 2003; 
Correa-Duarte et al., 2005). 

(b) (a) 
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Fig. 13. (a) TEM image of MWCNT/epoxy composites with 0.5 wt% filler loading. (b) TEM 
image of MWCNT/epoxy composites with 1.0 wt% filler loading. (c) TEM images of m-
MWCNT/epoxy composites with 0.5 wt% filler loading. Inset shows the end-to-top 
connectivity between two m-MWCNTs under an external magnetic field. (d) TEM image of 
m-MWCNT/epoxy composites with 1.0 wt% filler loading (Adapted with permission from 
Kim et al., Carbon 2011, 49, 1, 54-61. Copyright 2011 Elsevier). 

5. Anisotropic electrical conductivity of composite system 

The electric conductivities of the m-MWCNT/epoxy composites were measured at a series 
of different frequencies, from 0.1 Hz to 1 MHz. The real and imaginary parts of the 
impedance (Z’ and Z’’) were collected, and the magnitude of the AC conductivity (σ) was 
calculated using equations:  

2 2
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where, i is the imaginary unit, L is the path length along the measurement direction, and A 
is the electrode cross-sectional area. Figure 14 shows various conductivities of a series of m-
MWCNT/epoxy nanocomposite samples containing various degrees of content of m-
MWCNT in the polymer matrix. At the same magnetic field (0.3 T), the conductivity 
increased with increasing m-MWCNT content in composites. In the case of 0.1 wt% filler 
content, the nanocomposite exhibited dielectric behavior because the low mass-fraction of 

(d) (c) 

(b) (a) 
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m-MWCNT made it difficult to form interconnected m-MWCNT networks that would have 
facilitated electron flow. However, for m-MWCNT contents of 0.5 wt% and higher, the 
samples exhibited increased conductivity as a function of increased mass-fraction of the m-
MWCNT. 
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Fig. 14. (a) The conductivity of m-MWCNT/epoxy composites as a function of frequency for 
different mass loading of m-MWCNT as measured in the direction parallel to the magnetic 
field and perpendicular to the magnetic field. (b) The magnified region of a nanocomposite 
with a 3.0 wt% filler loading (Adapted with permission from Kim et al., Carbon 2011, 49, 1, 
54-61. Copyright 2011 Elsevier). 

Percolation theory predicts a critical concentration or percolation threshold where the 
material converts from a capacitor to a conductor (Weber et al., 1997; Ounaies et al., 2003). In 
order to determine the percolation threshold of the aligned system, the volume conductivity 
data could be fitted to a power law in terms of volume fraction of m-MWCNT. 

 t

c cv v  
                                                            

where c  is the composite conductivity, v  is the m-MWCNT volume fraction in the 
composite, cv  is the critical volume fraction, and t is the critical exponent. We assumed that 
the density of m-MWCNT is the same as that of unmodified-MWCNT (2.1 g/cm3), since 
both mass and volume of m-MWCNT increase similarly. The inset in Figure 15 shows the 
plot of c as a function of cv v for the parallel measurements. The linear fit to the data 
generated a straight line with cv = 0.2 vol% (corresponding to 0.4 wt%), which gives a good 
fit. 
When we compared the results of samples in which conductivity was measured in the 
direction of the m-MWCNT alignment (parallel to the magnetic field) and perpendicular to 
the m-MWCNT alignment (perpendicular direction to the magnetic field) for the same mass 
fraction of m-MWCNT, we observed that the conductivity measured parallel to the 
magnetic field was higher than that measured perpendicular to the magnetic field, 
indicating a cooperative effect due to the alignment of the m-MWCNTs in the polymer  
 

www.intechopen.com



  
Electronic Properties of Carbon Nanotubes 

 

48

m-MWCNT content (%)

0 1 2 3

C
o

n
d

u
c
ti
v
it
y
 (

S
/m

)

10-11

10-10

10-9

10-8

10-7

10-6

perpendicular to MF
parallel to MF

(V-Vc)
0.01 0.1 1

C
o

n
d

u
ct

iv
it

y 
(S

/m
)

10-10

10-9

10-8

10-7

10-6

10-5

10-4

Vc=0.2%

 
Fig. 15. The conductivity of m-MWCNT/epoxy composites as a function of different mass 
loading of m-MWCNT measured in the direction parallel to the magnetic field and 
perpendicular to it. Inset shows percolation equation fit to the experimental conductivity 
data obtained parallel to the direction of the magnetic field (Adapted with permission from 
Kim et al., Carbon 2011, 49, 1, 54-61. Copyright 2011 Elsevier). 

matrix, as was previously shown in Figure 13(c) and 13(d). Figure 15 shows the variation of 
the conductivities extracted from the plateau region at low frequency as a function of m-
MWCNT mass fractions in the epoxy nanocomposite for both the parallel and perpendicular 
directions with respect to the magnetic field. The measured conductivities are summarized 
in Table 2.  
We would like to note that for 3.0 wt% m-MWCNT sample, even though the conductivity in 
the parallel direction was somewhat larger than that in the perpendicular direction (see 
Figure 14(b)), the values obtained were, nevertheless, quite similar. This is most likely due to 
the following factors: (a) We assumes that the viscosity of the composite solution containing 
3.0 wt% m-MWCNT is higher than for other compositions as evidenced by the superior 
alignment of m-MWCNT without polymer matrix to that of m-MWCNT/epoxy composites, 
  

m-MWCNT 
content (wt%) 

Conductivity (S/m) Conductivity ratio of 
parallel and perpendicular Parallel to MF Perpendicular to MF 

3.0 1.0 x 10-6 8.5 x 10-7 1.2 

1.0 4.1 x 10-7 1.0 x 10-7 4.1 

0.5 1.6 x 10-8 5.3 x 10-9 3.0 

0.1 6.0 x 10-11 1.0 

Table 2. The conductivity of m-MWCNT/epoxy composites in the directions that were 
parallel and perpendicular to the externally-applied magnetic field as a function of m-
MWCNT content. 

as discussed in a previous section. By introducing higher mass fractions of the carbon 
nanotubes into the polymer solution, the viscosity of the system could be further increased, 
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fact which could then handicap with the alignment process. Therefore, we can conclude that 
when the magnetic field was applied to the 3.0 wt% m-MWCNT sample, the alignment of 
the decorated carbon nanotubes was not as effective as in the less concentrated samples, and 
hence, the differences between the conductivities in the parallel and the perpendicular 
directions were not as pronounced, mainly due to the higher viscosity of the solution. (b) In 
addition, the conductivity of 3.0 wt% m-MWCNT sample (measured in either direction) was 
not much higher than the conductivity of the 1.0 wt% m-MWCNT sample (see Figure 15). 
Tethered iron oxide (maghemite) nanoparticle has high resistivity (Mei et al., 1987). Hence, 
the higher viscosity of the 3.0 wt% m-MWCNT sample may lead to the formation of iron 
oxide rich regions, resulting in a decrease of the conductivity. 

6. Anisotropic response m-CNT-epoxy composite system to compression  

The initial goal of using a magnetic field on carbon nanotube composites was to promote the 
alignment of the carbon nanotubes, which would improve the mechanical properties of the 
composite, particularly in the direction of the alignment. The effects on the glass transition 
temperature should be relatively simple to predict since they are well documented (Akima 
et al., 2006; Bliznyuk et al., 2006; Dou et al., 2006; Lanticse et al., 2006; Park et al., 2006). It is 
expected that increasing the extent of alignment and orientation of the carbon nanotubes 
and epoxy matrix chains (Al-Haik et al., 2004) will result in an increase in the glass 
transition temperature of the composite (Ajayan et al., 1994; Akima et al., 2006; Bliznyuk et 
al., 2006; Dou et al., 2006; Lanticse et al., 2006; Park et al., 2006). Table 3 summarizes the Tg 
values for the various samples tested.  
 

Fe:CNT 
Magnetic field 

(Tesla) 
Tg  5.2 

(ºC) 

0:0 0 54.9 
0:0 0.4 63.8 
0:0 0.8 68.7 
2:1 0 41.6 
2:1 0.4 65.6 
2:1 0.8 75.1 
4:1 0 45.5 
4:1 0.4 68.9 
4:1 0.8 86.0 

Table 3. The glass transition temperature of the m-CNT/epoxy nanocomposites measured in 
samples subjected to various external magnetic fields. 

The glass transition temperature of the epoxy matrix increased with increasing magnetic 
field and implies that there is some molecular orientation/alignment occurring in the epoxy 
(Garmestani et al., 2003). When the magnetic CNTs are introduced into the matrix, the glass 
transition temperature of the nanocomposite decreased, probably due to the plasticizing 
effect of the NaDDBS molecules associated with the Fe2O3 nanoparticles tethered to the 
surface of the CNTs. However, in the samples in which the magnetic CNTs were aligned 
when the nanocomposite was subjected to an external magnetic field, the general trend 
showed that an increase in the extent of alignment caused an increase in Tg, as expected.   
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Preliminary compression data that illustrate the effect of a magnetic field on the modulus of 
the epoxy matrix naocomposites are shown in Figure 16.   
 

 
Fig. 16. The moduli of the m-CNT/epoxy nanocomposites that were subjected to an external 
magnetic field measured at room temperature. (a) Measured in the direction that is parallel 
to the applied magnetic field; (b) Measured in the direction that is perpendicular to the 
applied magnetic field . 

The modulus was measured at room temperature both in the direction that is parallel to the 
applied magnetic field (Figure 16a) and in the direction that is perpendicular to the applied 
magnetic field (Figures 16b). The presence of the externally-applied magnetic field had little 
effect on the pure epoxy. It has been shown in previous work that the orientation and 
possible alignment of epoxy chains is indeed possible, but only at very high magnetid fields 
(Garmestani et al., 2003). Hence, the moduli of pure epoxy are constant, irrespective of the 
magnitude of the magnetic field applied on the samples and of the direction of the 
measurement. Conversely, the moduli observed for the epoxy filled with the m-CNTs  
indeed increase with the increase in the magnetic field, mainly for measurements conducted 
parallel to the direction of the magnetic field. Moreover, higher concentrations of the iron 
oxide nanoparticles tethered to the surface of the CNTs result in considerably higher 
moduli, particularliy in the direction parallel to the magnetic field, probably due to an 
increase in the susceptibility of the m-CNTs to the applied magnetic field. 

7. Summary and outlook 

In this chapter, we have demonstrated on CNT-inorganic hybrid system, especially, CNT/-
Fe2O3 hybrid materials. We developed the synthesis method of MWCNT/-Fe2O3 
nanostructures via an easy and novel modified sol-gel process. Our study shows that 
NaDDBS molecules are intimately involved in inhibiting the formation of an iron oxide gel. 
As a result, well-defined and well-dispersed maghemite nanoparticles can be obtained. In 
addition, the particle size of these nanoparticles could be precisely modulated by changing 
the temperature and the mass ratio of the Fe(NO3)3·9H2O precursor and MWCNTs. Finally, 
tethered -Fe2O3 magnetic nanoparticles on the surface of MWCNTs imparted 
superparamagnetic properties to the composite material. 
Due to the acquired magnetic property of the m-MWCNTs, they could be aligned either 
alone or embedded in a polymer matrix by the application of only a relatively weak 
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magnetic field. Conductivity measurements performed on m-MWCNT/epoxy composites 
showed that the conductivity of the m-MWCNT/epoxy composites increased with 
increasing m-MWCNT contents with low percolation threshold (~0.4–0.5 wt% m-MWCNT 
loading). Moreover, the conductivity measured in the direction parallel to the magnetic field 
was higher than that measured in the direction perpendicular to it. However, the alignment 
of a nanocomposite sample having a loading of 3.0 wt% m-MWCNT was not as effective as 
samples with lower nanofiller content because of the higher solution viscosity in the more 
concentrated samples. This hurdle could, in principle, be overcome by either applying a 
stronger magnetic field or selecting other polymer matrices with low solution viscosity.  
In summary, our facile magnetic functionalization method could be effectively applied for 
the development of conductive films, composites with conductive polymers, and bio-based 
composites with aligned features. Furthermore, we suggest that this maghemite-CNT 
hybrid material may be used for biomedical applications such as drug delivery or special 
medical applications such as cancer diagnosis in the not-so-distant future (Sincai et al., 2001; 
Sousa et al., 2001). 
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