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Nanostructured carbon materials have attracted great atten-
tion due to their capability for use in various fields such as
energy, environment, water, or biomedicine. Nanostructured
carbonmaterials form various allotropes in zero-, one-, two-,
and three-dimensional nanoscale such as fullerene, carbon
nanotubes (CNTs), graphene or nanocarbon coating, and
diamond or porous carbon, respectively. Furthermore, car-
bon materials can have new functions in electrical, physical,
or chemical properties by assembling or architecturing with
different functional nanomaterials, such as nanocomposites
of CNTs with functional nanoparticles, carbon nanocoatings
with functional metal element or graphene modified with
carbon materials, and metal or oxide nanomaterials.

The major goals of this special issue are to find novel
fabricationmethods for nanostructured carbonmaterials and
the assembling or architecturing of carbon nanomaterials
withmetal or oxide nanomaterials for novel functionalization
in up-to-date applications.The issue includes research papers
and article reviews covering a wide range of current progress
on nanostructured carbon materials in the wide range of
the topics from the fundamentals to the application with
nanostructured carbon materials.

In this special issue, some articles are addressing the
above-mentioned issues in the form of review. The contribu-
tion by S.-N. Lu et al. is providing a review for the state of
the art on the applications of nanostructured carbon mate-
rials, including carbon nanotubes, carbon nanofibers, and
graphene oxides. Its coverage ranges from the preparation
process of the nanostructured materials to the applications
such asmechanical reinforcement, self-sensing detectors, and

self-heating element. One of the review articles by C. Luo et
al. is dealing with the application and performance of carbon
nanotubes in fuel cells. The authors provide a review from
the noble metals as catalysts to the performance of fuel cell.
Treated are the method used to reduce the platinum, the
effect of carbon nanotubes on the fuel cell, improving the
performance of fuel cell catalysts, the interaction between
catalyst and carbon nanotube support, and the synthetic
conditions of carbon nanotube supported catalyst.

A research article by M. L. Garćıa-Betancourt et al. is
presented on the magnetic and electrical properties of nitro-
gen-doped multiwall carbon nanotubes fabricated by a mod-
ified chemical vapor deposition method. By the modification
of the CVD configuration, the authors suggested a synthesis
way for the morphology control for the nitrogen-doped
nanotubes. They suggested that the semiconducting nature
of the nitrogen-doped CNT can be shown with water and
low NaCl during synthesis processing. Another research
article by X. Zhang et al. shows that the multiwalled CNTs
(MWCNTs) by CF

4
plasma treatment for SF

6
decomposition

component detection are presented on the enhancement of
gas-sensing characteristics. MWCNTs, modified by dielectric
barrier discharge of CF

4
plasma, show that the gas-sensing

effect to H
2
S and SO

2
was effective for the treatment duration

since modifiedMWCNTs contained a low number of impure
particles on the surface as well as short length and grafted-F
polar functional groups.

Synergetic effects of mechanical properties on graphene
nanoplatelet and MWCNT hybrids reinforced epoxy/carbon
fiber composites were explored by P.-N. Wang et al., who
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provide an outstanding synergetic effect on the graphene
nanoplatelets (GNPs) and MWCNTs hybrids. They reported
that reinforced epoxy composite and epoxy/carbon fiber
composite laminates enhance their mechanical properties
over that of neat laminates.

Two research articles present the functional nanocarbon
materials of diamond films and biocarbon nanofibers. A
research onN-type conductive ultrananocrystalline diamond
films grown by hot filament CVD is presented byM.Mertens
et al. The research article contributed by X. Huang et al.
explores the study of electromagnetic interference (EMI)
shielding materials comprised of Ni-Co coated on web-
like biocarbon nanofibers via electroless deposition. EMI
shielding materials made of Ni-Co were coated on web-like
biocarbon nanofibers prepared by electroless plating. Biocar-
bon nanofibers (CF) were obtained using bacterial cellulose
pyrolyzed at 1200∘C. The EMI shielding efficiencies of the
composites were shown to be significantly higher than that
of CF at the same mass fraction.
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Electromagnetic interference (EMI) shielding materials made of Ni-Co coated on web-like biocarbon nanofibers were successfully
prepared by electroless plating. Biocarbon nanofibers (CF) with a novel web-like structure comprised of entangled and
interconnected carbon nanoribbons were obtained using bacterial cellulose pyrolyzed at 1200∘C. Paraffin wax matrix composites
filled with different loadings (10, 20, and 30wt%, resp.) of CF and Ni-Co coated CF (NCCF) were prepared. The electrical
conductivities and electromagnetic parameters of the composites were investigated by the four-probe method and vector network
analysis. From these results, the EMI shielding efficiencies (SE) of NCCF composites were shown to be significantly higher than
that of CF at the same mass fraction. The paraffin wax composites containing 30wt% NCCF showed the highest EMI SE of 41.2 dB
(99.99% attenuation), which are attributed to the higher electrical conductivity and permittivity of the NCCF composites than the
CF composites. Additionally, EMI SE increased with an increase in CF and NCCF loading and the absorption was determined to
be the primary factor governing EMI shielding. This study conclusively reveals that NCCF composites have potential applications
as EMI shielding materials.

1. Introduction

In recent years electromagnetic interference (EMI) has
become a critical problem for electric devices because it
may lead to malfunctions such as in airplane control panels,
mobile phones, and many computers. In order to address
these problems the development of EMI shielding materials
received increasing attention [1–3]. Carbon composites have
outstanding potential for use in EMI shielding [4–9] due to
their excellent electrical properties, low density, high aspect
ratio, and high strength and modulus. However the electrical
conductivity of carbon materials is considerably lower than
that of metals and therefore a greater amount of carbon
material is needed to achieve the same shielding effect.
Although satisfactory shielding capabilities can be obtained
by simply adding more carbon materials, it is difficult to
produce composites with high carbon volume fractions when
using extrusion or injection molding. In addition, a high
carbon volume fraction increases the composites cost and

thus limits its commercial use. To optimize the conductivity
and EMI shielding effectiveness (SE) of composites, it is
necessary to attach metal particles to the surface of carbon
materials [10–12]. The introduction of metal particles onto
carbon materials has previously been shown to lead to
good wettability between the fillers and matrices [13], which
implies that the dispersion of carbon materials can improve
in thematrices. Amongst the commonmetalmaterials, nickel
and cobalt are suitable for EMI shielding because these
metals exhibit good conductivity and magnetic properties,
as well as antioxidant properties. Such good conductivity
and magnetic materials can produce a large induced current
under perturbation by electromagnetic waves, and, according
to Lenz’s law, these currents will be effective at weakening
the penetration of electromagnetic waves [14]. Therefore, it
is expected that carbon materials coated with a layer of metal
will have the advantages of good conductivity, magnetic, high
intensity, and low density and they combine the properties of
carbon materials and the magnetic metal together. Although
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a variety of techniques are available for altering the chemical
and physical properties of the surface of carbon materials,
electroless plating has been found to be the most suitable
method because of its ability to provide a uniform surface and
the cost effectiveness of the process [15–17]. Thus, electroless
plating is a convenient approach to produce Ni-Co coated
carbon materials. However, the application of traditional
metal-coated carbon materials for use as EMI shielding
composites is hindered by a major obstacle: the cost and
limited supply of carbon materials.

Recently, we developed a novelmethod of fabricating bio-
carbon nanofiber (CF) with a web-like structure consisting
of interconnected carbon nanoribbons using low-cost natural
materials such as bacterial cellulose as carbonaceous sources.
In this work, we report the preparation process of CF, and
the electroless plating method was applied to deposit a layer
of Ni-Co coating on the surface of CF. The microstructure,
magnetic properties, electrical conductivity, electromagnetic
parameters, and EMI SE of the composites were investigated.

2. Experimental Procedures

2.1. Preparation of CF. Web-like structure CF was obtained
by heat treatment of bacterial cellulose in a high-temperature
tube furnace for 4 h under a nitrogen atmosphere at 1200∘C.
Afterwards, dried CF was dispersed in absolute ethanol and
mechanically milled into a slurry.The resulting CF was dried
using a vacuum at 60∘C. The bacterial cellulose was kindly
provided by Hainan Ye Guo Foods Co., Ltd., Hainan, China.

2.2. Pretreatments and Electroless Plating of CF with Ni-
Co. For metal-coated CF/polymer matrix composites, the
most important factor affecting the SE of composites is the
adhesion between the metal coating and CF. Good adhesion
can reduce the delamination of metal deposits by shear stress
during compounding and can maintain the conductive net-
work. In order to enhance the interfacial adhesion between
the CF and the coating, CF was subjected to an oxidation
treatment before surface activation. The CF was immersed
in an aqueous solution of 200 g/L (NH

4
)
2
S
2
O
8
and 100mL/L

of H
2
SO
4
(the acid solution readily etches the surface of

CF) by sonication at 35∘C for 80min, then was filtered, and
thoroughly washed with distilled water until the washings
reached pH = 7. This procedure promotes the coarsening of
the carbon fiber, which can form different functional groups
on the CF surface. These surface functional groups can form
anchoring sites for metallic nanoparticles, thereby improving
the adhesion between the CF and the nanoparticles [18].
The coating procedure consisted of three stages: sensitization,
activation, and metallization. The CF and the optimum
operating conditions of the sensitized, activated, and plating
solutions were listed in Table 1. Firstly, coarsened CF was
sensitized for 30min at 25∘C to adsorb Sn2+ ions. The CF
was then filtered and washed with distilled water, and the
sensitized CF was placed in an activated solution at 25∘C for
30min to adsorb Pd nuclei on the CF surface. Sonication was
applied during the sensitization and activation treatment to
promote uniform coating of the surface of CF. Finally, the

Table 1: Composition and operating conditions for the different
stages in nickel-cobalt electroless coating.

Stage Solution

Sensitization 23 g/L SnCl2⋅2H2O
10mL/L HCl

Activation 0.25 g/L PdCl2
30mL/L HCl

Metallization

17 g/L NiSO4⋅6H2O
9 g/L CoSO4⋅7H2O

80 g/L Na3C6H5O7⋅2H2O
35 g/L Na2H2PO2⋅H2O
49 g/L (NH4)2SO4

activated CF was washed with distilled water and then added
to a bath for metallization, which was carried out at 35∘C for
15min with magnetic stirring. Ammonia solution was used
as a buffer to maintain a pH value of 9. Chemicals used in the
experiments were all of analytical grade and were purchased
fromKelongReagentCo. Ltd., Chengdu,China.After plating,
theNi-Co coated CF (NCCF)was washedwith distilled water
and then heat-treated at 450∘C in a nitrogen atmosphere for
2 h in a high-temperature tube furnace. After heat treatment,
the electrical conductivity of NCCF will improve due to the
phase transformation of NCCF [19].

2.3. Fabrication of Test Samples. CF and NCCF were dis-
persed in dimethylbenzene with paraffinwax by sonication at
60∘C for 50min, respectively. Both CF and NCCF dispersed
efficiently in the paraffin wax matrix. Test samples with
different weight percentages of CF and NCCF (10, 20, and
30wt%) were fabricated according to the above methods. For
electrical conductivity characterization, rectangular plates
(10mm × 10mm × 1.5mm) of samples were molded under
7MPa pressure. For EMI SE characterization, samples were
pressed into cylindrical dies with 7.0mm outer diameter,
3.0mm inner diameter, and approximately 2.5mm height at
2MPa.

2.4. Characterization. The morphologies of CF and NCCF
were analyzed by transmission electron microscopy (TEM,
Libra 200FE, Carl Zeiss SMT Pte Ltd., Germany) coupled
with energy dispersive spectroscopy (EDS). Raman spectra
were recorded on a Raman spectrometer (Invia, Renishaw,
UK), with an excitation laser wavelength of 514.5 nm. An X-
ray diffractometer (XRD, X’pert PRO, PANalytical, Nether-
lands) equipped with a rotating anode and Cu K𝛼 radiation
(𝜆 = 0.15406 nm) over an incident angle (2𝜃) range of 10–80∘
was used to identify the crystalline phases of the coating.The
static magnetic properties were determined using a vibration
sample magnetometer (BKT-4500Z, Beijing Ze Tian Wei
Ye Science and Technology Co., Ltd., China). The sheet
resistance (𝑅

𝑠
) of the samples was measured by the four-

probe method using a Keithley 2400 multimeter (Cleveland,
OH, USA).The electromagnetic and scattering parameters of
the samples were measured using a vector network analyzer
(E5071C, Agilent Science and Technology Co., Ltd., USA) in
the 8.2–12.4GHz (X-band) frequency range.
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Figure 1: (a) TEMmicrographs of CF and (b) Raman spectra of CF.

Figure 2: TEMmicrographs of NCCF.

3. Results and Discussions

Themorphology of nanofibers is an important factor affecting
the SE of fiber composites [20]. Figure 1(a) shows the
TEM image of the obtained CF, which reveals that the CF
are web-like and the diameters can be up to 20 nm. A
higher magnification shows that a small amount of graphitic
multilayer structure was seen as shown in the inset figure,
showing that the CF is slightly graphitized. Figure 1(b) shows
the Raman spectra of the obtained CF. In the Raman spectra,
two fundamental vibrations are observed at 1340 cm−1 and
1585 cm−1 for CF, which are attributed to the D and G bands,
respectively. The D peak can be assigned to the disorder-
activated Raman mode, while the G peak arises from the
sp2 hybridized carbon [21]. Figure 2 is a representative TEM
image of NCCF, which clearly indicates that nickel-cobalt
spherical grains were formed on the CF surface. The coating
layer tended to form as spherical grains, perhaps because
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Figure 3: XRD patterns of (a) pristine CF and (b) NCCF.

the surface exhibits high curvature and on a curved surface
the normal growth rate is higher than the lateral growth
rate. Obviously the diameter of NCCF is wider than the
obtained CF after electroless plating. These results indicate
that the wider NCCF in the diameter is highly beneficial to
the improvement electrical conductivity of the CF. The EDS
spectrum showed that the major components in NCCF are
carbon, nickel, cobalt, and oxygen.

The phase structures of both CF and NCCF have been
determined by XRD. Figure 3 shows the XRD patterns of
(a) the pristine CF and (b) NCCF. It suggests that the CF
and NCCF display amorphous structures. In the diffraction
pattern (Figure 3(a)) of pristine CF, a broad and weak peak
at 2𝜃 = 24.35∘ is observed, which is assigned to the (002)
plane of graphitic carbon, which is in good agreement with
Figure 1(b). In the case of NCCF, a new broad peak other
than the (002) diffraction peak of graphitized CF is clearly
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Figure 4:Magnetic hysteresis loop of (a) CF and (b)NCCF at 300K.

observed at around 44.57∘ as shown in Figure 3(b), which
originates from the depositedNi-Co coating layer.The results
of the XRD analyses indicate that the Ni-Co nanoparticles
were successfully deposited on the surface of the CF.

Figure 4 shows the magnetic hysteresis loops of CF
and NCCF. The CF exhibited very little magnetization or
coercivity, while the NCCF exhibited obvious magnetization.
The saturation magnetization and coercivity of NCCF were
312Oe and 5.58 emu/g, respectively. The magnetic properties
of NCCF are significantly higher than those of CF, which
indicates that the CF has been covered successfully by a layer
of ferromagnetic Ni-Co nanoparticles.

Conductivity is another factor affecting the shielding
properties of a material [22]. Electrical conductivity is calcu-
lated according to the following equation:

𝜎 =

1

𝑅

𝑠
𝑡

, (1)

where 𝜎, 𝑅
𝑠
, and 𝑡 represent the direct current conductivity,

sheet resistance, and sheet thickness, respectively. The rela-
tionship between electrical conductivity and nanofibers (CF
and NCCF) loading is illustrated in Figure 5, which shows
that the electrical conductivity of NCCF is bigger than that of
pureCF at the samemass fraction.The composites containing
30wt% NCCF exhibit the highest electrical conductivity of
1313 S/m, suggesting that the addition of electrical Ni-Co
nanoparticles onto CF is highly beneficial to the electrical
conductivity of the composites. The electrical conductivity
increases with nanofibers loading because the interfacial
affinity between nanofibers and the paraffin wax matrix
increases the number of conductive pathways for electron
transfer. The excellent electrical conductivity of the com-
posites can improve the electromagnetic energy absorption
and dissipation capabilities, resulting in enhancement of
microwave shielding effectiveness [23].

To evaluate the EMI performance of CF and the NCCF
composites, we thus measured the permittivity (𝜀 = 𝜀 − 𝑗𝜀
constitutes the real part (𝜀) and imaginary part (𝜀), resp.)
of our composites in the frequency range of 8.2–12.4GHz.

CF
NCCF

10 15 20 25 30

Nanofibers loading (wt%)

2

0

−2

−4

lo
g[
𝜎
]

(S
/m

)

Figure 5: Electrical conductivity of CF and NCCF.The thickness of
all the samples was 1.5mm.

Figure 6 shows the room temperature permittivity of the
pure CF and the NCCF composites. The results indicate
that the real part and imaginary part of the permittivity
of NCCF are bigger than those of pure CF at the same
mass fraction. According to the theory of permittivity, when
electromagnetic radiation is incident on metallic surface the
electric field induces two types of electrical currents within
the material (displacement currents and conduction). The
former arises from bound charges, that is, polarization effects
(real part of permittivity) which mainly involves unpaired
point defects, and the latter arises due to free electrons giving
rise to electric loss (imaginary part of permittivity) [24]. In
other words, the real part of the composites permittivity is a
measure of the number of the polarization centers inside the
material originating from defects in the nanofibers structure.
Therefore, the NCCF nanofibers increase the number of
structural defects. The increase of the imaginary part of
the permittivity can be attributed to the enhanced electrical
conductivity of the composites. Both the real and imaginary
parts of permittivity increase as the loading of the CF or
NCCF was increased, which reflects an increase in both
the number of polarization centers and dissipating mobile
charge carriers, leading to higher permittivity. While this
explanation implies that more structural defects and high
conductivity result in high permittivity, nevertheless, it is
noted that the permittivity decreases with increasing fre-
quency.This behavior is due to the lag of the induced electric
field in the composites in response to the reversing external
E-field, which leads to a reduction in electronic oscillation at
high frequency [25].

The EMI SE of a material is represented by the following
equation:

SE
𝑇
= 10 log( 𝑃in

𝑃out
) = SE

𝑅
+ SE
𝐴
+ SE
𝑀
, (2)
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Figure 6: (a) The real and (b) the imaginary parts of the permittivity of the composites as a function of frequency.

where 𝑃in and 𝑃out are the power (electric or magnetic field)
of incident and transmitted EM waves, respectively, and SE

𝑅
,

SE
𝐴
, and SE

𝑀
are the SE due to reflection, absorption, and

multiple reflections, respectively [26]. Reflection occurs as
a result of mobile charge carriers (electrons or holes) in
the shield material which interact with the electromagnetic
field in the radiation; the absorption is due to the energy
dissipationwhen electromagnetic wave interacts with electric
or magnetic dipoles in the shield material; the multiple
reflections refer to the reflection at different surfaces or
interfaces in the shield material [27].
𝑆

11
(or 𝑆
11
) and 𝑆

12
(or 𝑆
21
) are the scattering parameters

(𝑆-parameters) of the two-port vector network analyzer
system and can be related to reflectance and transmittance
as 𝑅 = |𝑆

11
|

2

= |𝑆

22
|

2 and 𝑇 = |𝑆
21
|

2

= |𝑆

12
|

2. The absorbance
(𝐴) can be written as 𝐴 = (1 − 𝑅 − 𝑇). When SE

𝐴
is higher

than 10 dB, SE
𝑀

can be ignored [28]. Therefore, SE
𝑇
can be

conveniently expressed as SE
𝑇
= SE
𝑅
+ SE
𝐴
. The EMI SE was

calculated based on the 𝑆-parameters as follows:

SE
𝑇
= 10 log 1
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where |𝑆
𝑖𝑗
|

2 represents the power transmitted from port 𝑖 to
port 𝑗 [29].

The influence of mass fraction on the SE
𝑇
values of the

composites at 10GHz is shown in Figure 7. The experimental

trend is similar to the trend of the electric conductivity of
the CF and NCCF composites. In line with the above data
concerning conductivity and permittivity, the SE

𝑇
values of

the CF and NCCF composites increased with the weight
percentage. This may be ascribed to the increase of electrical
conductivity of the composites. As was observed for the
conductivity of composites, the SE

𝑇
of theNCCF composite is

significantly higher than that of CF at the samemass fraction.
The Ni-Co coating on the CF can lead to a decrease in the
contact loss between CF due to the formation of metal-metal
interfaces. This behavior can improve the electrical conduc-
tivity and subsequently the SE

𝑇
of the NCCF composites.

To clarify the EMI shielding mechanism of the CF
and NCCF composites, the EMI SE

𝑅
, SE
𝐴
, and total SE

𝑇

of the composites with 30wt% conductive nanofibers in
the 8.2–12.4GHz range are shown in Figure 8. From the
figure, SE

𝐴
was shown to be ca. 34.3 and 37.3 dB for CF

and NCCF composites at 12.4GHz, respectively. For the
reflection component, SE

𝑅
was ca. 2.6 and 3.9 dB for CF

andNCCF composites at 12.4GHz, respectively.These results
demonstrate that the SE

𝑇
of the NCCF composites can be up

to 41.2 dB (99.99% attenuation), which is higher than that of
the pristine CF composites [30]. It has been observed that,
for conduct CF and NCCF composites, the SE

𝑇
is mainly

dominated by absorption while the SE
𝑅
contributes little.

4. Conclusions

In conclusion, NCCF was successfully manufactured by
electroless plating.Thiswork demonstrates that both the elec-
trical conductivity and the EMI SE increase with nanofibers
loading and the paraffin wax composite containing 30wt%
NCCF exhibited the highest electrical conductivity of
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Figure 7: EMI shielding effectiveness of CF and NCCF composites
at 10GHz. The thickness of all the samples was 2.5mm.
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Figure 8: EMI shielding effectiveness of CF and NCCF composites
with 30wt% conductive nanofibers as a function of frequency. The
thickness of all the samples was 2.5mm.

1313 S/m and EMI SE value of 41.2 dB (99.99% attenuation).
This result may be attributed to the presence of Ni-Co coated
on the CF, which can lead to decrease in the contact loss
between CF due to the formation of metal-metal interfaces.
This behavior can improve the electrical conductivity and
permittivity and subsequently improve the EMI SE. The SE
of composites increases with nanofibers loading and the
absorption is the primary factor governing EMI shielding.
This study reveals that the NCCF composites have potential
applications as EMI shielding materials.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by the Program for New Century
Excellent Talents in university (no. MCET-11-1061).

References

[1] N. Joseph and M. T. Sebastian, “Electromagnetic interference
shielding nature of PVDF-carbonyl iron composites,”Materials
Letters, vol. 90, pp. 64–67, 2013.

[2] S. X. Jiang and R. H. Guo, “Electromagnetic shielding and
corrosion resistance of electroless Ni-P/Cu-Nimultilayer plated
polyester fabric,” Surface and Coatings Technology, vol. 205, no.
17-18, pp. 4274–4279, 2011.

[3] M. H. Al-Saleh, G. A. Gelves, and U. Sundararaj, “Cop-
per nanowire/polystyrene nanocomposites: lower percolation
threshold and higher EMI shielding,” Composites Part A:
Applied Science and Manufacturing, vol. 42, no. 1, pp. 92–97,
2011.

[4] G.-H. Kang and S.-H. Kim, “Electromagnetic wave shielding
effectiveness based on carbonmicrocoil-polyurethane compos-
ites,” Journal of Nanomaterials, vol. 2014, Article ID 727024, 6
pages, 2014.

[5] W.-L. Song, M.-S. Cao, M.-M. Lu et al., “Flexible graphene/
polymer composite films in sandwich structures for effective
electromagnetic interference shielding,”Carbon, vol. 66, pp. 67–
76, 2014.

[6] A. Gupta and V. Choudhary, “Electrical conductivity and
shielding effectiveness of poly(trimethylene terephthalate)/
multiwalled carbon nanotube composites,” Journal of Materials
Science, vol. 46, no. 19, pp. 6416–6423, 2011.

[7] D.-X. Yan, H. Pang, L. Xu et al., “Electromagnetic interference
shielding of segregated polymer composite with an ultralow
loading of in situ thermally reduced graphene oxide,”Nanotech-
nology, vol. 25, no. 14, Article ID 145705, 2014.

[8] A. P. Singh, B. K. Gupta, M. Mishra, A. Chandra, R. B. Mathur,
and S. K. Dhawan, “Multiwalled carbon nanotube/cement com-
posites with exceptional electromagnetic interference shielding
properties,” Carbon, vol. 56, pp. 86–96, 2013.

[9] D. D. L. Chung, “Carbon materials for structural self-sensing,
electromagnetic shielding and thermal interfacing,” Carbon,
vol. 50, no. 9, pp. 3342–3353, 2012.

[10] B.-J. Kim, K.-M. Bae, Y. S. Lee, K.-H. An, and S.-J. Park, “EMI
shielding behaviors of Ni-coatedMWCNTs-filled epoxy matrix
nanocomposites,” Surface and Coatings Technology, vol. 242, pp.
125–131, 2014.

[11] R. R. Bonaldi, E. Siores, and T. Shah, “Characterization of elec-
tromagnetic shielding fabrics obtained from carbon nanotube
composite coatings,” Synthetic Metals, vol. 187, no. 1, pp. 1–8,
2014.

[12] B.-J. Kim, W.-K. Choi, M.-K. Um, and S.-J. Park, “Effects of
nickel coating thickness on electric properties of nickel/carbon
hybrid fibers,” Surface and Coatings Technology, vol. 205, no. 11,
pp. 3416–3421, 2011.

[13] B.-J. Kim, K.-M. Bae, M.-K. Seo, K.-H. An, and S.-J. Park,
“Roles ofNi/CNTs hybridization on rheological andmechanical



Journal of Nanomaterials 7

properties of CNTs/epoxy nanocomposites,” Materials Science
and Engineering: A, vol. 528, no. 15, pp. 4953–4957, 2011.

[14] K. Ji, H. Zhao, J. Zhang, J. Chen, and Z. Dai, “Fabrication and
electromagnetic interference shielding performance of open-
cell foam of a Cu-Ni alloy integrated with CNTs,” Applied
Surface Science, vol. 311, pp. 351–356, 2014.

[15] H. Bi, K.-C. Kou, K. K. Ostrikov, L.-K. Yan, and Z.-C.
Wang, “Microstructure and electromagnetic characteristics of
Ni nanoparticle film coated carbonmicrocoils,” Journal of Alloys
and Compounds, vol. 478, no. 1-2, pp. 796–800, 2009.

[16] F. Wang, S. Arai, and M. Endo, “Metallization of multi-walled
carbon nanotubes with copper by an electroless deposition
process,” Electrochemistry Communications, vol. 6, no. 10, pp.
1042–1044, 2004.

[17] T. Homma, Y. Sezai, and T. Osaka, “A study on growth processes
of CoNiP perpendicular magnetic anisotropy films electroless-
deposited at room temperature,” Electrochimica Acta, vol. 42,
no. 20-22, pp. 3041–3047, 1997.

[18] Y. Li, C. Zhu, and C. Wang, “Controllable synthesis, charac-
terization and microwave absorption properties of magnetic
Ni
1−xCoxP alloy nanoparticles attached on carbon nanotubes,”

Journal of Physics D: Applied Physics, vol. 41, no. 12, Article ID
125303, 2008.

[19] C.-Y. Huang, W.-W. Mo, and M.-L. Roan, “The influence of
heat treatment on electroless-nickel coated fibre (ENCF) on the
mechanical properties and EMI shielding of ENCF reinforced
ABS polymeric composites,” Surface and Coatings Technology,
vol. 184, no. 2-3, pp. 123–132, 2004.

[20] W.-S. Jou, H.-Z. Cheng, and C.-F. Hsu, “The electromagnetic
shielding effectiveness of carbon nanotubes polymer compos-
ites,” Journal of Alloys and Compounds, vol. 434-435, pp. 641–
645, 2007.

[21] D. C. Elias, R. R. Nair, T. M. G. Mohiuddin et al., “Control of
graphene’s properties by reversible hydrogenation: evidence for
graphane,” Science, vol. 323, no. 5914, pp. 610–613, 2009.

[22] N. Li, Y. Huang, F. Du et al., “Electromagnetic Interference
(EMI) shielding of single-walled carbon nanotube epoxy com-
posites,” Nano Letters, vol. 6, no. 6, pp. 1141–1145, 2006.

[23] B. P. Singh, V. Choudhary, P. Saini, andR. B.Mathur, “Designing
of epoxy composites reinforced with carbon nanotubes grown
carbon fiber fabric for improved electromagnetic interference
shielding,” AIP Advances, vol. 2, no. 2, Article ID 022151, 2012.

[24] S.-L. Shi and J. Liang, “The effect of multi-wall carbon nan-
otubes on electromagnetic interference shielding of ceramic
composites,” Nanotechnology, vol. 19, no. 25, Article ID 255707,
2008.

[25] C.Wang, X. J. Han, P. Xu, L. Zhang, Y. C. Du, and S. R. Hu, “The
electromagnetic property of chemically reduced graphene oxide
and its application as microwave absorbing material,” Applied
Physics Letters, vol. 98, no. 7, Article ID 072906, 2011.

[26] A. P. Singh, M. Mishra, A. Chandra, and S. K. Dhawan,
“Graphene oxide/ferrofluid/cement composites for electromag-
netic interference shielding application,” Nanotechnology, vol.
22, no. 46, Article ID 465701, 2011.

[27] T. K. Gupta, B. P. Singh, R. B. Mathur, and S. R. Dhakate,
“Multi-walled carbon nanotube-graphene-polyaniline multi-
phase nanocomposite with superior electromagnetic shielding
effectiveness,” Nanoscale, vol. 6, no. 2, pp. 842–851, 2014.

[28] Y. Chen, Y. Li, M. Yip, and N. Tai, “Electromagnetic interfer-
ence shielding efficiency of polyaniline composites filled with
graphene decorated with metallic nanoparticles,” Composites
Science and Technology, vol. 80, pp. 80–86, 2013.

[29] M. H. Al-Saleh, W. H. Saadeh, and U. Sundararaj, “EMI shield-
ing effectiveness of carbon based nanostructured polymeric
materials: a comparative study,” Carbon, vol. 60, pp. 146–156,
2013.

[30] B.Dai, Y. Ren,G.Wang, Y.Ma, P. Zhu, and S. Li, “Microstructure
and dielectric properties of biocarbon nanofiber composites,”
Nanoscale Research Letters, vol. 8, no. 1, pp. 1–6, 2013.



Research Article
Enhancement of Gas Sensing Characteristics of
Multiwalled Carbon Nanotubes by CF4 Plasma Treatment
for SF6 Decomposition Component Detection

Xiaoxing Zhang,1,2 Xiaoqing Wu,1 Bing Yang,3 and Hanyan Xiao1

1State Key Laboratory of Power Transmission Equipment & System Security and New Technology, Chongqing University,
Chongqing 400044, China
2School of Electrical Engineering, Wuhan University, Wuhan 430072, China
3Central Southern China Electric Power Design Institute, Wuhan 430071, China

Correspondence should be addressed to Xiaoxing Zhang; xiaoxing.zhang@outlook.com

Received 2 July 2014; Accepted 30 November 2014

Academic Editor: Myoung-Woon Moon

Copyright © 2015 Xiaoxing Zhang et al.This is an open access article distributed under theCreative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

H
2

S and SO
2

are important gas components of decomposed SF
6

of partial discharge generated by insulation defects in gas-insulated
switchgear (GIS). Therefore, H

2

S and SO
2

detection is important in the state evaluation and fault diagnosis of GIS. In this study,
dielectric barrier discharge was used to generate CF

4

plasma and modify multiwalled carbon nanotubes (MWNTs).The nanotubes
were plasma-treated at optimum discharge conditions under different treatment times (0.5, 1, 2, 5, 8, 10, and 12min). Pristine and
treated MWNTs were used as gas sensors to detect H

2

S and SO
2

. The effects of treatment time on gas sensitivity were analyzed.
Results showed that the sensitivity, response, and recovery time of modified MWNTs to H

2

S were improved, but the recovery time
of SO

2

was almost unchanged. At 10min treatment time, the MWNTs showed good stability and reproducibility with better gas
sensing properties compared with the other nanotubes.

1. Introduction

Sulfur hexafluoride (SF
6
) is used as a gas medium in gas-

insulated switchgear (GIS), which is widely used in substa-
tions and urban power grids because of its compact structure,
high reliability, and low electromagnetic radiation [1, 2]. In
the manufacture, transportation and installation processes
inevitably lead to defects (e.g., metal burrs, protrusions,
and suspended particles) in GIS equipment. Under long-
term operation, these latent defects result in varying degrees
of partial discharge (PD) that lead to SF

6
decomposition.

Complex chemical reactions with trace amounts of air and
water vapor in GIS generate SOF

2
, SO
2
F
2
, SO
2
, H
2
S, and

HF [3–6]. These by-products accelerate insulation aging and
corrode metal surfaces, thereby yielding GIS faults [7]. H

2
S

and SO
2
are important gases of PD produced by latent

insulation defects in GIS [8, 9]. Thus, H
2
S and SO

2
detection

is significant in the state evaluation and fault diagnosis of GIS
equipment.

Products of SF
6

discharge decomposition are often
detected using test tube method [10], gas chromatography
[11], and infrared absorption spectrometry [12], but these
techniques have several disadvantages. Carbon nanotubes
(CNTs) are ideal materials for nanosized gas sensors because
of their high surface adsorption capacity, good conductivity,
and electronic transmission characteristics [13–17]. Analyses
on CNT gas sensors have focused on the repeatability and
the improvement of sensitivity. However, untreated CNTs
are only sensitive to several gases (e.g., NH

3
, NO
2
, and H

2
).

Therefore, surface modification of CNTs should be explored
to improve their sensitivity to other gases.

Gas discharge has been used to generate low-temperature
plasma in material surface modification because of its low
cost, efficiency, rapidity, and nonsignificant contribution to
pollution. Dielectric barrier discharge (DBD) is employed to
produce low-temperature plasma.The premodified materials
are usually placed in the effective discharge area. O

2
, N
2
,
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Figure 1: Discharge waveforms: (a) output voltage waveform and (b) output current waveform.

CF
4
, and Ar, plasma, and so forth are used to etch the

material surface, induce roughness, and connect the active
groups. In 2010, Leghrib et al. reported that metal-doped
O
2
-plasma-treated multiwalled carbon nanotubes (MWNTs)

exhibited high sensitivity to benzene vapor [18]. Dong et
al. (2012) found that Ar- and O

2
-plasma-modified CNTs

have good responses to NO
2
, whereas CF

4
- and SF

6
-treated

CNTs are highly sensitive to NH
3
to achieve good selectivity

[19]. In 2012, Zhang et al. used air-plasma-modified MWNTs
that were generated by DBD under atmospheric pressure to
detect H

2
S and SO

2
[20].They found that MWNTs-based gas

sensors obtained higher responses to H
2
S than those based

on pristine nanotubes, but these sensors were not sensitive to
SO
2
.
CF
4
is a commonly used plasma etching gas. It is a kind

of fluoride gas. In this study, the surface of the MWNTs is
modified by CF

4
plasma generated by DBD.Then gas sensors

based on MWNTs were fabricated to detect the products of
SF
6
decomposition in GIS. Results showed that after plasma

modification the sensitivity and response time of MWNTs
gas sensors towards H

2
S and SO

2
are greatly improved.

MWNTs gas sensors with 10min treatment time showed
good stability and reproducibility with better gas sensing
properties compared with other sensors.

2. Experiment

2.1. Surface Modification. MWNTs (tube diameter, 20 nm to
30 nm; length, 10 𝜇m to 30 𝜇m; purity, >95%) were grown
by chemical vapor deposition (CVD) in black powder and
purchased from the Chengdu Institute of Organic Chemistry
Chengdu, China. CNTs are one-dimensional (1D) nanoma-
terials. Hence, appropriate surface processing parameters
should be selected. Under strong plasma treatments, high
power and long treatment time can destroy the tubular
structure and carbonization of CNTs [21, 22]. In this study, a
DBD plasma generator was used tomodifyMWNTs. Figure 1
shows the schematic for the test device. Low-temperature
plasma experimental power (CTP-2000K) used in this exper-
iment was produced fromNanjing Rongman Electronics Co.,
Ltd., China. The input voltage of the experimental power
is controlled by a voltage regulator. Adjust the voltage to
30V, which can be reading from the voltmeter (power input)
in the power device. Adjust output frequency knob in the
experimental power until frequency is around 10 kHz. Then
we can get an optimum DBD discharge. Read the input
current of 1.96A from Ammeter in the power device. Use
oscilloscope to obtain the output voltage and current waves,
displayed in Figure 1. We should point out that there is
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Figure 2: Schematic of the DBD experiment setup.

an attenuator in this experimental power and the attenuation
coefficient is 1000. So the output peak-to-peak voltage is
39.3 kV. The discharge power in DBD plasma reactor can
be calculated by Lissajou curve. However, due to the poor
laboratory conditions we do not have enough oscilloscope
attenuation probes to protect oscilloscope from breakdown.
So other methods should be explored and we try to get in
touch with the equipment manufacturers. According to the
experience of the manufacturer’s data, the plasma treatment
power is approximately 0.8 times the input power at the
same experimental conditions. Therefore, we can calculate
the discharge power, which is 47W.

Figure 2 reveals that the shape of the reactor is similar to
a Petri dish. The reactor electrodes formed a parallel-plate
structure and were made of 2mm thick quartz glass. The
upper and bottom electrodes were 8mm apart. The bottom
quartz glass electrode adhered to the reaction kettle, whereas
the upper electrode is removable. In themodified experiment,
an adequate amount of MWNTs was placed in a reaction
kettle and sealed with silicone to ensure gas tightness. Air
was released from the reactor to induce a vacuum state.
CF
4
flow rate was controlled at 150 sccm. The parameters of

the experimental power were adjusted, and MWNTs were,
respectively, treated for 0.5, 1, 2, 5, 8, 10, and 12min. The
upper quartz glass was removed, andmodifiedMWNTs were
obtained after the treatment.

2.2. Preparation of MWNT Sensors. MWNT sensors were
made of printed circuit board, and the substrate material is
epoxy resin. Cu interdigital electrodes were etched in the
substrate. The width and spacing of the electrodes are both
0.2mm. First, MWNTs were placed into a beaker containing
the appropriate ethanol solution. The beaker was placed in
an ultrasonic bath for 1 h. Then, the sensor substrate was
repeatedly cleanedwith deionizedwater to remove impurities
on the electrode surface. Next, the mixed solution was
dropped on the substrate surface. Finally, the MWNT-coated
substrates were baked in an oven at 80∘C for a specific
time. This process was repeated several times until uniform
MWNTs films were deposited on the surface. Seven pristine
and treated MWNTs with different modification times were
used to fabricate the gas sensors.

Outlet

Wire

Sensor

Vacuum gauge Pressure gauge

Inlet Valve

Valve

Figure 3: Structure of the gas sensor detecting device.

2.3. Sensitivity Measurement. Experiments on gas sensitivity
were performed to test the resistance rate of the sensor
upon exposure in the corresponding gas atmosphere.The gas
sensing detection device mainly comprised a steel chamber,
which was designed by our group and could be sealed by
screws (Figure 3).TheMWNTs sensors were placed in the gas
chamber and connected to CHI660 electrochemical analyzer
through the wires. The impedance-time function of the
analyzer was used to record the changes in sensor resistance.
Experiments were performed at room temperature.

Sensor sensitivity 𝑆 is defined as

𝑆 =

(𝑅 − 𝑅

0
)

𝑅

0

× 100%, (1)

where 𝑅 represents the resistance upon exposure to the test
gases and 𝑅

0
is the initial resistance of the sensor in vacuum.

For resistance-type sensors, the response time comes
from the sensor in contact with target gas until 90% of the
stable resistance is attained. The recovery time represents the
speeds of gas desorption and is defined as the time by which
the resistance returns to 90% of the initial value after escaping
from the corresponding gas.

3. Results and Analysis

3.1. Fourier-Transform Infrared (FTIR) Spectrum. FTIR spec-
tra are highly useful tools to analyze the characteristics of
CNTs. Figure 4 shows the FTIR spectra of pristine MWNTs
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Figure 4: Infrared spectra of pristine and modified MWNTs.

and those generated byCF
4
plasma etching for 1, 5, and 10min

with a Nicolet 5DXC FT-IR spectrometer.
Diverse functional groups and types of bonding were

observed in the FTIR spectra of MWNTs (Figure 4). The
absorption peaks at 3445 cm−1 corresponded to the –OH
groups in pristine and treated nanotubes. The absorption
peaks at 1036 and 1151 cm−1 were ascribed to the respective
C–F and symmetric –CF

2
stretching vibrations because of the

CF
4
-plasma treatment.

3.2. SEM Analysis. The surface morphologies of the pristine
and plasma-treated MWNTs were analyzed using Zeiss
Auriga focused ion beam and double-beam emission scan-
ning electronmicroscopy (SEM).The SEM images of pristine
MWNTs (Figure 5(a)) indicated the presence of several small
particles, which included amorphous carbons and residual
catalysts during preparation. Figures 5(b) and 5(c) show the
SEM images of CF

4
plasma treated for 10min.The impurities

and dopant on the nanotube surfaces were removed, and
MWNTs became shorter. Plasma treatment retained the
nanotube structures.

3.3. Gas Sensing Properties ofMWNTs Sensors toH
2
S and SO

2
.

We used eight kinds of MWNTs-based gas sensors (pristine
MWNTs andMWNTsmodified by plasma for different time)
to detect H

2
S and SO

2
whose concentrations are 50 ppm for

them both. The gas response curves are shown in Figure 6.
It can be seen from Figures 6(a) and 6(b) that the sensitivity
of pristine MWNTs and those modified by CF

4
plasma for

0.5, 1, and 2min to H
2
S are 3%, 3.2%, 3.4%, and 3.5%,

respectively, and to SO
2
are 2.3%, 2.4%, 2.6%, and 2.7%.

Obviously, after modification the gas sensitivities of MWNTs
are not markedly enhanced. Under small discharge power,
these phenomena may have been caused by the insufficient
treatment time and poor surface modification. Therefore, if
the discharge power remains unchanged, in order to achieve
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Figure 5: SEM images: (a) pristine and (b and c) modified MWNTs for 10min.

a better surface modification plasma treatment time should
be extended.

In consequence, Figures 6(c) and 6(d) show the response
curves of pristine MWNTs and these treated for 5, 8, 10, and
12min to H

2
S and SO

2
. We can see that when the treatment

time is less than 10min, the sensitivities of MWNTs sensors
increased with increasing of treatment time. Meanwhile, the
MWNTs modified by CF

4
plasma for 10min exhibited the

best sensitivity to both H
2
S and SO

2
. However, the sensi-

tivities decreased when the treatment time is over 10min.
Possible reasons may be that after longer treatment time the
structure of the nanotubes was destroyed and nanotubes were
partly carbonized [21] under the bombardment of energetic
particles in prolonged plasma treatments, which result in
a reduction of active adsorption sites on MWNTs surface
for gas molecules. Hence, the gas sensing properties of the
MWNTs were affected.

Figure 6 reveals that the response time of CF
4
plasma-

modified MWNTs sensors to H
2
S and SO

2
was shorter. For

treatment times ranging from 0min to 10min, the response
time decreased with increasing treatment time. Besides, the
shortest response times to H

2
S and SO

2
are 70 and 150 s,

respectively.

3.4. Responses of MWNTs-Based Sensors to H
2
S and SO

2
at

Different Concentrations. MWNT sensors modified by CF
4

plasma for 10min (Section 3.3) were selected to detect H
2
S

and SO
2
at 10, 25, 50, and 100 ppm because these sensors

yielded the best sensitivities. Figures 7(a) and 7(b) indicate
that the sensitivity of the sensors increases with the gas
concentration.

Figure 8 shows that the gas concentration and sensor
sensitivity were linearly correlated for H

2
S and SO

2
concen-

trations of 10 ppm to 100 ppm with correlation coefficients
(𝑅2) of 0.97183 and 0.9739, respectively.

3.5. Desorption and Repeatability of MWNTs-Based Sensors.
To analyze the desorption properties of modified MWNTs

gas sensors, these modified by CF
4
plasma for 10min were

chosen to test the recovery curve, as shown in Figure 9.
The experiment steps are as follows. Firstly, the chamber
was pumped into vacuum and was standing for a period of
time. After resistance of the sensor remains unchanged, in the
secondminute 50 ppmH

2
S was introduced into the chamber

and the resistance showed a quick decrease. Few minutes
later, the resistance of sensor remains stable. Currently, H

2
S

gas molecules reach adsorption equilibrium at the surface of
MWNTs. In the fifth minute, pure N

2
was injected into the

gas chamber, and the sensor resistance can generally recover
near the initial value. There is still a small amount of residual
gas accumulating on the surface of the sensor which affects
the sensitivity. In order to obtain a complete desorption, place
the sensor under UV irradiation. By irradiating with UV
light, the residual gas absorbs energy, which enables it to
“escape” from the “trapped” state where almost no residual
gas remains on the surface of the tested sensor. After N

2
and

UV treatments, the sensor resistance was gradually restored
to its initial value.The recovery timewas about 25min, which
was less than that of the pristine MWNTs sensor to H

2
S (40

min; data not shown).
The MWNTs sensor modified by plasma for 10min

that was most sensitive to SO
2
was selected to illustrate

the repeatability process (Figure 10). The resistance-change
trends remained similar, and the maximum resistance-
change rate remained the same and stable. Hence, the gas
sensor could be repeatedly used with good response and
stability. However, the recovery time was approximately
35min and was not greatly enhanced in contrast to that of
pristine MWNT-based sensors.

3.6. Gas Sensing Mechanism. The CF
4
-plasma-modified

MWNTs sensors exhibited high sensitivities to H
2
S and SO

2

because of the following reasons: (1) the accelerated electrons,
ions, and free radicals cleaned the MWNT surface by etch-
ing some amorphous carbon and catalyst particles during
plasma treatment; (2) the bombardment of energetic particles
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Figure 6: Responses of MWNTs-based gas sensors: (a, c) 50 ppm H
2

S and (b, d) 50 ppm SO
2

.

destroyed some of the nanotubes and increased the defects on
their surfaces, which generated effective adsorption sites for
gasmolecules; and (3) CF

4
, a fluorinated gas [22], was ionized

to generate fluoride ions in DBD and react with carbon atoms
on the MWNTs surface to yield C–F bonds [23] without
destroying the tubular structure. Given the strong polarity
and reactivity of F atoms, fluorinated MWNTs exhibited
strong adsorption capacities and high gas sensing properties.

The response and recovery time of plasma-modified
MWNT sensors to H

2
S were remarkably reduced, but only

the response time to SO
2
decreased, and recovery time was

not reduced (Section 3.5). Theoretically, H
2
S molecules were

physically adsorbed on the surface of MWNTs through van
der Waals interaction. However, some hydroxyls existed on
the surfaces of the nanotubes during growth by CVD. F

atoms were introduced onto the MWNTs surface after fluo-
rination. C–F bonds possessed high polarity because of the
strong electronegativity of the F atom, during which –F was
essential. Stable hydrogen bonds (C–F⋅ ⋅ ⋅H–S) were formed
between H atoms in H

2
S molecules and F atoms when H

2
S

moleculeswere adsorbed on the surface ofmodifiedMWNTs.
Subsequently, the van der Waals forces were replaced, and
the adsorption of H

2
S molecules was accelerated to reduce

the response time (Figure 11(a)). In addition, O atoms in
the hydroxyl groups in MWNTs surfaces exhibited small
atomic radii and high electronegativities. Hydrogen bonds
(C–O⋅ ⋅ ⋅H–S) were formed between O atoms in hydroxyl
and H atoms in H

2
S molecules (Figure 11(a)). The recovery

time of plasma-based MWNTs sensors to H
2
S decreased

possibly because of the effect of UV irradiation that the H–F
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in modified MWNTs.

bond is easier to disintegrate. For SO
2
, only O atoms in the

SO
2
molecules and H atoms of hydroxyl were combined to

form hydrogen bonds (O–H⋅ ⋅ ⋅O–S; Figure 11(b)). F atoms
on the surfaces of modified MWNT increased the number
of effective adsorption sites for gas molecules, accelerated
the adsorption, and reduced the response time. However, the
recovery time remained invariant.

4. Conclusions

MWNTs were modified by DBD CF
4
plasma for 0.5, 1, 2, 5, 8,

10, and 12min. The gas sensitivities of the treated MWNTs
sensors to H

2
S and SO

2
were evaluated. The following

conclusions were drawn.

(1) Modification effects were closely related to the treat-
ment time under a small plasma discharge power.
The gas sensitivities of MWNTs did not improve
significantly under short treatment times compared
with those of pristine counterparts.

(2) For <10min treatment times, the sensitivities of
MWNT sensors increased with the treatment time.
MWNTs treated for 10min exhibited the best sensitiv-
ity to H

2
S and SO

2
with good recovery and stability.

(3) SEM micrographs and FTIR analyses of pristine and
modified MWNTs revealed that modified MWNTs
contained a low number of impure particles on the
surface as well as short length and grafted –F polar
functional groups. Hence, gas adsorption was highly
convenient for the nanotubes, and gas sensitivity was
improved.
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Graphene nanoplatelets (GNPs) and carbon nanotubes (CNTs) are novel nanofillers possessing attractive characteristics, including
robust compatibility with most polymers, high absolute strength, and cost effectiveness. In this study, an outstanding synergetic
effect on the grapheme nanoplatelets (GNPs) and multiwalled carbon nanotubes (CNTs) hybrids were used to reinforce epoxy
composite and epoxy/carbon fiber composite laminates to enhance their mechanical properties. The mechanical properties of
CNTs/GNPshybrids on a fixedweight fraction (1 wt%)withmixing different ratio reinforced epoxynanocomposite, such as ultimate
tensile strength and flexure properties, were investigated. The mechanical properties of epoxy/carbon fiber composite laminates
containing different proportions of CNTs/GNPs hybrids (0.5, 1.0, 1.5 wt%) were increased over that of neat laminates. Consequently,
significant improvement in the mechanical properties was attained for these epoxy resin composites and carbon fiber-reinforced
epoxy composite laminates.

1. Introduction

CNTs are one-dimensional carbon nanomaterials that pos-
sess high strength, high flexibility, lowmass density, and large
aspect ratio [1]. CNTs have a unique combination of mechan-
ical, electrical, and thermal properties that render them excel-
lent candidates to substitute or complement conventional
nanofillers in fabricating multifunctional polymer nanocom-
posites [2–4]. However, the development of CNT reinforced
polymer nanocomposites has been impeded by their cost and
aggregation in polymer matrix. CNTs tend to agglomerate
due to their large aspect ratio andVan derWaals forces, which
leads to their dispersion difficultly in polymer matrix [5].

The GNPs planar structure provides a two-dimensional
path for phonon transport, and the ultrahigh surface area
allows a large surface contact area with polymer resulting in
enhancement of the composite thermal conductivity [6–8].

However, the large surface area between GNPs which is GNP
planar nanosheets results in large Van der Waals forces and
strong 𝜋-𝜋 interactions [9–11]. Thus, the performance of
GNPs based polymer composites is limited by the aggregation
and stacking of GNP sheets. Since the physicochemical
properties of aggregatedGNPs are similar to those of graphite
with its relatively low-specific surface area, the performance
of GNPs will suffer significantly from reduced performance.
This is an important issue if GNPs potential as a polymer
composite reinforcing materials is realized [12, 13].

Epoxy is widely applied in advanced carbon fiber rein-
force plastic (CFRP) due to their good mechanical perfor-
mance, process-ability, compatibility with most fibers, chem-
ical resistance, wear resistance, and low cost. However, these
materials are relatively brittle, which is detrimental to the
interlaminar properties between matrix and reinforcement.
The addition of CNTs or GNPs to improve the interfacial
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Figure 1: A schematic illustration of the fabrication of composites: (a) CNTs/GNPs/epoxy resin solution; (b) CNTs/GNPs/epoxy
nanocomposites; (c) CNTs/GNPs/epoxy/carbon fiber composite laminates.

strength of laminates has been demonstrated. Adding carbon
base nanofillers, such as CNTs and GNPs, can improve
mechanical properties of polymer composites, due to their
unique nanostructures, and superior properties.

In our previous research [14], GNPs were used to rein-
force epoxy composite and epoxy/carbon fiber compos-
ite laminates to enhance their mechanical properties. The
mechanical properties of GNPs/epoxy nanocomposite, such
as ultimate tensile strength and flexure properties, were
investigated.

To the best of our knowledge, very few studies have
so far been reported on the fabrication of CNTs/GNPs
hybrids reinforced CFRP composites using manufacturing
of prepregs [15]. GNPs and CNTs are difficult to process
because of the issues associated with agglomeration and
lack of interfacial interactions with polymers. None of the
previous studies, nevertheless, have given due attention to
the influence of adding CNTs/GNPs hybrids on the solvent
type prepreg process.Therefore, it is necessary to understand
the role of adding CNTs/GNPs hybrids into the polymer
matrix, which will largely affect the impregnation of fibres
and prepreg processing conditions.

In this study, epoxy resin containing uniformly dispersed
1 wt% CNTs/GNPs hybrids with different mixing ratio (i.e.,
10 : 0, 9 : 1, 7 : 3, 5 : 5, 3 : 7, 1 : 9, and 0 : 10) and prepared the
CNTs/GNPs/epoxy nanocomposites. Mechanical properties
of the nanocomposite, including ultimate tensile strength,
flexural strength, and flexural modulus, were investigated.

The solution of epoxy resin containing the fixed mixing
ratio of CNTs/GNPs hybrids (1 : 9) on the different contents
(i.e., 0, 0.5, 1.0, and 1.5 wt%) permeate through a carbon fiber
cloth was used to prepare the epoxy/carbon fiber composite
laminates.The process was used to investigate if CNTs/GNPs
hybrids improved the mechanical properties of carbon fiber-
reinforced epoxy resin composite laminates.

Finally, the fracture surface of the specimen was inves-
tigated using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to determine the
role of adding CNTs/GNPs hybrids into the epoxy and
epoxy/carbon fibers composite laminates.

2. Experimental

2.1. Preparation of CNTs/GNPs/Epoxy Resin Solution. The
maleic anhydride, MA, was used to modify carbon nano-
materials. Graphene nanoplatelets, GNPs with a thickness
of 5–25 nm are obtained from Xiamen Knano Graphene
Technology Co., Ltd. China. Multiwalled carbon nanotubes,
CNTs, with 1–25𝜇m in length and 20 nm in diameter are
obtained from Nanocyl Co., Ltd. Belgium. The GNPs and
CNTs were modified by Hanyu Material Co., Ltd. Taiwan.
The CNTs/GNPs hybrids were used for reinforcement in this
study. The CNTs/GNPs/methyl ethyl ketone (MEK) solution
was stirred for 10 minutes using a homogenizer. The solution
was then vibrated by ultrasonication for 90 minutes to enable
the CNTs/GNPs hybrids to disperse uniformly throughout
the MEK solution. The CNTs/GNPs/MEK solution was
mixed with epoxy resin and hardener (EPO-622 epoxy resin
and 2-ethyl-4-methylimidazole hardener, Epotech Compos-
ite Co., Ltd, Taiwan) for 90minutes using amechanical stirrer
and then vibrated by ultrasonication for 90 minutes to enable
the CNTs/GNPs hybrids to disperse uniformly throughout
the epoxy solution. A schematic illustration of the fabrication
of the CNTs/GNPs/epoxy resin is shown in Figure 1(a).

2.2. Preparation of CNTs/GNPs/Epoxy Nanocomposites. The
CNTs/GNPs/epoxy resin solution was placed in a heating
oven for exposure at 83∘C for three hours to evaporate
all of the solvent and then placed in a vacuum heating
oven and vacuum pumping was performed for 5 minutes
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to eliminate air bubbles. The resin solution was poured into
molds and then placed on a hot press machine to form the
CNTs/GNPs/epoxy nanocomposites (pressed at 1500 psi and
150∘C for 30 minutes).The nanocomposites were then placed
in a heating oven at 140∘C for 3 hours to eliminate the internal
stress (postcure). A schematic illustration of the fabrica-
tion of the CNTs/GNPs/epoxy nanocomposite is shown in
Figure 1(b).

2.3. Preparation of CNTs/GNPs/Epoxy/Carbon Fiber
Composite Laminates

2.3.1. Impregnation of Carbon Fiber Fabric with Epoxy
Resin (Prepreg). A piece of 3 k carbon fiber fabric of the
desired dimensions was placed on a release paper and the
MEK/CNTs/GNPs/epoxy resin solution was evenly perme-
ated on it. The carbon fiber fabric with uniformly dispersed
MEK/CNTs/GNPs/epoxy resin (prepreg) was then placed
in a heating oven for exposure at 83∘C for three hours to
evaporate all of the solvent.

2.3.2. Hot Press Molding and Postcuring. Thirteen pieces of
prepregs were piled in a mold and placed on a hot press
machine to prepare a CNTs/GNPs/epoxy/carbon fiber com-
posite laminate (pressed at 1500 psi and 150∘C for 30mins).
The composite laminate was then placed in a heating oven
at 140∘C for three hours to eliminate the internal stress
of laminate (postcure) [16]. A schematic illustration of the
fabrication of the composite laminate is shown in Figure 1(c).

2.4. Experimental Process

2.4.1. Experimental Process of CNTs/GNPs/Epoxy Nanocom-
posites. CNTs/GNPs hybrids reinforced epoxy nanocompos-
ites containing the fixed weight fraction of CNTs/GNPs
hybrids (1 wt%) with different mixing ratio (i.e., 10 : 0, 9 : 1,
7 : 3, 5 : 5, 3 : 7, 1 : 9, and 0 : 10) were fabricated.Themechanical
properties of the nanocomposites, such as ultimate tensile
strength, flexural strength, and flexural modulus, were inves-
tigated.

The fracture surface of the specimen was investigated
using transmission electron microscopy (TEM) and field
emission scanning electron microscopy (FESEM) to deter-
mine the dispersion of the CNTs/GNPs hybrids in the
nanocomposites.

2.4.2. Experimental Process of Composite Laminates. CNTs/
GNPs hybrids reinforced epoxy/carbon fiber composite lami-
nates containing the fixedmixing ratio (1 : 9) and adding three
proportions of CNTs/GNPs hybrids (i.e., 0.5, 1.0, and 1.5 wt%)
were fabricated. The mechanical properties of the composite
laminates, such as flexure properties and interlaminar shear
strength, ILSS, were investigated. A double cantilever beam
(DCB) specimen was employed using corrected beam theory
(CBT) method for calculating 𝐺IC (Mode I) in order to
determine interlaminar fracture toughness evaluation of
composite laminates without and with CNTs/GNPs hybrids
added.

Piano hinge PTFE

W

t

500mm

Figure 2: The schematic representation of the DCB specimen for
Mode I (𝐺IC) test.

The fracture surface of the specimens was investigated
using SEM to determine if the CNTs/GNPs hybrids would
prevent the formation of pores in the laminates and makes
CNTs/GNPs hybrids effective in delivering stress to improve
the mechanical properties of composite laminates.

2.4.3. 𝐺
𝐼𝐶

Test of Composite Laminates. Double cantilever
beam (DCB) tests were used to determine the fracture
resistant under Mode I opening load, in which Mode I
delamination fracture energy, 𝐺IC, can be followed from the
British Standard, BS7991:2001. Specimen geometries were
controlled to be 165mm long beams with a 20mm width
and 3mm thick. The specimen was prepared with a prein-
serted starter crack by a 60 𝜇m thick nonstick film made
of polytetrafluoroethylene (PTFE) to make a delamination
length of 50mm from load line, as shown in Figure 2. Two
steel-alloy loading-piano hinges were bonded on either side
of the specimen. DCB tests require that load, displacement,
and crack length measurements are taken. To compare the
𝐺IC of various amounts of CNTs/GNPs hybrids reinforced
epoxy/carbon fiber composite laminates, the𝐺IC when stable
crack growth reached 50mm from the load line (i.e., the end
of insert PTFE precrack) was designated as the initial 𝐺IC
value (𝐺IC-init). 𝐺IC-init was used to analyze the influence
of mixed carbon nanomaterials on the fracture toughness of
epoxy resin/carbon fiber composite laminates.
𝐺IC was initially calculated by using the area method

[17], which represents the area under the load-displacement
curve. Area method is based on linear fracture mechanics
simple beam theory, which assumes a perfectly built-in DCB
specimen:

𝐺IC =
3𝑃𝛿

2𝑏𝑎

,
(1)

where 𝑃 is the load (𝑁), 𝛿 is the crack opening displace-
ment (mm), 𝑏 is the specimen width (mm), and 𝑎 is the
delamination length (mm). However, this underestimates the
compliance (𝐶 = 𝛿/𝑃) as the beam is not perfectly built-in.
A means of correcting this effect is to apply a slightly longer
delamination length of𝛼+|Δ|.The |Δ| is found experimentally
by plotting the cube root of compliance (𝐶1/3) against
delamination length (𝛼). The extrapolation of a linear fit
through data yields Δ as the 𝑥-axis intercept.
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Figure 3: Reaction of maleic anhydride and epoxide group.

The delamination propagation values from Mode I pre-
crack were used for the linear fit data. In addition, large
displacement correction (𝐹) was applied for all specimens,
which contributed significantly if the 𝛿/𝑝 ratio was larger
than 0.4. This method of calculating 𝐺IC is known as cor-
rected beam theory (CBT). All initiation and propagation
values were calculated according to

𝐺IC =
3𝑃𝛿

2𝑏 (𝑎 + |Δ|)

𝐹. (2)

3. Results and Discussion

3.1. Characterization of CNTs and GNPs. Figure 3 shows
the reaction of maleic anhydride (MA) and the epoxide
group. This confirmed that MA can react with epoxy resin
reinforcing the interfacial strength between carbon nanoma-
terials and the resin. The Fourier transform infrared (FT-
IR) spectra images were shown in Figures 4 and 5. FT-IR
was utilized to characterize the modification of CNTs and
GNPs powders. The figures showed that the key absorption
peak near 1,600–1,850 cm−1 was the –C=O functional group,
a standard absorption peak of acid anhydrides; these results
indicated the successfulMAmodification ofGNPs andCNTs.

3.2. Mechanical Properties of CNTs/GNPs/Epoxy Nanocom-
posites. Figures 6–8 and Table 1 show the flexure properties
and tensile strengths of nanocomposites with CNTs/GNPs
hybrids for a fixed weight fraction (1 wt%). The mechanical
propertieswith variousmixture ratios of CNTs/GNPs hybrids
were collectively superior to pure resin or single type of
carbon nanomaterial reinforced resins (10 : 0 and 0 : 10). This
is because the reaction of MA and epoxy resin effectively
strengthened the interface between the carbon nanomate-
rials and the resin, noticeably increasing the mechanical
properties of nanocomposites. After sufficient dispersion of
CNTs/GNPs hybrids in nanocomposites, the CNTs were
able to permeate between the GNPs. The GNPs were also
able to infiltrate between the CNTs, forming complementary
structures that are able to interact and prevent restacking as a
result of Van der Waals attraction [18]. Thus, the mechanical
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properties of nanocomposites containing 1 wt% CNTs/GNPs
hybrids were collectively superior to nanocomposites con-
taining 1 wt% single carbon nanomaterial and neat compos-
ite.

In Figures 7–9, when the CNTs/GNPs hybrids mixing
ratios were 5 : 5 and 1 : 9 (1 wt%), the increase in mechanical
properties were collectively greater than 20% of neat compos-
ite, thus inferring that these two mixing ratios can effectively
inhibit the agglomeration of the two carbon nanomaterials
and effectively reinforcing the epoxy resin. Two factors
were proposed to explain the synergetic enhancement of
CNTs/GNPs/epoxy composites: (1) flexible CNTs can con-
struct GNPs to form 3D hybrid structure, which inhibit face
to face aggregation of multigraphene platelets. This results
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Table 1: Mechanical properties of CNTs/GNPs/epoxy nanocomposites with different carbon nanomaterials mixing ratio.

Test item (unit) CNTs/GNPs hybrids content (fixed weight fraction: 1 wt%)
Neat 10 : 0 9 : 1 7 : 3 5 : 5 3 : 7 1 : 9 0 : 10

TS (MPa) 54.9 60.2 61.2 64.1 73.4 58.1 67.0 55.6
FS (MPa) 105.9 118.1 114.5 102.7 127.8 125.7 133.8 104.5
FM (GPa) 2.2 2.59 2.62 2.40 2.71 2.64 2.76 2.53
TS: tensile strength, FS: flexural strength, and FM: flexural modulus.
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in a large surface area, thus increasing the contact surface
area between CNTs/GNPs hybrids and epoxy matrix; (2)
the CNTs can act as extended tentacles for the 3D hybrid
architectures, which can become entangled with the polymer
chain resulting in better interaction between CNTs/GNPs
and the epoxy matrix [18].

Neat
45

50

55

60

65

70

75

80

85

Te
ns

ile
 st

re
ng

th
 (M

Pa
)

CNTs/GNPs (wt%)

CNTs/GNPs/epoxy nanocomposites

10 : 0 9 : 1 7 : 3 5 : 5 3 : 7 1 : 9 0 : 10

+22%

+33.7%

Total = 1wt%

Figure 8: Tensile strength of CNTs/GNPs/epoxy nanocomposites.

However, the lower mechanical properties of nanocom-
posite with CNTs/GNPs hybrids mixing ratios were 7 : 3 and
0 : 10 (1 wt% of GNPs) which can be attributed to following
effects. (1) The properties of GNPs rapidly devolve as sheets
aggregate, because aggregated sheets behave likemicrometer-
size fillers with relatively low surface area. (2) The GNPs
agglomerateswould form steric obstacles, restricting polymer
to flow into the agglomerates and resulting in the formation
of holes and voids between GNPs and epoxy [18].

3.3. Fracture Surface of CNTs/GNPs/Epoxy Nanocomposites.
Figure 9 shows the SEM images of nanocomposites con-
taining fixed weight fraction (1 wt%) with a CNTs/GNPs
hybrids mixing ratio of 5 : 5. Figure 10 is SEM images of
nanocomposites with a CNTs/GNPs hybrids mixing ratio of
1 : 9. Figures 9(a) and 10(a) show that CNTs and GNPs cross-
link in crevices among the corrugation area to restrain the
creviced growth. Corrugation and CNTs/GNPs hybrids can
increase the interfacial friction between carbon fiber and
matrix to enhance themechanical properties. However, when
0.5 wt% (5 : 5) and 0.1 wt% (1 : 9) of CNTs are mixing with
GNPs and added to epoxy resins, CNTs bridged the GNPs
layers as well as resin cracks, as seen in Figures 9(b) and
10(b). Moreover, Figures 9(b) and 10(b) also showed that
major cracks in the laminates were restrained byGNPs; CNTs
can effectively suppress minor cracks regardless of the CNTs
contents which were 0.5 wt% or 0.1 wt%. Figure 11 shows the
TEM images of the fracture surfaces of CNTs/GNPs/epoxy
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(a) (b)

Figure 9: SEM images of CNTs/GNPs/epoxy nanocomposite (CNTs/GNPs = 5 : 5). (a) ×10,000. (b) ×20,000.

(a) (b)

Figure 10: SEM images of CNTs/GNPs/epoxy nanocomposite (CNTs/GNPs = 1 : 9). (a) ×5,000. (b) ×20,000.

GNPs

CNTs

Figure 11: TEM image of CNTs/GNPs/epoxy nanocomposite.
(CNTs/GNPs = 1 : 9).

resin nanocomposite (CNTs/GNPs = 1 : 9). For nanocompos-
ite containingCNTs/GNPs hybrids, the TEMshows theCNTs
entangled around the GNPs.

3.4.Mechanical Properties of CNTs/GNPs/Epoxy/Carbon Fiber
Composite Laminates. In the previous section, CNTs/GNPs
hybrids reinforced epoxy nanocomposite containing the
fixed content of CNTs/GNPs hybrids (1 wt%) with dif-
ferent mixing ratio were fabricated and investigate their
mechanical properties. The results showed that CNTs/GNPs
hybrids mixing ratios of 5 : 5 and 1 : 9 were superior to other
ratios. Based on the average of each mechanical property
and the reference data obtained from the literature [18],
CNTs/GNPs hybrids ratio of 1 : 9 with different added pro-
portions (i.e., 0, 0.5, 1.0, and 1.5 wt%) was used for fabri-
cating CNTs/GNPs/epoxy/carbon fiber composite laminates.
Subsequently, static mechanical properties such as flexure,
interlaminar shear strength (ILSS), and fracture toughness
(𝐺IC)were investigated.This provided further understanding
regarding the mixtures of 1D and 2D carbon nanomaterials
and how their synergetic effects reinforce carbon fiber com-
posite laminates.

Figure 12 and Table 2 show the influence of adding
CNTs/GNPs hybrids on the flexural strength of epoxy/carbon
fiber composite laminates. The results showed that the flex-
ural strength of carbon fiber composite laminates increased
when the amount of CNTs/GNPs hybrids added was
increased. When 1wt% of CNTs/GNPs hybrids was added,
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Table 2: Mechanical properties of CNTs/GNPs/CFRP composite laminates.

Test item (unit)
CNTs/GNPs hybrids content (wt%)

CNTs : GNPs = 1 : 9
0 0.5 1.0 1.5

FS (MPa) 580.6 624.8 (+7.6%) 682.1 (+17.5%) 633.8 (+9.2%)
FM (GPa) 31.3 33.4 (+6.8%) 33.7 (+7.7%) 34.4 (+10.0%)
ILSS (MPa) 54.6 76.1 (+39.3%) 76.5 (+40.0%) 72.5 (+32.7%)
𝐺IC (J/m2) 468.9 648.7 (+38.3%) 866.8 (+84.9%) 938.0 (+100%)
FS: flexural strength, FM: flexural modulus, and ILSS: interlaminar shearing strength. 𝐺IC: initial fracture toughness 𝐺IC.
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Figure 12: Flexural strength of CNTs/GNPs/carbon fiber composite
laminates.

the flexural strength of composite laminates increased up to
17.5%.

Figure 13 and Table 2 show the flexural modulus mea-
sured from the flexural test of CNTs/GNPs/epoxy/carbon
fiber composite laminates, which is plotted as a function of
CNTs/GNPs hybrids content.Themodulus grew rapidly with
increasing CNTs/GNPs hybrids content. When the hybrids
content increased to 1.5 wt%, the highest flexural modulus
was reached, and the enhancement was increased by 10%.

Figure 14 and Table 2 present the experimental results of
the interlaminar shear strength (ILSS) of the epoxy/carbon
fiber composite laminates without and with the three pro-
portions of CNTs/GNPs hybrids contents. The ILSS test
have seen implemented in accordance with ASTM D2344.
Adding CNTs/GNPs hybrids effectively increased the ILSS
of composite laminates. The ILSS of composite laminates
were similar when 0.5 and 1.0 wt% of CNTs/GNPs hybrids
were added, both increased up to 40%. When 1.5 wt% of
CNTs/GNPs hybrids was added to composite laminates, the
ILSS were slightly inferior compared to those of the former
compositions, but still increased by 32.7%.

Based on the flexure properties of epoxy/carbon fiber
composite laminates and results from ILSS, several contribut-
ing factors were identified.
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Figure 13: Flexuralmodulus of CNTs/GNPs/carbon fiber composite
laminates.
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carbon fiber composite laminates.

(1) The first factor was the entanglement and the com-
plementary between CNTs and GNPs. When CNTs
were added to the GNPs, they entangled the GNPs
and filled gaps between GNPs’ interlayer. In addition
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Figure 15: Crack propagation on carbon nanomaterials reinforced
epoxy/CFRP laminate interface. (a) Neat CFRP laminate; (b) CNTs/
GNPs/CFRP composite laminate.

to that CNTs/GNPs hybrids restricting cracks growth
in resin, these hybrids could effectively suppress or
deter crack propagation. Specifically, when GNPs
restrained the development of major cracks, CNTs
suppress minor cracks, as shown in Figure 15.

(2) In general, the addition of inorganic nanoparticles
(e.g., GNPs or CNTs), which results in the decrement
of mobility of polymer chains, gradually became brit-
tle and increased themodulus of the composite.Thus,
the modulus of the polymer composites followed
the increase with increasing proportions of carbon
nanomaterials added [19, 20].

3.5. Fracture Toughness of CNTs/GNPs/Epoxy/Carbon Fiber
Composite Laminates. A double cantilever beam was used in
this study to investigate Mode I interlaminar fracture tough-
ness of various amounts of CNTs/GNPs hybrids reinforced
epoxy/carbon fiber composite laminates.

Figure 16 and Table 2 indicate that the 𝐺IC of composites
laminate without added CNTs/GNPs hybrids is approxi-
mately 468.9 J/m2.The𝐺IC of the CNTs/GNPs hybrids added
reinforced composite laminate was 100% higher at 938 J/m2
than without added CNTs/GNPs hybrids when the carbon
nanomaterials content was 1.5 wt%.

A comprehensive knowledge about the influence of
nanoparticles on the micromechanics is required in order to
explain the observed toughening effect of nanoparticles. The
mechanisms of increasing the fracture toughness of polymers
via the incorporation of particles have been extensively
studied within the last three decades [21–24].The application
of microparticles (spherical or fibrous) exhibits the highest
effect in brittle (e.g., thermosetting) matrix systems. Several
theories have been developed to explain and understand the
effects of particle-toughening and they are often in good
agreement with experimental results. The most important
micromechanical mechanisms leading to an increase in frac-
ture toughness are (i) localised inelastic matrix deformation
and void nucleation, (ii) particle/fibre debonding, (iii) crack
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Figure 16: Initial fracture toughness (𝐺IC) of CNTs/GNPs/CFRP
composite laminates.

deflection, (iv) crack pinning, (v) fibre pull-out, (vi) crack tip
blunting (or crack tip deformation), and (vii) particle/fibre
deformation or breaking at the crack tip. In this study,
CNTs/GNPs hybrids mixed to reinforce epoxy/carbon fiber
composite laminates and investigate their interlaminar crack
suppression properties. Based on the aforementioned litera-
ture and experimental results, the crack growth suppression
behavior in composite laminate was primarily caused by the
crack deflection of GNPs. When cracks begin to grow, the
cracks in the interlaminations of composite laminate deflect
due to the interactions of GNPs, consequently suppressing
crack growth effectively. In addition, regarding size effect,
GNPs primarily suppress the growth of major cracks and
CNTs resist the propagation of smaller cracks. Thus, under
the synergetic effect of CNTs and GNPs, the interlaminar
energy of the fiber composite laminate can be suitably
reinforced. This is the reason that the reinforcement effect of
Mode I fracture toughness became increasingly noticeable as
the carbon nanomaterial content increased.

4. Conclusion

The experimental results showed that themechanical proper-
ties of CNTs/GNPs/epoxy nanocomposites andCNTs/GNPs/
epoxy/carbon fiber composite laminates have optimal char-
acteristics with reinforcement through CNTs/GNPs hybrids
addition; furthermore, the ultimate tensile strength, flexure
properties, and interlaminar shear strength (ILSS) were
all improved. Based on the experimental results, adding
the present CNTs/GNPs hybrids to the epoxy resin and
epoxy/carbon fiber composite laminates provides a consid-
erable synergetic effect. Therefore, when CNTs were added
to the GNPs, they entangled the GNPs and filled gaps
between GNPs’ interlayer. In addition to that CNTs/GNPs
hybrids restricting cracks growth in resin, these hybrids
could effectively suppress or deter crack propagation in the
composite laminates.
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2Department of Chemistry, Federal University of Pernambuco, Cidade Universitária, 50670-901 Recife, PE, Brazil
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Chemical vapor deposition (CVD) is a preferential method to fabricate carbon nanotubes (CNTs). Several changes have been
proposed to obtain improved CNTs. In this work we have fabricated nitrogen-doped multiwall carbon nanotubes (N-MWCNTs)
by means of a CVD which has been slightly modified. Such modification consists in changing the content of the by-product
trap. Instead of acetone, we have half-filled the trap with an aqueous solution of NaCl (0–26.82wt.%). Scanning electron
microscope (SEM) characterization showed morphological changes depending upon concentration of NaCl included in the trap.
Using high resolution transmission electron microscopy several shape changes on the catalyst nanoparticles were also observed.
According to Raman spectroscopy results N-MWCNTs fabricated using pure distillate water exhibit better crystallinity. Resistivity
measurements performed on different samples by physical properties measurement Evercool system (PPMS) showed metallic
to semiconducting temperature dependent transitions when high content of NaCl is used. Results of magnetic properties show
a ferromagnetic response to static magnetic fields and the coercive fields were very similar for all the studied cases. However,
saturation magnetization is decreased if aqueous solution of NaCl is used in the trap.

1. Introduction

After the discovery, structural identification, and bulk
production of carbon nanotubes (CNTs) the interest of
researchers about these nanostructures increased exponen-
tially, and the big quest for novel applications started [1–
4]. Enormous and exhaustive work, carried out by several
important groups, have exhibited their unique thermal, mag-
netic, mechanical, chemical, and electronic properties [5–7],
thus leading to the design of new devices for biosensing,

nanoprobing, spintronics, field emission, and other impor-
tant applications [8–11].

One of the most important challenges in nanotube sci-
ence nowadays is the control of the morphology because this
is the route to control the physicochemical properties [10–12].
Depending on the desired applications, modifications in the
chemical vapor deposition (CVD) method offer an optional
approach to induce some important properties to carbon
nanostructures, such as the introduction of water vapor
together with the inert gas flow to grow very large carbon
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nanotubes [13, 14], or the modulation of the shape, size, and
crystallinity of catalytic metallic nanoparticles determining
the chiral-selective growth of CNTs [15]. In the case of
the introduction of contaminants, some authors used alkali
chlorides in order to deform the straight carbon nanofibers
into helical structure or belts [16, 17]; Lv and coworkers
employed Cl as a cleaner of nanoparticles when introduced
into the CVD, which evaporates during the process [18,
19]. In other cases it is desirable to have defects in carbon
nanotubes such as nonhexagonal rings, dangling bonds,
doping, non-sp2, and folding because they are the origin of
producing many forms and new carbon architectures [12–
21] by adjusting some parameters in the chemical vapor
deposition (CVD) method. For example, the introduction
of sulfur in the atomizer solution allowed the synthesis of
random 3D structures [22]. A two-step CVD was used for
the production of three-dimensional networks [23] and long
tipped CNTs [24]. Pressure and temperature fluctuations can
produce branched junctions [25, 26]. Currently, the versatility
of CVD has been exploited widely, allowing modifications
in their involved parameters in order to produce highly
defective N-MWCNTs. Notwithstanding, research about this
method continues increasing because the mechanism of
growth of CNT remains unclear.

In the present work, following previous research [27,
28] we are proposing a simple modification of the CVD
synthesis to alter the morphology and properties of N-
MWCNTs, also known as CN

𝑥
; the modification consists

in changing the solution of the by-product trap in the
synthesis. We used deionized water and aqueous solutions of
NaCl at different weight concentrations, low (1 wt.%), half-
saturated (15.84wt.%), and saturated (26.92wt.%); instead
of acetone which has been normally employed, we used
water and aqueous solutions of NaCl at different weight
concentrations. We also proposed the growth mechanism of
these nanostructures.

2. Materials and Methods

Forests of nitrogen-doped carbon nanotubes (N-MWCNTs)
were produced by a slightly modified CVD method using
the one-furnace configuration with a by-product trap at the
outlet of the quartz tube. The pyrolyzed solution containing
94% of benzylamine (C

7
H
9
N, Sigma Aldrich), as a source

of carbon and nitrogen, and 6% ferrocene (FeCp
2
-, Sigma

Aldrich) for the catalytic nanoparticles was prepared and
placed in a reservoir plugged in to a pulse generator. The
reaction was performed during 30min and using a one-
furnace system as is shown in Figure 1. The mixture solution
of ferrocene and benzylamine was placed into the atomizer
reservoir (see Figure 1). In order to obtain enoughmaterial to
be characterized a small piece of SiO

2
/Si was placed inside

the quartz tube at the middle of the furnace. In this zone,
the temperature is stable (850∘C ± 3∘C). In a first experiment
200mL of acetone was put inside the trap. We present
some images of such CNT in Supplementary Information
(see Figure S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/587416). In a second exper-
iment, we half-filled the trap with deionized water (Fermont)

instead of acetone. For the following experiments, the density
of deionized water was increased by adding NaCl at different
weight concentrations (1 wt.%, 15.84wt.%, and 26.92wt.%).
The obtained samples were called in agreement with the
density of the liquid in the trap as CN

𝑥-1 for acetone (density
0.79 g/cm2), CN

𝑥-2 for deionized water (density 1.00 g/cm2),
CN
𝑥-3, CN𝑥-4, and CN𝑥-5 for the cases of aqueous solutions of

NaCl and densities of 1.01 g/cm2, 1.21 g/cm2, and 1.56 g/cm2,
respectively. In all cases the total mixture poured in the trap
was 200mL, which is equivalent to a half-filled trap. For the
purpose of having an inert atmosphere inside of the quartz
tube (see Figure 1), a constant argon flow rate of 2.5 L/minwas
established. In all experiments, the temperature was 850∘C
inside of the furnace where the substrates were situated. The
solution mixture was atomized from the solution container
by an ultrasonic generator during 30min. In each case, the
substrate was taken out for characterization using scanning
electron microscopy (SEM-FEI XL 30 SFEG). In order to
prepare the samples for high resolution transmission electron
microscopy (HRTEM-FEI TECNAI F30) a small quantity
was scraped from the substrates and incorporated into a
vial with ethanol, ultrasonicated for 5 minutes and drop-cast
on the grids. In the case of X-ray diffraction (RX Advance)
characterization the whole substrate was used; the settings
follow: 2𝜃 from 10∘ to 90∘ and step size of 0.04 during 5
seconds. Raman characterizationwas performed using a laser
of 514 nm in a Raman Renishaw Micro-Raman equipment.
Thermogravimetric analysis was achieved using a TGA-
Thermo Cahn, model Versa Therm apparatus. The magnetic
and resistivity measurements were carried out in a physical
properties measurement system (PPMS, Quantum Design).
In order to verify the substance effect in the morphology and
physical properties of N-MWCNTs we carried out additional
experiments as following: (i) the trap was filled with 300mL
of mixture solution of benzylamine and ferrocene (2.5%
wt.%); (ii) there was not any substance in the atomizer reser-
voir; (iii) several clean substrates were placed inside of quartz
tube; (iv) the experimental setup was run normally. The
resultant sample (substrate and CNT) from this experiment
were characterized by SEM (Figure S4 of Supplementary
Information) and analyzed in an optical emission spec-
trophotometer (OES) in order to measure ppm of Na or Cl.

3. Results

Figure 2 exhibits SEM images of N-MWCNTs obtained
from the different synthesis conditions described above.
Figure 2(a) is SEM images of N-MWCNTs fabricated using
acetone in the trap (CN

𝑥-1 sample); such CNTs are vertically
aligned and in general they present bamboomorphology [29,
30] with diameters around 50 nm; sometimes it is possible
to observe CNTs with smaller diameters enrolled to the
thicker CNTs. In the case when the trap is half-filled with
distilled water (CN

𝑥-2 sample), the fabricated CNTs have
larger diameters and presentmorphologies which are showed
in Figure 2(b); some collapsed structures can be present (see
inset). If an aqueous solution of NaCl is used in the trap an
additional phenomena could be observed (CN

𝑥-3 sample). In
this case, sharpmorphologies of N-MWCNTswere observed.
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Figure 1: Typical CVD setup for carbon nanotubes synthesis using one furnace. Each component used for producing our samples is indicated
in the figure. The size of the trap is only representative. The level used in the trap is an important parameter for all our experiments because
they are determining the structure and physical properties of resultant N-MWCNTs nanotubes. The substrate is 10 cm long and was placed
inside the quartz tube at the middle of the furnace (20 cm).

It seems that such morphologies are formed because the
end compartments of the bamboo structure are damaged.
Apparently, small nanoparticles play an important role to
form sharp CNTs. Another well detectable defect mostly
observed in the CN

𝑥-4 samples is nanoparticles attached to
the external walls of N-MWCNTs known as “nanolumps”
[31, 32]. Such nanoparticles may abundantly appear forming
“lumpy” nanostructures as is shown in Figure 2(d); Li and
coworkers obtained lumpy CNT as a result of air-assisted
synthesis [33]. It is probable that these lumps could catalyze
thin N-MWCNTs forming the branch morphology [34].
More complex defects were detected in the sample CN

𝑥-5.
Coalescence ofN-MWCNTs and ruptures of thick CNTswith
arms or branches were observed (Figure 2(e)). As can be
seen at this figure very thin N-MWCNTs with few layers are
emerging from such coalesced nanotubes. In Figure 2(f) the
catalytic nanoparticles responsible for the growth of CN

𝑥-5
are shown. Notice the sharp nail structure as claws. This
situation can be one of the main effects of putting saturated
NaCl aqueous solution inside the trap.

Figure 3 displays representative TEM images of the
different fabricated N-MWCNTs. Figure 3(a) contains a
micrograph of the case CN

𝑥-2 (water), showing N-MWCNTs
with diameters as small as 2 nm and as big as 60 nm. Most
ofN-MWCNTs exhibited bamboo-typemorphology, some of
them with conical and other with cylindrical compartments.
It is difficult to say how nitrogen is incorporated into the N-
MWCNTs without X-ray photoelectron spectroscopy (XPS)
analysis of the samples. However, there are some studies
showing that the shape of compartments can be associated

with the type of nitrogen inclusion in the graphitic structure
of CNT [35]. Both shapes of compartments are also observed
in N-MWCNTs fabricated when acetone is used in the trap
(see Figure S1, Supplementary Information). Figure 3(b)
also exhibits representative TEM images of N-MWCNTs
corresponding to the CN

𝑥-2 (water). Here, it is possible to
observe a thin CNT with two collapsed sites and a CNT with
lumps of different sizes (Figure 3(b)). In the case of aqueous
solution with NaCl 1 wt.% (distilled water slightly altered
with NaCl) another morphology of N-MWCNTs is observed,
namely, brokenCNTswith a sharp endwhere an encapsulated
conical-shape nanoparticle is observed (Figure 3(c)); for
the case CN

𝑥-4 using aqueous solution of NaCl 15.84wt.%
(water with NaCl at half-saturation) the sample shows a lump
attached to CNT (Figure 3(d)). The sample CN

𝑥-5, when the
trap was filled with aqueous solution of NaCl at 26.92wt.%
(saturated water of NaCl), exhibited complex morphologies
as displayed in Figures 3(e) and 3(f). Apparently coaxial CNTs
with large diameters and ruptures are formed in this case
(Figure 3(e)). These CNTs can be coalesced with others to
form the structure presented in the right part of Figure 3(e).
In addition, it is probable to find multiterminal junctions
containing different shapes and sized metallic nanoparticles
(Figure 3(f)).

The diameter distribution corresponding to the different
obtained N-MWCNTs samples is presented in Figure S5.
The diameter distribution has a Gaussian-type shape in the
case of CN

𝑥-1, which is the sample produced using a trap
with acetone. In the case of CN

𝑥-2 and CN
𝑥-3 the respective

diameter distribution curves exhibit bimodal behaviors. In
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Figure 2: SEM images of the alignedN-MWCNTs grewover Si/SiO
2

substrates displaying the differentmorphologies observed in our samples:
(a) typical morphology of N-MWCNTs produced with acetone in the trap (CN

𝑥-1); (b) N-MWCNTs fabricated using deionized water in the
trap (CN

𝑥-2); (c) image showing tip morphology of N-MWCNTs formed when an aqueous solution of NaCl is used (1.0 wt.% case; CN
𝑥-3);

(d) image of N-MWCNTs in the case of CN
𝑥-4 case: here lumps are the main defects detected; (e) image of CN

𝑥-5 case (aqueous solution of
NaCl 26.92wt.%): complex structures are observed with very thin CNTs; (f) root part of CN

𝑥-5: N-MWCNTs also fabricated with aqueous
solution of NaCl 26.92wt.%, showing dramatic changes in the catalytic nanoparticles. More related SEM figures can be seen in SI (Figure S4).

the cases of CN
𝑥-4 and CN

𝑥-5 the diameter distributions are
also bimodal however with lower pronounced differences.
The average diameters for the different cases were 62 ± 2 nm,
47 ± 3 nm, 61 ± 2 nm, 36 ± 2 nm, and 37 ± 2 nm for CN

𝑥-1,
CN
𝑥-2, CN𝑥-3, CN𝑥-4, and CN

𝑥-5, respectively.
It is probable that the different CNTmorphologies found

in our samples could be attributed to the catalytic metallic
nanoparticles. The final shape of these nanoparticles could
give us information about the process involved in the growth
of different N-MWCNTs observed. Figure 4 depicts TEM
images of some encapsulated metallic nanoparticles found
in distinct N-MWCNTs samples. Long nanowires with more
than 500 nm length (Figure 4(a)) were observed in the
samples CN

𝑥-2 and CN
𝑥-3 (low content of NaCl in the trap).

Encapsulated nanoparticles with irregular morphologies dis-
tort the CNT structure (Figure 4(b)) or can form junctions
(Figure 4(c)). These types of nanoparticles were observed
in CN

𝑥-4 which were produced with a moderate quantity of
aqueous solution NaCl in the trap. Very small encapsulated
nanoparticles along the CNTs (internal multiparticles) were
detected in N-MWCNTs fabricated with a saturated aqueous
solution NaCl in the trap (Figure 4(d)). Also lumps encapsu-
lating nanoparticles with oval morphology or nanoparticles
incrusted in the wall could be found in this saturated case
(Figures 4(e) and 4(f)). It seems that the inclusion of NaCl in

the trap with water produces effects among the nanoparticles.
However, it is not possible to be sure about that, unless more
sophisticate experiments are performed to elucidate the real
growth mechanism.

Figure 5 shows the X-ray diffractograms for all the
samples obtained from the diverse situations. CN

𝑥-1 presents
the two typical predominant phases characteristic of N-
MWCNTs fabricated with acetone in the trap, namely, C and
Fe
3
C; possibly 𝛼-Fe phase is also present. Probably the most

intense peak of (110) of 𝛼-Fe around 45∘ is spliced with the
plane (103) of Fe

3
C. The inclusion of distilled water inside of

the trap (CN
𝑥-2) changes the diffraction patterns and some

peaks of Fe
3
C were relatively increased such as (112), (021),

(200), and (120) planes for 2𝜃: 37.73∘, 38.03∘, 40.09∘, and
41.28∘, respectively; the peaks for the planes (140) and (313)
at 78.27∘ and 78.78∘ present a relative higher intensity as
well. Note that the Fe

3
O
4
is clearly present in this case. For

CN
𝑥-3, which is the case when the aqueous solution contains

1.0 wt.%, the appearance of iron oxides (maghemite 𝛾-Fe
2
O
3

andmagnetite Fe
3
O
4
) in the samples is clearly seen in Figure 5

(green plot). However, if the percentage of NaCl is increased
in the aqueous solution used in the trap, the intensities of
peaks corresponding to iron oxides phase are reduced or in
some cases they disappear. This situation could be due to the
Na+ and Cl− ions saturated in the water molecules, limiting
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Figure 3: TEM images displaying the representative morphologies of fabricated N-MWCNTs over Si/SiO
2

substrates using different aqueous
solutions of NaCl in the trap, namely, (a) and (b) CN

𝑥-2; (c) CN𝑥-3; (d) CN𝑥-4; and (e) and (f) CN
𝑥-5.

the oxygen reflux entrance to the system. This could be the
reason why the X-ray diffractogram of CN

𝑥-1 is very similar
to the respective CN

𝑥-5.
In order to analyze the thermal stability and reactivity

of our N-MWCNTs we have carried out thermogravimetric
analysis (TGA) under oxygen atmosphere. The samples were
analyzed using a rate heating of 10 C/min. Figure 6 shows
the degradation curve for each sample, plotted as loss mass
(%) versus temperature. Al curves are similar with some
differences related to the samples, such as the degradation
temperature, obtained from the maximum value of the first
loss mass derivative (see inferior inset at the left), calculated
from the degradation plots. The maximum values of first loss
mass derivative are plotted for each sample at the top inset at
the right. As can be seen, the plot has in general a decreasing
behavior as the weight percent of NaCl was increased, show-
ing a maximum value of 458∘C for CN

𝑥-2 (only water in the
trap), revealing that this sample is the least reactive compared
to the other cases. It seems that water in the trap produces
CNTs more resistant to oxidation with fewer defects or nitro-
gen atoms in the walls. Possibly this result could be correlated
with the fact that the compartments of CN

𝑥-2 are longer than
the other cases (see Figure 4(b)).The decrease of degradation

temperature in the samples CN
𝑥-3, CN𝑥-4, and CN

𝑥-5 could
be attributed to the introduction of additional defects to
the graphitic surface of CNTs. The mass loss at lower
temperatures could be imputed by the quantity of amorphous
carbon in the sample. We observed that CN

𝑥-2 contains the
higher percentage of amorphous carbon (∼1.24%), higher
thanCN

𝑥-1 (∼1.04%) andCN
𝑥-3, CN𝑥-4, andCN𝑥-4 (0.62%, no

observable%, 0.85%, resp.).The residual mass observed at the
final degradation temperature corresponds to the iron oxide;
the content was also different for each sample. CN

𝑥-1 exhibits
the lowest residual mass (7.41%), while for CN

𝑥-2 and CN
𝑥-3

the percentage is very similar (7.94% and 8.08%, resp.) and for
CN
𝑥-4 and CN

𝑥-5 the percentage of residual was increasing
(8.44% and 8.72%, resp.). The reason for this increase can be
associated with the agglomeration of metallic nanoparticles
particles in the later cases, as was observed with the presence
of nanolumps which are bigger for these cases.

For the purpose of studying the microstructure and crys-
talline order of our carbon nanotubes we performed Raman
spectroscopy measurements. We used excitation energy of
514 nm over the samples of N-MWCNTs synthesized with
the different liquids in the residual bubbler. The Raman
spectra are presented in Figure 7(a), plotted between 100 and
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Figure 4: (a) Sharp N-MWCNTs encapsulating a nanowire longer than 500 nm followed by a cylinder nanoparticle at the tip of the CNT; (b)
N-MWCNTs with irregular-shaped metallic nanoparticles; (c) oval-shaped nanoparticle followed by two N-MWCNTs forming a junction;
(d) two N-MWCNTs with sharp morphology: one of them has multiple encapsulated metallic nanoparticles; (e) oval lump that shows the
graphitic carbon shells formed in the compartments; (f) “oval” nanoparticle encapsulated laterally in the walls of the bamboo structure of
N-MWCNTs.

3500 cm−1. The typical characteristic bands of carbonaceous
materials are indicated in the plot, the D band situated
at 1352 cm−1 (defect mode), G band situated at 1580 cm−1
(graphite mode), and G located near 2500–2800 cm−1 (sec-
ond order mode). The peaks appeared in the range 200–
500 nm in two of the spectra (CN

𝑥-2 and CN𝑥-3, marked with
asterisks) which very probably correspond to the presence of
iron oxides compounds [36–38], as X-ray diffraction analysis
results have shown in such samples.TheD band, G band, and
G shifts are within the intervals of 1353 cm−1 to 1359 cm−1,
1587 cm−1 to 1590 cm−1, and 1795 cm−1 to 1712 cm−1, respec-
tively. We can observe a small shifting towards lower fre-
quencies for the samples synthesized using deionizedwater or
aqueous solution with NaCl with respect to the as-produced
with acetone in the residual bubbler, but specifically the
G shifting to lower frequencies indicates a reduction of N
doping for CN

𝑥-2 (produced with water). This situation is
concomitant with the observation in TGA, where a less reac-
tive sample was observed. We studied the sample from the
rates in intensities 𝐼D/𝐼G and 𝐼G/𝐼G; such values are plotted

in Figures 7(b) and 7(c) as a function of the sample. In each
sample, the D band intensity is lower than G band intensity.
At the same time G band intensity increases as the weight
concentration ofNaCl increases.The samplewith high degree
of disorder orwith nongraphitic carbon is theCN

𝑥-2 (matches
with TGA analysis), followed by CN

𝑥-3 whose values are 0.83
and 0.75, respectively. The most crystalline sample resulted
in the CN

𝑥-4 with a rate 𝐼D/𝐼G value of 0.38. The rate 𝐼G/𝐼G
increases with the increment of density in the liquid, probably
indicating that we have quite crystalline samples when sub-
stances other than acetone are used in the trap. The G band
is a particular mark of carbonaceous materials; it is higher in
pure materials, such as nondoped CNT and graphene.

Figures 8(a)–8(f) exhibit the hysteresis loops measured
in the interval ±1 T for 2 K, 100K, and 300K for the N-
MWCNTs samples synthesized with different substances in
the trap. For each plot, we have included the correspond-
ing SEM images of N-MWCNTs forest grown on Si/SiO

2

(Figures 8(f)–8(j)). In addition, we have drawn the encapsu-
lated nanoparticles observed by TEM to each case. In each
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𝑥-2 (water), CN𝑥-3 (low 1wt.% of NaCl), CN
𝑥-4 (half-

saturation, 15.84wt.% of NaCl), and CN
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of NaCl).

group of nanoparticles, their intervals of dimensions (𝐷-
diameter and 𝐿-length) and aspect ratio (AR) obtained from
each sample are listed. In general themagneticmeasurements
confirm the ferromagnetic nature of the samples. CN

𝑥-1
exhibits a hysteresis loop shown in Figure 8(a); the forest is
aligned perpendicularly to the substrate, clean and free of
amorphous carbon material on its surface. The nanoparticles
of this sample have a conical morphology that is usually
located at the tip of the N-MWCNTs. As an example, see
the SEM image in the blue square for acetone, where you
can see the top of the forest of N-MWCNTs. The contrast
of the image allows appreciating the conical nanoparticles
with maximum aspect ratio of 5.Their diameters and lengths
are within the ranges 20–60 nm and 90–276 nm, respectively.
The inset drawing represents the morphology which can take
the nanoparticle when encapsulated by N-MWCNTs. The
inserted HRTEM image shows the morphology with conical
shape in N-MWCNTs [39]. Hysteresis loops of samples
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Figure 6: Thermogravimetric profile of N-MWCNTs synthesized
using different substances in the trap (acetone, deionized water, and
three concentrations by weight of NaCl). The insets correspond to
the first derivative of thermogravimetric profile (left) and degrada-
tion temperature.

synthesized with the other substances are similar to acetone
(see Figures 8(b)–8(e)), but properties are quite different.
The respective forests show that CNTs are also aligned
with some defects and amorphous material on the surface
(Figures 8(g)–8(j)). The morphologies of the nanoparticles is
totally different from each other (see drawings in each case);
we can say that nanoparticles shape is dependent on the type
of substance used in the trap. For the cases of CN

𝑥-2 (H2O)
and CN

𝑥-3 (1 wt.% NaCl) nanoparticles have very similar
morphologies, including nanowires with aspect ratios greater
than 5. The diameters and lengths of the nanoparticles for
CN
𝑥-2 are in the ranges 3–78 nm and 23–479 nm, respectively,

while for CN
𝑥-3 the diameters and lengths are within the

ranges of 8–60 nm and 11–348 nm, respectively. The aspect
ratios are 16 and 25 for CN

𝑥-2 and CN
𝑥-3, respectively,

and the nanoparticles lengths in CN
𝑥-3 can be more than

1 micron. When increasing the NaCl weight concentration
the dimensions of nanoparticles take smaller dimensions.
This fact is confirmed by the data reported in each case.
CN
𝑥-4 (half-saturation of NaCl) shows faceted nanoparticle

morphologies, with diameter and length within the ranges of
8–60 nm and 11–348 nm, respectively, and aspect ratio of 10.
CN
𝑥-5 (saturated aqueous solution ofNaCl) has nanoparticles

with diameters within the range of 5–22 nm and length of 7–
118 nm, with lower aspect ratio of 10.

The analysis of hysteresis curves (saturation, coercive
field, and remanence versus temperature) is presented in Fig-
ure 9.The saturation as a function of temperature is exhibited
in Figure 9(a) where we can see that it is easier to saturate
the ferromagnetic material contained in CN

𝑥-2 (water) and
CN
𝑥-3, CN𝑥-4, and CN

𝑥-5 (with aqueous solutions of NaCl)
thanCN

𝑥-1 (acetone). Figure 9(b) presents the plot of coercive
field as a function of temperature for the five samples.
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Figure 7: (a) Raman spectra of N-MWCNTs synthesized using different substances in the residual bubbler: acetone (C
3

H
6

O), water (H
2

O),
and aqueous solution of NaCl at three weight concentrations (1%, 15.48%, and 26.92%). The RBM: D, G, and G modes are listed in each
spectrum. The asterisks indicate that some peaks related to the signals come from Si/SiO

2

substrates. Rates (b) 𝐼D/𝐼G and (c) 𝐼G/𝐼G plotted
as a function of the sample.

The coercive field decreases when increasing temperature
in all samples, but the values decrease for CN

𝑥-2, CN𝑥-4,
and CN

𝑥-5. The sample CN
𝑥-3 is very similar to CN

𝑥-1. The
remanence, shown in Figure 9(c), has a decreasing trend as a
function of temperature for each sample. However, the rema-
nence decreases for the cases of nanoparticles synthesized
N-MWCNTs contained in different substances into the trap,
with lower values for CN

𝑥-5.

According to Figure 9 the most notable changes observed
in the magnetic properties are related to the magnetization
saturation. Since the iron carbide and 𝛼-Fe phases are present
in all cases, these changes could be associated with the
presence of iron oxides phases (see X-ray diffractograms
of Figure 5) or due to the morphological changes of mag-
netic nanoparticles inside or attached to CNT [40, 41].
For example, CN

𝑥-1, which is the control sample, presents
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mostly the typical Fe
3
Cwith a high saturationmagnetization.

Although some other important peaks were not observed,
it is very probable that 𝛼-Fe phase is also present (the peak
with the maximum intensity is located around 45 degrees).
The shape of magnetic nanoparticles in this case is conical
with an aspect ratio around 3. Even though the majority

of the magnetic phase is also Fe
3
C in CN

𝑥-2 samples, the
saturation magnetization is reduced when water is used in
the trap (see Figure 8(b)). One of the probable explanations to
this behavior is themorphology changes in the nanoparticles.
A statistical analysis was performed to 60 TEM images of
CN
𝑥-2 case, which showed that 34% of the nanoparticles
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Figure 9: (a) Saturation, (b) coercivity, and (c) remanence values as a function of temperature for encapsulatedmetallic nanoparticles in CN
𝑥

synthesized in acetone (CN
𝑥-1), water (CN𝑥-2), and various concentrations by weight NaCl in water (CN

𝑥-3, CN𝑥-4, and CN
𝑥-5).

have a spherical shape (first drawing) and the other 66%
presented other kinds of morphologies (see right drawings of
Figure 8(g)). The reduction of the saturation magnetization
in this case is around 33.3%, which is approximately the
percentage of nanoparticles which are spherical in type.
However, there is another source that could contribute to the
reduction of saturationmagnetization, namely, themagnetite
phase present in this sample. The peak at around 35 degrees
shows the existence of that phase in sample CN

𝑥-2 (see CN𝑥-2
diffractogram in Figure 5). Note that it was not possible to
observe the peak having the second strongest value, which is
around 62 degrees. Magnetite in bulk phase has a saturation
magnetization of around 85–100 emu/g, which is around
50% lower than the respective saturation magnetizations

of Fe
3
C (169 emu/g for bulk) phase [42–45]. Therefore, a

combination of such effects could be the cause of the observed
changes. In the case of CN

𝑥-3 the statistical analysis yielded
the fact that only 6.8% of the magnetic nanoparticles have a
spherical shape. Therefore, the effect of morphology changes
of magnetic nanoparticles may not be important. However,
now the 𝛾-Fe

2
O
3
phase is present in this sample and could be

one of the cause of the reduction of saturationmagnetization.
If the CN

𝑥-2 and CN
𝑥-3 X-ray diffractograms of Figure 5 are

compared, it is possible to observe that in the CN
𝑥-3 case

two additional diffraction peaks are present. These peaks are
around 34 and 54 degrees and might be associated with (311)
and (422) planes of the maghemite (𝛾-Fe

2
O
3
) phase, which

has around 90 emu/g of saturation magnetization in the case
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of bulk phase. The presence of 𝛾-Fe
2
O
3
and Fe

3
O
4
phases

could be causing the saturation magnetization to reduce by
more than 50% (see Figure 9(a)). An interesting situation
is observed in the X-ray diffractogram of case CN

𝑥-4. The
diffraction peaks corresponding to (311) and (422) planes
of the maghemite phase are not present anymore and the
structure corresponding to the Fe

3
C phase is drastically

modified (see Figure 5 CN
𝑥-4 case). Also, the diffraction peak

at 35 degrees related to the Fe
3
O
4
magnetite phase is notably

reduced. In addition, three new diffraction peaks are present,
namely, at around 29, 56, and 77 degrees. The first two peaks
correspond to (220) and (551) planes ofmagnetite and the last
peak corresponds to (140) plane of cementite. Note how the
intensity of the peak at around 43 degrees is greatly increased
in comparison with the other Fe

3
C diffraction peaks. This

peak can also be associated with the (400) plane ofmagnetite.
Apparently, the magnetic behavior in this case is due to dif-
ferent causes than the previous situations. It is probable that
themagneticmagnetite, cementite, and 𝛼-Fe phases are those
that determine the behavior of the saturation magnetization.
Note also that the phase of maghemite was not well observed.
Figure S8 (Supplementary Information) shows that, in elon-
gated nanoparticles, mostly 𝛼-Fe and cementite phases are
contained. In this case, in order to explain the increase of
saturation of magnetization, additional information that we
need to consider is the morphological changes experienced
by magnetic nanoparticles. The drawings on the left side
of Figure 8(i) show complex structures of the encapsulated
nanoparticles in CN

𝑥-4. According to a statistical analysis,
it was found that only 8.6% of them have spherical shape
and the rest present an elongated structure. It is noteworthy
that some nanoparticles have square-type morphology (see
Figure S7 in Supplementary Information). Finally, the X-ray
diffractogram of CN

𝑥-5 does not show any Fe-oxides phases.
Only defined diffraction peaks of Fe

3
C and 𝛼-Fe planes were

observed. It seems that, in this case, the morphology changes
are the only ones responsible for the observed decrease of
saturation magnetization (more than 50%). Figure S9 shows
several HRTEM images of such nanoparticles.These particles
take different shapes such as spherical (13%), cylindrical
(28%), deformed (23%), seed (28%), oval (5%), and arrow
(3%) [27]. It is well known that if the morphologies of the
ferromagnetic nanoparticles are different, it is very probable
that the process of magnetization will be strongly dependent
upon their shape and size and also on the applied magnetic
field direction [39, 41]. The irregular shapes of ferromagnetic
nanoparticles in this CN

𝑥-5 case could have reduced the
saturation magnetization due to surface or finite size effects
[46, 47]. Note that the coercivity values follow the trend in
aspect ratio where CN

𝑥-3 with an aspect ratio of 25 had the
highest values and the samples with the lowest aspect ratio
of 10 (CN

𝑥-4 and CN
𝑥-5) exhibited the lowest coercivity (see

drawings of Figure 8).
The resistance of the N-MWCNTs was measured by the

four-probe method as a function of the temperature in the
range 2–395K (Figure 10).The resistance of CN

𝑥-2 is an order
ofmagnitude higher thanCN

𝑥-1 andCN𝑥-3 (Figure 10(a)), but
the three resistance curves have similar behavior. However
the resistance of CN

𝑥-4 and CN𝑥-5 (Figure 10(b)) is two orders

of magnitude lower than CN
𝑥-1 with a different curve behav-

ior. All samples showed two kinds of behaviors of electronic
transport. The samples CN

𝑥-1, CN𝑥-2, and CN
𝑥-3 showed

semiconducting electronic transport with very large values
of resistivity at low temperatures (2 K). The samples CN

𝑥-4
and CN

𝑥-5: (i) at very low temperatures (below 20K) the
slope of the resistance increases when temperature decreases;
(ii) between 20K and 300K, the resistance increases with
the increment of temperature showing metallic behavior. It
is not possible to associate these two last behaviors with the
N-MWCNTs themselves. However, it is very probable that
someNa contamination of the substrates during the synthesis
occurred. Results from OES characterization of samples
(substrates and N-MWCNTs) obtained by the additional
experiments, whichwere performed to verify the effect of trap
substance over morphology and physical properties, showed
that when the trap is filled with aqueous solution of NaCl
(15.84wt.% case) a gram of N-MWCNTs contains 0.204mg
of Na and in each gram of Si substrate there is 0.00835mg of
Na.This could explain the metallic transport at temperatures
above 20K. Similar kind of effect has been observed by p-
doping with the intercalation of I, K, and Br within SWNT
bundles, with a metallic-like behavior at high temperatures
(>50K) and semiconducting behavior at lower temperatures
(<50K) [48, 49]. However the mechanism is not yet well
understood and we encourage more research regarding this
effect.

In the CVD experiment we are proposing the use of
different liquids other than acetone. We have used water and
aqueous solutions ofNaCl at threeweight concentrations (1%;
15.48%, half-saturation; and 26.92%, saturation). In all cases
we consider that a reflux evaporation of water molecules and
some atoms of Na or Cl are entering to the hot zone of the
furnace and participating in the catalysis of N-MWCNTs.
The feedstock that contains the C, Fe, and N is carried by
the argon gas. However, it seems that the reflux evaporation
is also present in the process of synthesis. For example, in
the case of water the oxygen directly affects the catalytic
particles, keeping the catalyst alive [13, 14]. This effect could
be responsible for the different nanoparticle shapes that
catalyze N-MWCNTs in different morphologies, sizes, and
diameters. In the case of H, this can be associated with
C forming hydrocarbons which probably could be cleaned
by the gas. In the case of the presence of NaCl the steps
are similar, but the water evaporation is different because
NaCl was solubilized in water, where the water molecules
are attracted by the Na+ and Cl− ions. The water is attracted
by the crystal structure in the individual ions encircling and
dissolving slowly the NaCl. The water molecules alignment
depends on the ion kind (Na+ or Cl−). The negative part
of water molecule (O) surrounds the Na+ ion, while the
positive side (H) surrounds the Cl− ion. Taking into account
this limitation to water, we may consider the fact that less
water vapor is refluxing to the hot zone as well as some Na+
or Cl− are entering by the water evaporation. In the case
of saturated NaCl there are not available water molecules
due to the fact all of them are associated with ions. First,
water molecules and ions surrounded by water molecules are
contaminating the feedstock deposited in the substrate. CNT
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Figure 10: Resistance behavior of CN
𝑥

synthesized with different substances in the residual bubbler of CVD setup. (a) Black line corresponds
to CN

𝑥-1 (acetone), red line to CN
𝑥-2 (water), and blue line to CN

𝑥-3 (aqueous solution of 1 wt.% of NaCl) and (b) red line corresponds to
CN
𝑥-4 (aqueous solution of 15.48wt.% of NaCl) and orange line to CN

𝑥-5 (aqueous solution of 26.92wt.% of NaCl). Resistances of CN
𝑥-1,

CN
𝑥-2, and CN

𝑥-3 have typical semiconducting behavior. At the same time, the samples prepared with aqueous solution NaCl in the residual
bubbler show metallic response above 20K and semiconducting behavior at very low temperature.

has started growing but encapsulating small nanoparticles,
at different sites in the hollow structure. The effects of the
water molecules have an effect similar to the previous case,
but in this case the Na or Cl ions are also participating in
the catalysis, probably reducing the sizes of nanoparticles. In
order to alternatively test how the Na or Cl could be affecting
the growing of carbon nanotubes a specific experiment
was performed. Instead of introducing aqueous solution of
NaCl (case 15.84wt.%) inside the trap, a more complicated
CVD setup was used to fabricate the carbon nanotubes (see
Figure S5 in Supplementary Information). In this case two
sprayers were used, one with the typical solution containing
benzylamine and ferrocene and the other with an aqueous
solution ofNaCl. Both systemswere switched on at same time
with different sprayer conditions of frequency and power to
tray to obtain similar results to the original experiment with
the trap. A total of 335mg of powder was obtained from the
quartz tube. Figure S6 (Supplementary Information) shows
the fabricatedN-MWCNTs selected fromdifferent part of the
sample, which show different lengths but similar aspect at the
magnification showed (see Supplementary Information) [50].
From these images it was possible to observe the dramatic
damages due to the NaCl vapor introduced in the synthesis.
More research using this bi-sprayer system is in progress.

4. Summary

The CVD configuration was modified to synthesize con-
trolled morphologies in nitrogen-doped carbon nanotubes

by increasing the density of the liquid trap used in the
bubbler. The SEM and HRTEM images revealed the fact that
the morphology of N-MWCNTs was modified substantially
exploding the versatility of CVD. We studied the present
morphologies in the sample by observing the hollow core
morphology, which resulted in the fact that the bamboo
structure not onlywas observed, but also collapsed,MWCNT,
and different junctions. When increasing the density of the
liquid in the residual bubbler it affected not only the tube
morphology, but also themetallic nanoparticles morphology.
X-Ray diffraction showed the presence of different phases of
iron such as oxides (magnetite and maghemite) and most
of the planes were observed in N-MWCNTs synthesized
with water (CN

𝑥-2) and low concentration of NaCl + H
2
O

(CN
𝑥-3) in the bubbler. The peaks of planes of iron oxides are

not usually observed in samples of N-MWCNTs synthesized
with acetone in the bubbler. Raman and thermogravimetric
analysis exhibited the fact that water produces a noncrys-
talline sample that could be attributed to the high degree of
disorder in the sample or high level of amorphous carbon. Yet,
the presence of NaCl in water showed samples with higher
crystalline structure and more reactivity. Magnetic measure-
ments lower coercive fields, remanence, and saturation for
the increment of NaCl. Resistivity plots revealed the semi-
conducting nature of theN-MWCNTs synthesizedwithwater
and low NaCl, similar to acetone, but with different orders of
magnitude. The samples synthesized with aqueous solution
of NaCl showed metallic behavior due to the fact that the
resistanceswere increasedwith the increment of temperature.
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More sophisticated experiments can be designed to tune the
morphological and chemical and physical properties of N-
MWCNTs.
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Sandoval), and CONACyT Scholarship of Maŕıa Luisa Gar-
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The most recent studies on the applications of nanostructured carbon materials, including carbon nanotubes, carbon nanofibers,
and graphene oxides, in constructions are presented. First, the preparation of nanostructured carbon/infrastructure material
composites is summarized.This part is mainly focused on how the nanostructured carbon materials were mixed with cementitious
or asphalt matrix to realize a good dispersion condition. Several methods, including high speed melting mixing, surface
treatment, and aqueous solution with surfactants and sonication, were introduced. Second, the applications of the carbon
nanostructured materials in constructions such as mechanical reinforcement, self-sensing detectors, self-heating element for
deicing, and electromagnetic shielding component were systematically reviewed.This paper not only helps the readers understand
the preparation process of the carbon nanostructured materials/infrastructure material composites but also sheds some light on
the state-of-the-art applications of carbon nanostructured materials in constructions.

1. Introduction

Nanostructured carbon materials, including carbon nan-
otubes (CNTs), carbon nanofibers (CNFs), graphene (GR),
graphene oxide (GO), and fullerene, are promising elements
that can be used in many practical areas [1–3]. One of
the most important applications of the nanostructured car-
bon materials is using them to fabricate various composite
materials including carbon/polymer [4], carbon/ceramic [5],
carbon/cement [6], and carbon/metal [7] composites.

The infrastructure materials are the most commonly
used materials in the modern civilization. Some studies
demonstrated that, with the addition of nanostructured
carbon materials, the overall performances of the infrastruc-
ture materials can be modified from various perspectives.
It was believed that the nanostructured carbon materials
will change the pore structures and hydration process of

the cementitious materials and thus change the mechanical
properties or functionalize the infrastructure materials.

Currently, the research on nanostructured carbon in
infrastructure materials is burgeoning. In the former studies,
rapid progress and improvements of advanced nanocarbon
materials have led to numerous studies for construction
materials. Nanotechnology has demonstrated its promising
merits in empowering the development of infrastructures
with mechanical reinforcement and many other functional-
ities. In this paper, the most recent studies on the preparation
and applications of nanostructured carbon materials, includ-
ing carbon nanotubes, carbon nanofibers, and graphene
oxides, in constructions are presented.

2. Preparation

Thefinal properties of the nanostructured carbon composites
are determined by their fabrication process. Several methods
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were used to prepare the composites in the past decade.
Thanks to its low cost, simplicity, and availability, high speed
melt mixing process is the most widely used approach to
prepare the composites. In this method, the nanostructured
carbon material will be dispersed in a matrix material with
a high shear mixing condition. The merit of the high speed
melting mixing is that it can guarantee a good dispersion
of the nanostructured carbon material in a matrix material;
however, this process will damage the structure of the
CNT, CNF, GR, or GO, which is another important factor
governing the final properties of the composites. As a result,
how to use low shear mixing speed to protect the structure of
the carbon nanomaterials without sacrificing the dispersion
condition is still a challenge to fabricate the composites.

Apart from the high speed melt mixing processing, the
solution approach with help of sonication is another method
to prepare the composites. In this process, the nanostructured
carbonmaterial will be dispersed in a liquid form solution by
sonication before being mixed with the matrix. In addition,
external cooling device has to be applied to avoid the
temperature increase during the sonication process.

Unlike the applications in other areas, the applications
of the nanostructured carbon materials in constructions
have to satisfy some basic requirements before it can be
widely accepted in the construction field. First, because the
usage of the carbon nanomaterials will be extremely larger
than other areas, the high speed melting mixing process
in the field will not be realized as easy as in the lab.
Second, for the construction applications, the cost of the
composite fabrication has to be low before they can be widely
applied. Accordingly, the quality and cost control are the top
challenges for the applications of the nanostructured carbon
materials in constructions.

Because the high speed melting mixing and solution
methods are both not able to be easily realized in the con-
struction fields, the surface treatment of the nanostructured
carbonmaterials is becoming a promising approach to realize
their good dispersion in a matrix material. In this process,
various functional groups will be grafted on the surfaces
of the carbon nanomaterials, and the compatibility between
the matrix and the functional group will play a key role
which decides the final properties of the composites. In some
cases, the surface treatment was realized by oxidizing the
surfaces of carbon nanomaterials by soaking them into acids
at various temperatures followed by acylation. After that, the
functional groupswill be grafted on the surfaces of the carbon
nanomaterials by the reaction between the carbon and the
functional groups [14].

In themost recent years, the research of the carbonnanos-
tructured composites in constructions has been focused
on investigating effective dispersion methods of the carbon
nanomaterials in the construction materials. Yu and Kwon
[8] used two methods to realize the good dispersion of the
CNT in cement matrix. The first one is called acid surface
treatmentmethod, which has been widely applied to disperse
theCNTs in composites. In this process, the as-receivedCNTs
were soaked in the sulfuric acid and nitric acid (with ratio
of 3 : 1) for about 45min at 110∘C. The reactive parts of the
CNTs, namely, the ends and the defects, will be easily oxidized

by the oxygen atoms in the acids. As a result, the surface
of the CNTs will be grafted on negative charged groups and
led to the good dispersion due to the electrostatic repulsions.
The second method they used was the so-called noncovalent
surface treatment of the CNTs. In thismethod, the CNTs were
surface treated with polarized surfactant (sodium dodecyl
sulfate) rather than acids. Unlike the acid treatment method,
in which the CNT surfaces were grafted with functional
groups, the surfactants were wrapped on the CNT surfaces
and resulted in the dispersion of CNTs in solutions. After
the dispersion treatment, the CNTs were mixed with cement
(with 0.1 wt.% of cement) to prepare the composites. Figure 1
shows the SEM image of the CNT/cement composites.

Another acids surface treatment method was applied
to prepare well dispersed CNT/cement and CNF/cement
composites [15]. In this study, the CNTs and CNFs were
surface treated by soaking them in sulfuric acids and nitric
acids (with ratio of 2 : 1) at 85∘C for an hour with continuous
magnetic stirring. After being washed and dried, the surface
treated CNTs and CNFs were mixed with water and super-
plasticizer and sonicated for 20min and 10min, respectively.
After that, the CNT or CNF solutions were mixed with
cement powder (with 0.1 wt.% and 0.2 wt.% of cement) to
prepare the composites.

The preparation of well dispersed CNT/cement compos-
ites was also investigated by another study with surfactant
surface treatment method [9]. In this study, various surfac-
tants were used for the CNT dispersion. The CNTs were
mixed with surfactants in aqueous solutions and sonicated
at room temperature. Unlike the usual sonication tank with
magnetic stirring, a sonicator with 500W cup-horn high
intensity cylindrical tip was used in this study. In addition to
the types of surfactants, the concentration effect of the surfac-
tants on the dispersion was investigated as well. It was found
that the fracture strength of the composites was increasing
followed by decreasing with increasing surfactant/CNT ratio.
It was claimed that the optimum surfactant/CNT ratio is
about 4.0. Figure 2 shows the effect of the surfactant con-
centration on the dispersion effect of the CNT in the cement
matrix.

A few investigators have found the addition of the
CNT/CNF in cement will largely affect the workability of
the paste. As a result, how to maintain the workability of
the CNT/cement composites became a top challenge. Collins
et al. [16] reported the relationship between the dispersion,
workability, and strength of CNT/cement composites, in
which the CNTs were dispersed with concrete compatible
surfactants, including air entraining agents, styrene buta-
diene rubber (SBS), polycarboxylates, calcium naphthalene
sulfonate, and lignosulfonate formulations. It was found that
the SBS and calcium naphthalene sulfonate admixtures lead
to rapid agglomeration of CNTs; the air entraining agents
dispersed CNTs in aqueous solutions very well but agglom-
eration occurred within days, while the polycarboxylate and
lignosulfonate admixtures can provide good dispersion of
CNTs in aqueous solutions as long as 9 days.

Meanwhile, Sobolkina divided the surfactant into anionic
and nonionic types and investigated the dispersion effect
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Figure 1: The SEM image of the CNT/cement composites [8].

Figure 2: Effect of surfactant on the dispersion effect of the CNT in the cement matrix with CNT dosages of (a) 0%, (b) 1.5 wt.%, (c) 4.0 wt.%,
and (d) 6.25 wt.% [9].

via UV-vis spectroscopy with sonication time and surfac-
tant concentration as variables [17]. Different from Konsta-
Gdoutos’ study [9], it was found that the optimum surfac-
tant/CNT ratio is 1 : 1–1 : 1.5, and the best sonication time is
120min.

Other than the sonication time, the sonication energy
was also used as parameter to evaluate the dispersion effect
of CNF/cement composites [18]. The sonication energies of
2100, 2800, and 3500 kJ/l were applied to dispersion effect
of the CNF in the cement matrix. It was found that the
composites with sonication energy of 2800 kJ/l demonstrate
the best performance.

Comparing with the dispersion process of CNT or CNF
in water, the dispersion of GO in water is relatively easier and
more stable. In general, the GO nanosheet will be prepared
via modified Hummer’s method [19]. In this method, the
graphite powders were chemically oxidized and diluted in
distilled water to prepare the well dispersed GO water

solution. In addition to modified Hummer’s method, the
stable GO colloid suspension can be obtained by exfoliating
the graphite oxide. This GO water solution can be used to
prepare the GO/cement composite directly. Gong prepared
the GO water solution with modified Hummer’s method
and fabricated the GO/cement composite [20], and Babak
et al. [10] prepared the GO water solution via exfoliation
method and prepared the GO/cement composites (shown in
Figure 3). Both of their works agreed that the small amount
of well dispersed GO addition will evidently enhance the
performance of the cement material. Although the GO water
solution is more stable than CNT’s or CNF’s, the study of
GO/cement composite is still in its infancy stage and needs
to be further systematically investigated in the future studies.

As another important infrastructure material, asphalt has
been widely used as binder material for pavement construc-
tion, water proof layer at the building roofs, or crack sealer
for pavement rehabilitations. Unlike the carbon/cementitious
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Figure 3: Cement matrix with addition of 1.5 wt.% GO [10].

composite, which has to be cured in a water environment,
the carbon/asphalt composite, on the contrary, has to be
prepared without water, because the water damage is one
of the most important factors that reduce the durability of
the asphalt material. Therefore, the dispersion of carbon
nanostructured materials in asphalt is more difficult than
in cementitious materials. To the best of our knowledge, a
few effective ways have been developed to realize the good
dispersion of carbon nanostructured materials in asphalt.
Although the dispersion problem is still a bottle neck to
prepare the nanocarbon/asphalt composite, the investigators
are still working on this project with their full enthusiasm.

Because asphalt is a viscoelastic material, it is much easier
to prepare the nanocarbon/asphalt composite via high speed
melting mixing method. Recently, this method was used to
prepare the CNT/bitumen composites [21–24]. Three types
of mixers, namely, mechanical mixer, high shear mixer, and
ultrasonic mixer, were used to evaluate the dispersion effect
of the CNTs in the asphalt matrix. The mechanical mixer,
whose motor rotation is a constant while the mixing time is
a variable, and the high shear mixer, whose rotation rate is
a variable, were used to prepare polymer modified asphalt.
The specific designed mixer tip can guarantee a homogenous
polymer distribution in asphalt matrix. Sonication mixer is
another important mixer that can be used to prepare the
nanocarbon/asphalt composite. One thing that has to be
noted here is that this apparatus generates large amount
of energy and increases the temperature of the composite;
therefore, the cooling system might be needed during the
mixing process [23, 25].

Combined with sonication and high shear mixing, Khat-
tak developed a dispersionmethod and successfully prepared
the well dispersed CNF/asphalt composite. In these studies,
the CNFs were firstly thoroughly mixed with kerosene and
followed by mixing with asphalt at 60∘C. Slowly raise the oil
bath temperature to 150∘C and keepmixing for 175min. Dur-
ing this process, the kerosene will be completely evaporated
and the CNFs will be homogenously left in the asphalt matrix
[26, 27].

In addition to surfactants and sonication, a new study
demonstrates that the addition of appropriate quantity of
silica fume has positive effect on the CNF dispersion in
cement paste [28]. With normal sonication and surfac-
tants treatment, the CNF/cement composites were prepared

with/without addition of silica fume. It was found that the
average dispersion value was 0.73 of the control specimen,
while it increased to 0.83% with addition of silica fume
(silica/cement = 0.2).

3. Applications

3.1. Reinforcement. Mechanical properties are always the first
priority that needs to be considered before the construction
materials can be used in the fields. The application of carbon
nanostructured materials as reinforcement has been widely
studied in the past decade and accepted as an effective way
to enhance the mechanical properties of the infrastructure
materials [29–33].

The compressive and splitting tensile strength of the CNT
reinforced cement paste were studied by Kumar et al. [34].
In this study, the CNTs were not surface treated. Before
mixingwith cement, theCNTswere only sonicated for 30min
to 4 h in water. The dosages of the CNTs were 0.5 wt.%,
0.75wt.%, and 1.0 wt.% of the cement, the water/cement ratio
was 0.4, and the curing times were 7, 28, 60, 90, and 180
days.The testing results demonstrated that the samples cured
for 28 days with 0.5 wt.% dosage of CNT have the best
performance with compressive strength and splitting tensile
strength enhancement of 15% and 36% comparing with the
control samples.

By combining sonication and surfactants, Hu et al.
considerably reduced the dosage of the CNT from 0.5 wt.%
of cement to 0.1 wt.% [35]. It was found that, comparing
with the control samples, the compressive strength of the
CNT modified sample was not evidently enhanced while the
fracture energy and fracture toughness were increased 26.2%
and 11.4%, respectively.

The rheological performance of the CNT reinforced
cement slurries was investigated recently [36]. In this study,
the lignosulfonate (0.2%) was used as dispersant in the
cement samples. It was found that the rheological perfor-
mance and stability will not be changedwith addition of CNT,
while the flexural strength was increased about 15% with the
dosage of 0.1% CNT.

Apart from the dosage, the effect of the aspect ratio
of CNT on the mechanical properties was investigated as
well [37]. Two types of CNTs with high aspect ratio (1250–
3750) and low aspect ratio (157) were used to prepare the
CNT/cement samples. The testing results showed that, with
addition of 0.2 wt.% low aspect ratio CNT, the flexural
strength of the 28 days samples increased about 269%, and,
with 0.1 high aspect ratio CNT, the flexural strength increased
65%. Meanwhile, the optimized ductility enhancements of
the 28 days samples were 86% and 81% with addition of 0.1
and 0.2 low aspect ratio CNTs, respectively.

The reinforcement on compressive and flexural strength
of CNF/cement composites was investigated most recently
[38, 39]. In this study, the CNFs were dispersed in an aqueous
solution with a new surfactant called methylcellulose (MC)
by combining with sonication before mixing with cement.
It was found that the addition of the CNF to the cement
paste has negative effect on the compressive strength of
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the CNF/cement composite. However, the 28 days flexural
strength was enhanced 21%, and the optimized dosage of the
CNF was 0.1 wt.% of cement.

There are some different voices arguing that the addition
of the CNT or CNF has negative effects on the mechanical
properties of cement paste [15, 16]. It was claimed that extra
ettringite will be formed on the acid treated CNT or CNF
surfaces, which degraded the mechanical properties of the
composites [15].

In addition to cementitious materials, the mechanical
performances of the asphaltmodified by CNT/CNFwere also
investigated during the past years [21, 26, 27, 39, 40].With the
addition of CNT from 0.3% to 1.2% weight percent of asphalt,
the softening point, penetration depth, complex modulus,
fatigue parameter, rutting parameter, and phase change angle
of modified asphalt have all improved comparing with the
control sample. However, continuously increasing the CNT
content from 1.2% to 1.5% has little enhancement effect of the
overall performances of the asphalt; therefore, it was claimed
that the optimized dosage of the CNT in asphalt should
be 1.2% weight of asphalt [39]. The rheological behavior of
the CNT modified asphalt was reported recently [25, 40]. It
was found that the rheological performance of the asphalt
materials can be largely influenced by the addition of CNTs.
The viscosity increased about 10% with CNT dosage of 0.1%,
25% with CNT dosage of 0.5%, and above 100% with 1.0%
CNT addition [24]. The fatigue testing results also show that
the addition of CNT can considerably enhance the fatigue
resistance of the asphalt material [40].

Apart from CNT/CNF modified cement composites, the
GO addition is also another effective way to enhance the
mechanical properties of cementitious materials. Although
the results of this area are not quite fruitful, there still are
some studies that show their mechanical reinforcement of
the composite. A recent study demonstrated that the tensile
and flexural strength were both increased with the dosage of
GO increased from0.01 wt.% to 0.03wt.% and then decreased
with the GO content being increased to 0.05wt.%. Compar-
ingwith the control samples, the tensile and flexural strengths
of the samples with addition of 0.03wt.%GO increased 78.6%
and 60.7%, respectively. Meanwhile, the highest compressive
strength was found in the samples with addition of 0.05wt.%
GO, which increased 47.0% by comparing with the samples
without GO addition [41]. Similarly, Gong et al. [20] gives the
results that with 0.03wt.% of GO addition into the cement
paste will increase the compressive and tensile strength over
40%. This phenomenon has been further proven by Babak
et al. [10]. In that study, it was found that, with 1.5 wt.% of
GO in cement, the tensile strength was increased about 50%
comparing with the control samples.

Although some studies have demonstrated the overall
performances of asphalt can be modified by adding CNT or
CNF, the study of the asphalt material modified by GO is
still very limited. In addition, there still are some bottle neck
problems yet to be solved in the asphalt/nanostructured car-
bon material composites, such as how to effectively disperse
the CNT or CNF in the asphalt, how to use GR or GO to
modify the asphalt, and how the durability of the modified

asphalt is. These questions will be the future study trends for
the asphalt/nanocarbon composites.

3.2. Self-Sensing. Currently, the requirements for self-sensing
have become an important characteristic to realize the smart
constructions. The nanostructured carbon/cement compos-
ites, as a promising self-sensing infrastructure material, have
been widely investigated in the past years [2, 8, 12, 42–46].

Technically, the realization of the self-sensing nanostruc-
tured carbon/cement composites is originated from eval-
uating the bulk electrical conductivity/resistivity variation
that resulted from the external condition changes, including
stress/strain, humidity, temperature, or gas environment,
because the electrical properties of the nanostructured car-
bon/cement composites can be evidently changed with the
change of external conditions. It can accurately reflect not
only the external conditions of the constructions but also the
inside conditions of the composites.

Han et al.’s group did a great contribution in this area
during the past decade. They systematically investigated the
preparation, properties, and applications of the nanostruc-
ture carbon/cementitious composites and discussed their
self-sensing performances from both academic and practical
perspectives [11, 47–49].

Via testing the variation of its piezoresistive property,
which can reflect the stresses status of the materials, the
CNT/cement composite was prepared as self-sensing pave-
ment to test the traffic flow [49]. The results showed that this
composite has sensitive and stable response to the repeated
compressive and impulsive loading, shown in Figure 4
[11]. One year later, they found that the piezoresistivity is
largely governed by the water content of the composite
[47]. The results indicated that the piezoresistivity values of
MWNT/cement composites with water contents of 0.1, 1.3,
3.3, 5.7, 7.6, and 9.9% are 0.60, 0.61, 0.73, 0.68, 0.34, and
0.06 kΩ/MPa, respectively. Furthermore, they found that the
piezoresistivity of the CNT/CNF cementitious composites is
largely affected by the dispersant. Many surfactants, includ-
ing sodium dodecyl sulfate (SDS), sodium dodecylbenzene
sulfonate (NaDDBS), and methylcellulose, have been tested
and proven to have negative effects on the piezoresistive
property until a polycarboxylate superplasticizer was applied
as the dispersant [50]. In light of the DC electrical resistivity
measurement needing a prepower time to guarantee the
resistance reaches its linear increasing stage, which is not
convenient for testing, the AC electrical properties tests were
developed to overcome the shortcomings of DC electrical
resistivity measurements [43]. It was found that the capacitor
charging and discharging effect on the pressure-sensitive
responses of CNT/cement composites will be eliminated by
AC electrical properties testing. In addition, it was claimed
that a low-amplitude AC voltage is necessary to improve the
pressure sensitivity of the CNT/cement composite.

Via piezoresistivity measurement, another study demon-
strated the pressure sensitivity was different with different
direction of loadings, namely, compressive and tensile forces
[44]. In this study, it was confirmed that the electrical
resistance increased with tensile loading, while it decreased
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Figure 4: The electrical resistance as a function of the external loading of a self-sensing CNT/cement composite. (a) Corresponding to
compressive loading of 6MPa. (b) Corresponding to impulsive loading [11].
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function of temperature with 0.4 wt.% CF and 2.0 wt.% CNT in a
cement matrix [12].

with compression loading. In addition, the sensitivity was
determined by the concentration of the CNT. Other than
the loading directions, the effect of the water/binder ratio
on the piezoresistivity of the CNT/cement composites was
investigated as well. It was claimed that the low water/binder
ratio has a positive effect on the piezoresistive sensitivity [46].

Other than the stress sensing, the temperature sensing
property of the CNTmodified cement composites was briefly
investigated as well [12]. In that study, it was claimed that the
addition of the CNT will clearly result in a temperature sen-
sitivity. Figure 5 shows the heating and cooling relationship
between the electrical resistivity and the temperature of the
samples with 0.4 wt.% carbon fibers (CF) and 2.0 wt.% CNT
in the cement matrix. The temperature sensitivity coefficient

enhanced with the CNT addition increased from 0.2 wt.%
to 2.0 wt.%, suggesting that the CNT/CF-cement composites
could be applied as the thermistors to reflect the temperatures
in concrete structures.

Most recently, the GO/cementitious composites were
prepared and used as the self-sensing elements to monitor
the infrastructures [51]. The compressive and tensile loading
were able to be reflected by the piezoresistivity change of
the GO/fly ash geopolymeric composites. In these compos-
ites, the GO was easily reduced due to the strong alkaline
environment of the fly ash geopolymer. With GO content
increased from 0 to 0.35 wt.%, the electrical conductivity
of the GO/fly ash geopolymer composite increased from
0.77 S/m to 2.38 S/m. The gauge factors, which are defined
as 𝑘 = Δ𝑅/𝑅

0
𝜀, were increased about 112% and 103%,

corresponding to tension and compression, respectively.

3.3. Self-Heating Deicing Pavement. Due to the huge negative
impact of the deicing chemicals on the environment and
the infrastructure materials [52], the self-heating deicing
pavement has been investigated as a replacement of the
deicing chemicals to control the ice and snowof the pavement
surfaces in cold regions [53, 54]. Using normal commercial
carbon fibers as the heating elements to prepare the self-
heating deicing concrete, including asphalt and cement, has
beenwidely investigated in the past decade [55, 56]. However,
the cost for the electricity consumption of normal CF self-
heating pavement is really high; the practical application of
this technology has been largely limited.

Thanks to the decreasing fabrication cost of the nanos-
tructured carbon materials, especially carbon nanofibers,
they have been investigated as the heating elements to
fabricate the self-heating deicing pavement. Due to its high
chemical stability, magnificent electrical performances, and
outstanding heating efficiency, it has been considered as an
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Figure 6: Schematic demonstration of a self-heating deicing pavement [13].

effective heating element to prepare the self-heating deicing
pavement.

The deicing effects of the carbon nanofibers paper
(CNFP) have been studied from numerical and experimen-
tal perspectives in recent years and demonstrated its high
deicing efficiency. By using air temperature, wind speed, and
thickness of the pavement or insulating layer as parameters, a
finite element model was developed to evaluate the deicing
effect of the CNFP [57] pavement. It was found that the
temperature of the pavement equipped with CNFP can be
raised up to 0∘C with only 20-VAC electrical charge in a
relatively short time. In addition, the heating element embed-
ment depth, surface convection conditions, and heating rate
are the important factors affecting the heating responding
time.

In addition to numerical studies, the experimental
research was also carried out to investigate the heating
efficiency of the self-deicing pavement [13, 58]. As demon-
strated in Figure 6, a multiple layer system was designed
to realize the high efficiency self-heating deicing pavement.
In this system, the thermal source layer was prepared with
CNF/polymer composite, the thermal insulation substrate
was made of epoxy polymer, the electroinsulation layer was
the AIN ceramics, and the thermal conductive layer was
prepared by CNT/cement composite. The results show that
the CNT/cement composite has a higher thermal conduc-
tivity (2.83W/m⋅K) than normal CF/cement composite (1.3–
2.0W/m⋅K) and plain cement concrete (1.58W/m⋅K). In
addition, with a heat flux density of 600W/m2, the covered
snow with depth of 20, 30, 40, and 50mm can be melted
in 6000, 6500, 7500, and 6800 seconds with surrounded
temperatures of −9.1, −9.2, −9.7, and −10∘C, respectively.
The corresponding energy consumptions are 1.0, 1.12, 1.28,
and 1.10 kWh/m2, respectively. By comparing the cost with
the former studies, this multiple layer self-heating deicing
pavement has a much lower cost (0.05–0.11 $/m2) than CF
or steel filled concrete. This experimental study has been
compared with numerical study and the results show that
the heat flux, air temperature, ice thickness, and wind speed
have clear effects on the deicing time, which increases
linearly with increasing ice thickness and decreases as a
hyperbolic function of the heat-flux density and linearly with
air temperature [58].

3.4. Electromagnetic Shielding. It has been widely accepted
that the conductive concrete has the capability of electro-
magnetic (EM) wave absorption and can be used to build
electromagnetic shielding infrastructures. Comparing with
normal CF/cement composites, the CNT (CNF)/cement
composites were considered with a higher EM absorption
efficiency. Singh et al. [59] investigated the EM interference
shielding performance of the CNT/cement composites. It was
found that the shielding effectiveness (SE) was dominated
by absorption rather than reflection and was higher than
28 dB in X-band (8.2–12.4GHz) with 15 wt.% CNT in cement
concrete matrix. Due to the effective anisotropy energy and
the interfacial polarization of the CNT/cement composite,
the high efficient SE can be obtained by the EM wave
scattering compared to other carbon/cement composites.
Moreover, the dosage of the CNT in the cement matrix has
a clear effect on the microwave absorption properties.

Another study demonstrated the EM absorption effi-
ciency of the CNT/cement composite in a relatively low
frequencywith lowCNTdosages. In addition, the effect of the
thickness on the EM efficiency of the CNT/cement composite
was studied as well [60]. In this study, it was found that the
EM wave can be considerably absorbed in a frequency range
of 2–8GHz with 0.6 wt.% CNT and a 25mm thickness of
CNT/cement mortar samples. The highest peak of the reflec-
tion with value of 28 dB was observed at 2.9GHz. Similar to
other studies, it was found that the EM absorption capability
increases with increasing CNT content. The reflection below
10 dB reached 7.1 GHz with addition of 0.9 wt.% CNT.

The EM wave absorption capability in a wider frequency
range was evaluated [61]. In this study, the dispersion of
the CNT in cement matrix was improved with addition of
the silica fume (SF). Unlike the above mentioned studies,
this study claimed that the increase of the CNT dosage
from 0.3 wt.% to 1.0 wt.% has little effect on the EM SE
performance. However, with the synergistic addition of SF
(20wt.%) and CNT (0.6wt.%), the CNT-SF/cement compos-
ites exhibited a good EM wave absorption performance in a
wide range of frequency from 45MHz to 18GHz. The best
EM SE was observed at 0.94GHz, 1.56GHz, and 2.46GHz.
In addition, comparing with the samples without addition of
SF, the samples with 30wt.% SF and 1.0 wt.% CNT show the
highest enhancement of EM SE with values of 111%, 70%, and
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40% corresponding to 0.94GHz, 1.56GHz, and 2.46GHz,
respectively.

3.5. Energy Harvesting. Although the investigations of the
nanostructured carbon/cement as energy harvesting mate-
rials are very limited, a few studies were still carried out
to test the piezoelectric and thermoelectric performances
of the CNT/cement composites. Unlike the piezoresistivity,
which is used to evaluate the sensing capability, the piezo-
electric performance is used for the energy harvesting from
converting the mechanical energy to the electrical energy
of the CNT/cement composites. The piezoresistivity of the
CNT/cement composites was realized by the backbones or
tunneling channels changes of the CNT networks corre-
sponding to external force field change which can result in
an electrical conductivity change and reflect the external or
internal conditions of the concrete infrastructures; however,
the piezoelectricity was realized by changing the polarization
status of the CNT/cement composites under external force
field and generating an induced electrical field to realize
the energy harvesting. Gong et al. [62] studied the piezo-
electric performance of CNT/cement concrete mixed with
lead zirconate titanate (PZT) powders. It was found that
the piezoelectric realization temperature can be decreased
from 120∘C to room temperature with small amount of CNT
addition (0.3 wt.%). The highest piezoelectric strain factors
(d33) with value of 62 pC/N and the highest piezoelectric
voltage factors (g33) with value of 60 × 10−3 Vm/N can be
obtained with 0.3 wt.% CNT and 70wt.% PZT.

Other than piezoelectric performances, the thermo-
electric performances of CNT/cement composites were
also investigated recently. The Seeback coefficient of the
CNT/cement composites with 0.5 wt.% CNT addition
reached the highest thermoelectric power of 23.5𝜇V/K
[63]. However, the temperature gradient between the
two ends of the samples and the 𝑍

𝑡
value of the samples

were not presented, which means the applications and the
efficiency of transferring are still very limited. Although
a few studies have demonstrated the thermoelectric
performance of the carbon fiber/cement composites [64, 65],
the thermoelectric performance of the nanostructured
carbon/cement composites is still in its infancy stage. The
CNT/cement, CNF/cement, or GR/cement composites can
be used as potential thermoelectric devices in the future
applications.

4. Summary and Future Trends

In this paper, the preparation methods of the nanostruc-
tured carbon/infrastructure materials composites, especially
the dispersion methods of nanostructured carbon materials
in the infrastructure materials matrix, were systematically
reviewed. The high speed melt mixing, surface treatment,
aqueous solution with surfactants, and sonication meth-
ods were presented to introduce the current preparation
approaches. The surface treatment, aqueous solution with
surfactants, and sonication methods were applied on the
nanostructured carbon/cementitious materials composites,

while the high speed melt mixing method was widely used
in nanostructured carbon/asphalt composites. It was found
that using surfactants or acid surface treatment to the nanos-
tructured carbon materials is positive for their dispersion
in cementitious materials, but different surfactants have
different dispersion efficiency. Unfortunately, it is too early
to draw conclusions of which surfactant is better than others
because there aremany influence factors determining various
requirements of the composites. Another important factor
that governs the dispersion of the carbon nanostructured
materials in cementitious materials is the sonication energy.
However, the investigation on this part is still very limited and
should be further studied in the future studies. In addition
to CNT and CNF, the investigation of the GO dispersion in
a cementitious material matrix is still in an infancy stage.
Many problems have not been solved so far to demonstrate
an effective way of GO or GR dispersion in a cementitious
material matrix.

The nanostructured carbon/cementitious composites can
be used as self-sensing composites due to their capabil-
ity to reflect external force field change via their specific
piezoresistivity performance. As a self-sensing composite, the
sensitivity and stability of the composites are a top challenge
in the future studies. How to obtain a composite which
has high piezoelectric sensitivity and stable performances
in repeated loading cycles still needs to be systematically
investigated.

For the thermoelectric converting investigation, the tem-
perature gradient between the two ends and the 𝑍

𝑡
value of

the composites were not systematically investigated. In addi-
tion, the investigations of the CNF/cement or GR/cement
composites used as potential thermoelectric devices should
be explored in the future investigations. For the piezoelectric
constructions, the converting efficiency is themost important
bottle neck problem that has to be solved before it can be
widely applied in the fields.
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The fuel cell has the nature of high energy conversion efficiency and low pollutant emission. Carbon nanotubes used for fuel cells
can decrease the needs of noble metals which are used for catalyst and improve the performance of fuel cells. The application of
carbon nanotubes in fuel cells is summarized and discussed. The following aspects are described in this paper: the method used to
reduce the platinum, the effect of carbon nanotubes on the fuel cell, improving the performance of fuel cell catalysts, the interaction
between catalyst and carbon nanotube support, and the synthetic conditions of carbon nanotube supported catalyst.We summarize
some of the results of previous studies and raise expectations for the microscopic state study of carbon nanotubes in the future.

1. Introduction

The fuel cell is a device which directly converts chemical
energy into electrical energy. It has high energy conversion
efficiency and low emissions [1–3]. Fuel cells are considered
to be one of the promising methods to solve future energy
crisis and environmental issues.

In recent years, in order to improve the efficiency of the
fuel cell, a lot of studies are carried out from different ways.

In order to improve the efficiency of the fuel cell, the
catalyst is needed. The noble metal Pt has the good catalytic
efficiency. However, Pt is expensive, which is a huge obstacle
for fuel cell to be commercialized [2, 3]. So we need to
reduce the use of Pt and develop new catalysts improving the
oxidation-reduction reaction (ORR) of the electrode [4].

The support of catalyst can help improve the capability
of catalyst [5, 6]. Common catalysts support includes carbon,
graphene, carbon nanotube (CNT), and other forms of
carbon. Low content of platinum catalyst being thin film layer
has been reported to be effective and provides a higher quality
of Pt utilization and activity [7, 8]. Graphene nanosheet as
an ideal alternative compared with the traditional carbon
support materials has a high electrical activity of the catalyst
and superior durability than the commercial Pt/C catalyst
[9]. Furthermore, the support of iron-based catalyst is porous

carbon used in polymer electrolyte fuel cell, which can
improve the fuel cell oxygen reducing ability. So the supports
are really important for fuel cells. CNT as a support can
effectively improve the catalyst performance and utilization
[10]. Nowadays, the CNTs adopted in fuel cells are receiving
wide attention.

This paper focuses on describing the study about the per-
formance of CNTs and the latest advances in fuel cell appli-
cations.

2. CNT Used to Reduce the Using of Platinum

In order to reduce the amount of platinum and make sure
the activity and stability of the catalyst at a high level, the
following methods are mainly used. There is an example of
proton exchange membrane fuel cell in Figure 1 [3], so that
we can have a better understanding of fuel cell.

2.1. Using the Support to Reduce the Use of Pt. Jha et al. used
proton exchange membrane fuel cell (PEMFC) structure to
base on functionalized single-walled CNTs (SWCNT), mak-
ing the Pt loading to reach 0.06mg Pt/m2, far below the
0.125mg Pt/m2—the United States Department of Energy
2017 loading of technical indicators about platinum group
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Figure 2: Current density based fuel cell performance curves.

metals (PGM) [11]. Girishkumar et al. found that the CNT as
support for fuel cells rather than the support of carbon black
for the Pt catalyst has a better catalyst activity and a higher
current density [12]. Therefore, CNT can effectively reduce
the use of Pt [13, 14]. So CNTs that are used as support can
effectively improve the performance of the catalysts [15, 16].

In Figure 2, curves 1 and 2 are two catalysts in Hydrogen
FuelCells. Pt/multiwalledCNTs (MWCNT) (12𝜇g/cm2) have
a better power density [16]. As a result, in the same condition,
having a higher Pt loading will get a better power density.
Curves 3 and 4 are the performance of the Pt/Carbon Black

and Pt/CNT [13].When the current is not too high, the power
density of Pt/CNT electrode ismuch higher. In aword, we can
get the different current density when we use different fuel
cell, as their conversion efficiency is different. Therefore, the
use of catalyst support has an important significance in the
fuel cell applications.

2.2. Exploring Pt-Containing Alloys as a Catalyst. Catalysts
composed by CNT as the support of Pt-Ru alloy have
good dispersion and catalytic [17–19]. By comparing the
Pt/MWCNTs, PtNi/MWCNTs, and PtRu/MWCNTs elec-
trodes, the studies found PtRuNi/MWCNTs have better elec-
trocatalytic activity [20]. When Au-CNT is used, phosphate
buffer solution, isopropanol, and Nafion membrane can be
mixed separately getting PdPtPt/Au-CNT, PtPdPd/Au-CNT,
and PtPdPt/Au-CNT catalysts by the way of continuous
precipitation. These catalysts are suitable for different envi-
ronments and have good catalytic effect [21].

Just as the research of Wu et al., Pt-containing alloy as
catalyst has a better performance than the commercial Pt/C
catalyst in Figure 3 [22]. Besides, three Pt

3
Ni catalysts were

more active than Pt. In this case, the alloy using as catalysts
can be a good substitute for fuel cells.

In a word, it can be concluded that it is effective to
improve catalysis performance by using Pt alloy or other
metal alloys with CNT support [22–30]. In addition, it should
be noted that the compound temperature of the alloy will
effect the catalytic activity with the heat treatment [31].

2.3. No Pt-Containing Catalysts. In order to reduce the use of
Pt, researchers attempt to use cheaper alternatives to achieve
the same effect. Sheng et al. found that multiwalled CNTs
as the support of Cu/Cu

𝑥
O rather than Pt nanoparticles
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have higher catalytic activity [32]. Wang et al. found when
polyelectrolyte functionalized carbon nanotubes can com-
prise the metal-free catalyst and are used to the oxidation-
reduction reaction, it has a similar property to Pt catalyst in
a fuel cell [33]. When PtRu/MWCNT and PtSn/MWCNT as
anode catalyst, respectively, nonprecious cobalt-polypyrrole
MWCNTs have the improved power density than no Pt
based electrocatalysts as the cathode [34]. The electrode
with Mo

2
C catalyst using the support of CNTs has a higher

overvoltage than Pt-based electrode, and its activity may be
further improved [35]. The nanocomposite of multiwalled
CNTs and SnO

2
, constituting the anodes of microbial fuel

cells in the electrode, has a larger maximum power density;
therefore the nanocomposite of multiwalled CNTs and SnO

2

is a very desirable anode material [36]. The electrocatalytic
activity of CNTs as the support of Mo

2
C (16.7 wt.% Mo)

catalyst is equivalent to the Pt catalyst (20wt.%) [37]. What
is more, the catalyst is formed with Pd

𝑥
Co-two metal alloy

and multiwalled CNTs, which has the better activity. More-
over, Pd

3
Co/MWCNT (2.53mW/cm2) has a better catalytic

performance than Pd/MWCNT (1.64mW/cm2) and Pt/C
(1.20mW/cm2) as the cathode applied in the fuel cell [38].
As is reported in the thesis of Lefèvre et al. [39], the
current density of a cathode made with the best iron-based
electrocatalyst can equal that of platinum-based cathode.

Therefore, compared to the platinum-containing catalyst,
nonnoble metal catalysts with the CNT support for the elec-
trode also have good catalytic effectivity [40, 41] and stability
[42].

2.4. Using of Pt Nanoparticles. Ru-decorated Pt nanoparti-
cles on Nitrogen-doped multiwalled CNTs used for directly
methanol fuel cells have high performance and high dis-
persion [43]. On the one hand, the polymer composition
of Pt nanoparticles loaded into the MWCNT shows higher
electrocatalytic activity and better tolerance as the anode

of direct methanol fuel cell [44]. On the other hand, the
shape and surface’s morphology of CNTs has a profound
impact on its electrocatalytic activity. When attached to the
Pt nanoparticles, the electrical properties of flower-shaped
nanostructure are significantly higher than conventional
electro-catalytic properties of spherical nanoparticles [45].

So the use of Pt nanoparticles can well reflect the per-
formance of the catalyst [46, 47], and Pt nanoparticles can
be more dispersed on the surface of the support, thereby
improving the utilization rate of platinum.

3. Effect of CNTs on Fuel Cell

Among the supports, CNT has a high surface area and high
electrical conductivity, light weight, perfect hexagonal struc-
ture and many unusual mechanical, and electrical and chem-
ical properties. In a silicon microfuel cell test, the PtRu
graphitic carbon nanofibers, PtRu CNTs, and PtRu-Vulcan
catalysts were used. The results obtained have shown that
PtRu nanotubes have a maximum power density; PtRu-
Vulcan has maximum durability [48]. Therefore CNTs are
better able to improve the activity and get widespread atten-
tion. CNTs can improve the fuel cell performance, mainly in
the following areas.

3.1. Improving the Performance of the Catalyst. The use
of CNTs improves the performance of catalyst [49, 50].
Platinum can be fixed in the inner wall and the outer wall
of CNTs and may constitute platinum-CNTs having good
electrocatalytic properties [51]. The fuel cell using CNTs as a
catalyst support has a larger current density [52]. And the fuel
cell has a high performance, catalytic activity and the quality
of transmission [53, 54]. In proton exchange membrane fuel
cell, the surface of the bipolar plate is covered by conductive
polymer coating (aluminum-coated). Adding the CNTs to
polyaniline coating can enhance the conductive properties of
the polyaniline polymer [55].

Therefore, while CNTs are of the catalyst support, the
electrocatalytic properties of catalyst can be improved [52, 56,
57].

3.2. Improving the Stability and Corrosion Resistance of the
Catalyst. CNTs can make the fuel cell more stable [58] and
have higher corrosion resistance performance in work. CNT
as catalyst support for fuel cells can reduce the formation of
surface oxides and corrosion current as is shown in Figure 4
[59].

From Figure 4, Pt supported on MWCNT and Vulcan
XC-72 has similar initial half wave potential. With time going
on, MWCNT exhibits a much slower decrease rate than
Vulcan XC-72 of the half wave potential [59].

Studies have shown that, in the fuel cell, the CNT as
catalyst support is more stable than the carbon black XC-72,
is more resistant to corrosion, and has a higher peak power
density [50, 60]. The oxidized graphene catalyst supported
on CNTs is coated on the melamine sponges as electrode
prepared by the special method. And it can prove a large
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conductive surface of microbial fuel cell for transferring
electrons; compared to the conventional carbon-based anode
and themetal group, it can have better durability and catalytic
activity [61].

3.3. Reducing the Cost of the Fuel Cell. The CNT has a high
surface area, good support for Pt, and high dispersion of the
platinum, getting a smaller particle size [62]. So it can reduce
the cost of production by reducing the use of platinum [63,
64].

3.4. Increasing Transmission Capacity

(1) Electron transport capabilities: CNTs as electrode
in solid acid fuel cell can improve the connection
between platinum catalyst nanoparticles and current
collector [65]. And multiwalled CNTs increase the
anode surface area and the volume ratio, enhancing
the ability of the anode electron transmission in
microbial fuel cells [66].

(2) Quality of transmission capacity: The mixture of
multiwalled CNTs and single-walled CNTs used as
Pt support can enhance the cathode quality activities
and the mass transport in the catalyst layer, which
can be a goodmethod to ameliorate themass transfer,
when SWNT is used as catalyst support [67].

4. Improving the Performance of Catalysts
by Using CNT

4.1. Optimization of Support

4.1.1. Nitrogen-Containing Catalyst Support. It can effectively
improve the catalytic activity and stability, introducing
the nitrogen functional group on the carbon support for
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ious electrodes.

the catalyst [68–70]. Cheng et al. found PtRu nanoparticles
are supported onto poly(diallyldimethylammonium chlo-
ride) (PDDA), polyethylenimine (PEI), 1-aminopyrene (AP),
and tetrahydrofuran (THF) functionalized multiwalled
CNTs. Pt-Ru nanoparticles supported on PEI, AP, and PDDA
functionalized CNTs exhibited significantly much higher
electrocatalytic activity and stability for the electro-oxidation
of methanol as compared with PtRu supported on THF-
CNTs [71]. Platinum supported on multiwalled CNTs doped
with nitrogen, as the cathode catalyst, has a higher maximum
power density (0.78mW/cm2) than commercial carbon
supported Pt catalyst (0.72mW/cm2). When the oxidant is
the actual gas, the use of the former has a significantly higher
performance in direct methanol fuel cell [72]. Maiyalagan et
al. [69] have done the experiment for nitrogen-containing
catalyst support in Figure 5, which could testify the advantage
of nitrogen-containing CNT.

4.1.2. Other Forms of Carbon Added

(1) The fuel cell supported by the mixed electrode mate-
rial of Graphene and multiwalled CNTs has a good
catalytic effect [73]. Pham et al. got the unique layered
graphene-CNT hybrid structures by a chemical vapor
deposition method. Then they used the structures
to support the Pt catalyst and found the catalyst
for a fuel cell had superior polarization performance
[74].Therefore, adding graphene into the support can
effectively improve the catalytic performance.

(2) Carbon shells embedded carbon nanotubes can facil-
itate Pt nanoparticles dispersing on the core-shell
nanostructural support and the carbon shell embed-
ded carbon nanotube supported Pt catalyst will form
a new catalyst, and this catalyst has a higher electro-
chemical activity surface area and mass activity than
the Pt catalyst loading on the original CNTs [75].

(3) CNTs and oxidized graphite form a three-dimen-
sional carbon fiber composited material, just as
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a sandwich, which gives a maximum PEMFC perfor-
mance of 495mW/cm2 at 60∘C temperature [76].

4.1.3. Adding Substances to CNT to Synthetize the Support.
Adding new substances on the CNTs synthetizes new support
to improve its performance; the researchers made a lot of
attempts and exploration. Examples are listed below:

(1) Sulfonated polyamide (PA-S) and sulfonation of poly-
styrene (PS-S) are two categories of mechanically
robust and thermally stable nanocomposites, respec-
tively, based on multiwalled CNT and silica nan-
otube (SiNT). Through solution blending, they were
well dispersed and adhered on the nanostructures,
forming a porous membrane structure for a fuel cell,
which has high proton conductivity of 1.28–2.23 S/cm
at 80∘C and higher water retention capacity [77].

(2) CNT is doped with heteroatoms forming a core-
sheath nanostructure, which is attached to the CNTs
forming the catalyst. Compared to Pt/C catalyst, it has
higher durability. When used as the cathode catalyst,
it exhibits very high current and power density [78].

(3) The composed film using CNTs and polytetrafluo-
roethylene is located between the bipolar plate and the
electrode. The contact resistance is reduced. There-
fore, the proton-exchange membrane fuel cell output
power is increased by about 1.6 times [79].

4.1.4. Surface Treatment of CNTs. Some substances were
coated on the surface of CNTs to improve performance. The
following examples show part of the studies:

(1) By coating mesoporous polysulfone substrate on
SWNTs forming a three-dimensional porous poly-
sulfone-SWCNT, which is used as an anode in a
microbial fuel cell, it has a high activity of surface
region and the effective electron transfer in outer cells
[80].

(2) The surfactant was adsorbed on the surface of func-
tionalized MWCNTs, where they prevented reaggre-
gation of MWCNTs on the nanocomposite. Thereby
enhancing the dispersion of nanocomposite mate-
rials, the prepared CNTs used in proton exchange
membrane can enhance the thermal performance
[81].

4.2. Multimetal Addition of the Catalyst. Studies have shown
that the multiwalled CNTs are used as the support with Pd
catalyst in anode, respectively, and Rh, Ru, Pt, Au, Ag, Pd, Ni,
and Cu as the cathode catalyst for direct reduction of H

2
O
2
.

The fuel cell maximum power density in descending order is
Au>Ru>Pt>Ag>Rh>Pd>Ni>Cu [82].Therefore, the use
of various metals may have an impact on the catalytic activity
[83]; we have a need to study the impact of the performance
of various metals adding to the catalyst.

For example, Ni added to PtRu catalyst with the support
ofmultiwalledCNTs can improve the electrochemical surface
of the catalyst; meanwhile, comparing with the commercial
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catalyst (20wt.% PtRu/C), it has an effect in which the PtRu
loading is reduced (10wt.%PtRu) and a similar catalytic effect
can be achieved [84].UsingCMK-3, ferrocene nickel as nickel
source will be allowed to grow on CNTs, by chemical vapor
deposition method. Through traditional wet impregnation
method, we can get Pt catalyst. As a result, Pt particles get
smaller, and they have a better performance under the condi-
tions of a smaller Pt loading [85].

4.3. Using Oriented CNTs. Pt is supported on the oriented
CNTs. In this way they form the catalyst, which has a good
durability and reduces the loading amount of Pt; thereby we
reduced themanufacturing costs. Using it in proton exchange
membrane, fuel cell can have a higher energy density and
current density [86]. Studies have shown that the oriented
CNT film as cathode of the proton exchange membrane
fuel cell can achieve a higher performance and a higher
electrocatalytic activity than the disorder CNT membrane
system of Pt/CNT [53]. Vertically alignedCNTs together with
Pt forming the electrodes can be a good transfer of protons,
electrons, and water. Catalyst layer and microporous layer
have a good conduction for proton exchange membrane fuel
cell, resulting in very good current density and reducing the
use of Pt [87].

4.4. Functionalization of CNTs. While the port of CNT is
functionalized,MWCNT-OHhas a better power density than
MWCNT-COOH [88]. The molecular dynamics simulation
results also show that the functional groups on the port of the
CNTs have a significant influence on the mass transporting
through the port. As shown in Figure 6 [89], the speed of
lithium-ion getting into the functionalized CNTs’ port with
hydroxy(–OH) is faster than with carboxyl(–COOH).

4.5. The Use of Polymers. Filling polyethylene terephthalate
(PET) and polyvinylidene fluoride (PVDF) into CNTs, we
can form a triple continuous structure. It can be applied
to a proton exchange membrane fuel cell’s bipolar plate,
with excellent conductivity and strength [90]. Film, based
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on the polymer Nafion membrane adding some surfactant
and working with functionalmultiwalled CNTs, makes CNTs
have good dispersion. This nanocomposite is measured
though thermogravimetric analysis (TGA), and results show
that it lowers absorption of methanol and improves thermal
stability [91].

5. Interaction between Catalyst and
CNT Support

5.1. The Catalyst Particles Are More Dispersed with CNT Sup-
port. For example, CNT, used as a catalyst to support PtPd,
can make PtPd nanoparticles distribute uniformly. CNT
directly used inmethanol fuel cell increases the activity of the
electrochemical surface area and mass activity [92]. There-
fore, it is important for carbon nanostructure as the support
material and it can effectively disperse catalyst particles [93].

5.2. CNT Diameter and Number of Layers. When CNT-
supported Pt nanoparticles are used for ORR, the specific
surface area decreases with the diameter of the CNT increas-
ing. When the diameter of CNT increases, the performance
of Pt catalyst becomes more stable and the amount of Pt
loading reduces [94]. Besides, multiwalled CNTs have better
performance than single-walled CNTs [95]. As shown in
Figure 7, the curves are the comparing cathode catalyst made
of 82𝜇g Pt/cm2 Pt/SWCNT and 12 𝜇g Pt/cm2 Pt/MWCNT,
while other conditions do not have too much discrepancy.
Even through Pt/SWCNT has a higher Pt loading, their cell
voltages do not generate the great difference.

5.3. Adhesion between the Pt Nanoparticles and Support. He
et al. studied how the size and the shape of Pt nanoparticles
affect the catalytic performance. The results show that as the
size of the Pt nanoparticles is larger, adhesive force becomes
bigger regardless of the humidity. When the nanoparticles

are tetrahedral, it has good adhesion. But other shapes did
not significantly impact the adhesion. When the humidity of
Nafion membrane is increased, enhanced hydration leads to
weakened adhesion. At the same time, controlling the content
of the Nafion membrane can also improve the absorption
[96].

6. The Synthetic Conditions of CNTs Catalyst

6.1. In Supercritical Fluid. If platinum CNTs are synthesized
in supercritical fluids, they can be electrocatalyst for the low
temperature fuel cells [97] or for the direct methanol fuel cell
[98].

6.2. The Application of Microwave Technology. The CNTs
can be manufactured though microwave-assisted reduction
polyol method, and then platinum deposits on the CNTs to
form the catalyst. The catalyst can be used in direct methanol
fuel cells [99]. Chloroplatinic acid is used in providing Pt to
synthesize platinum catalyst by the intermittent microwave
radiation technology. This platinum catalyst has better per-
formance than commercial platinum carbon black catalyst
[100]. The vertically oriented CNT is synthesized using
a microwave plasma enhanced chemical vapor deposition
method. Then platinum nanoparticles are deposited on the
CNTbyDC sputtering system to form the catalyst. Increasing
surface nitrogen content of this catalyst is expected to become
the future fuel cell electrodes [101].

6.3. Processing in Acid. After CNTs are processed in acid,
they can be used to manufacture the catalyst with platinum
nanoparticles by chemical deposition method [102].

6.4. Low-Temperature PlasmaMethod. Thismethod is widely
used in the synthesis of CNTs and graphene material applied
to the fuel cell, because it is possible to obtain many advan-
tages like highly dispersed active substances, reducing energy
requirements, enhancing the activation of the catalyst, short-
ening the synthetic time, reducing environmental pollution,
and so on [103].

7. Summary and Outlook

Fuel cells have the nature of high energy conversion efficiency
and low pollutant emission and are considered to be one
of the promising methods to solve future energy crisis and
environmental issues. Carbon nanotube used as the support
of catalysis has an important significance in the fuel cell
applications. We summarize and discuss the application of
carbon nanotubes in fuel cells. We focus on the effect of
carbon nanotubes on the fuel cell in which the ways are
used to reduce the need of noble metal and to improve the
performance of fuel cell catalysts, as well as the interaction
with catalyst and carbon nanotube support and the synthesis
conditions of carbon nanotube supported catalyst.

Researches about the support of CNTs and catalyst’s
performance have made a lot of achievements and make us
much more clearly to understand the effects of the CNT
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on fuel cell. However, the microscopic transport mechanism
in CNTs remains to be further studied. The molecular
dynamics simulation should be a powerful method to study
the microscopic transmission in CNTs.
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[65] Á. Varga, M. Pfohl, N. A. Brunelli, M. Schreier, K. P. Giapis,
and S. M. Haile, “Carbon nanotubes as electronic interconnects
in solid acid fuel cell electrodes,” Physical Chemistry Chemical
Physics, vol. 15, no. 37, pp. 15470–15476, 2013.

[66] J. E. Mink, J. P. Rojas, B. E. Logan, and M. M. Hussain, “Verti-
cally grownmultiwalled carbon nanotube anode and nickel sili-
cide integrated high performancemicrosized (1.25𝜇l)microbial
fuel cell,” Nano Letters, vol. 12, no. 2, pp. 791–795, 2012.

[67] P. Ramesh, M. E. Itkis, J. M. Tang, and R. C. Haddon, “SWNT-
MWNT hybrid architecture for proton exchange membrane
fuel cell cathodes,”The Journal of Physical Chemistry C, vol. 112,
no. 24, pp. 9089–9094, 2008.

[68] Y. Zhou, K. Neyerlin, T. S. Olson et al., “Enhancement of Pt and
Pt-alloy fuel cell catalyst activity and durability via nitrogen-
modified carbon supports,” Energy & Environmental Science,
vol. 3, no. 10, pp. 1437–1446, 2010.

[69] T.Maiyalagan, B. Viswanathan, andU. V. Varadaraju, “Nitrogen
containing carbon nanotubes as supports for Pt—alternate
anodes for fuel cell applications,” Electrochemistry Communica-
tions, vol. 7, no. 9, pp. 905–912, 2005.

[70] Z. Chen, D. Higgins, H. Tao, and R. S. Hsu, “Highly active nitro-
gen-doped carbon nanotubes for oxygen reduction reaction in
fuel cell applications,” The Journal of Physical Chemistry C, vol.
113, no. 49, pp. 21008–21013, 2009.

[71] Y. Cheng, C. Xu, P. K. Shen, and S. P. Jiang, “Effect of nitrogen-
containing functionalization on the electrocatalytic activity of
PtRu nanoparticles supported on carbon nanotubes for direct
methanol fuel cells,” Applied Catalysis B: Environmental, vol.
158-159, pp. 140–149, 2014.

[72] P. Kanninen, M. Borghei, O. Sorsa et al., “Highly efficient cath-
ode catalyst layer based on nitrogen-doped carbon nanotubes
for the alkaline direct methanol fuel cell,” Applied Catalysis B:
Environmental, vol. 156-157, pp. 341–349, 2014.

[73] N. Jha, R. I. Jafri, N. Rajalakshmi, and S. Ramaprabhu, “Gra-
phene-multi walled carbon nanotube hybrid electrocatalyst
support material for direct methanol fuel cell,” International
Journal of Hydrogen Energy, vol. 36, no. 12, pp. 7284–7290, 2011.

[74] K. Pham, D. H. Chua, D. S. McPhail, and A. T. Wee, “The
direct growth of graphene-carbon nanotube hybrids as catalyst
support for high-performance PEM fuel cells,” ECS Electro-
chemistry Letters, vol. 3, no. 6, pp. F37–F40, 2014.

[75] H. G. Li, X. Zhang, D. He, T. Peng, and S. Mu, “Carbon-embed-
ded carbon nanotubes as supports of polymer electrolyte mem-
brane fuel cell catalysts,” Journal of Nanoscience and Nanotech-
nology, vol. 14, no. 9, pp. 6929–6933, 2014.

[76] M. Sahoo, B. P. Vinayan, and S. Ramaprabhu, “Platinum-deco-
rated chemically modified reduced graphene oxide–multi-
walled carbon nanotube sandwich composite as cathode cata-
lyst for a proton exchange membrane fuel cell,” RSC Advances,
vol. 4, no. 50, pp. 26140–26148, 2014.

[77] A. Kausar, A. Hussain, M. Y. Khan, and M. Siddiq, “Fuel cell
membranes prepared from multi-walled carbon nanotubes
and silica nanotubes-filled sulfonated polyamide/sulfonated
polystyrene porous blend films,” Journal of Plastic Film &
Sheeting, vol. 30, no. 3, pp. 314–336, 2014.

[78] Y. J. Sa, C. Park, H. Y. Jeong et al., “Carbon nanotubes/hete-
roatom-doped carbon core-sheath nanostructures as highly
active, metal-free oxygen reduction electrocatalysts for alkaline
fuel cells,”Angewandte Chemie International Edition, vol. 53, no.
16, pp. 4102–4106, 2014.

[79] Y. Show and K. Takahashi, “Stainless steel bipolar plate coated
with carbon nanotube (CNT)/polytetrafluoroethylene (PTFE)
composite film for proton exchange membrane fuel cell
(PEMFC),” Journal of Power Sources, vol. 190, no. 2, pp. 322–325,
2009.

[80] T.-H. Nguyen, Y.-Y. Yu, X. Wang, J.-Y. Wang, and H. Song,
“A 3D mesoporous polysulfone-carbon nanotube anode for
enhanced bioelectricity output inmicrobial fuel cells,”Chemical
Communications, vol. 49, no. 91, pp. 10754–10756, 2013.

[81] A. Sayeed, Y. H. Kim, Y. Park, A. I. Gopalan, K.-P. Lee, and S.-J.
Choi, “Non-covalent bonding interaction of surfactants with
functionalized carbon nanotubes in proton exchange mem-
branes for fuel cell applications,” Journal of Nanoscience and
Nanotechnology, vol. 13, no. 11, pp. 7424–7429, 2013.

[82] T. H. Oh, B. Jang, and S. Kwon, “Electrocatalysts supported on
multiwalled carbon nanotubes for direct borohydride-hydro-
gen peroxide fuel cell,” International Journal of Hydrogen
Energy, vol. 39, no. 13, pp. 6977–6986, 2014.

[83] W. M. Daoush and T. Imae, “Fabrication of PtNi bimetallic
nanoparticles supported on multi-walled carbon nanotubes,”
Journal of Experimental Nanoscience, vol. 10, no. 5, pp. 392–406,
2015.
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Miki-Yoshida, and Y. Verde-Gómez, “Influence of nickel on the
electrochemical activity of PtRu/multiwalled carbon nanotubes
electrocatalysts for directmethanol fuel cells,” Journal of Applied
Electrochemistry, vol. 44, no. 6, pp. 695–700, 2014.

[85] L. Samiee, F. Shoghi, andA.Maghsodi, “In situ functionalisation
of mesoporous carbon electrodes with carbon nanotubes for
proton exchange membrane fuel-cell application,” Materials
Chemistry and Physics, vol. 143, no. 3, pp. 1228–1235, 2014.



10 Journal of Nanomaterials

[86] J. B. Liu, Y. Yuan, and S. Bashir, “Functionalization of aligned
carbon nanotubes to enhance the performance of fuel cell,”
Energies, vol. 6, no. 12, pp. 6476–6486, 2013.

[87] S.Murata,M. Imanishi, S. Hasegawa, and R. Namba, “Vertically
aligned carbon nanotube electrodes for high current density
operating proton exchange membrane fuel cells,” Journal of
Power Sources, vol. 253, pp. 104–113, 2014.

[88] N.Thepsuparungsikul, T. C.Ng,O. Lefebvre, andH.Y.Ng, “Dif-
ferent types of carbon nanotube-based anodes to improve
microbial fuel cell performance,”Water Science and Technology,
vol. 69, no. 9, pp. 1900–1910, 2014.

[89] Y. Cheng-Bing, X. Hui, and L. Chao, “Molecular dynamics
simulation of average velocity of lithium iron across the end of
carbon nanotube,”Acta Physica Sinica, vol. 63, no. 20, Article ID
200508, 2014.

[90] M. Wu and L. L. Shaw, “A novel concept of carbon-filled
polymer blends for applications in PEM fuel cell bipolar plates,”
International Journal of Hydrogen Energy, vol. 30, no. 4, pp. 373–
380, 2005.

[91] Y. H. Kim, A. Sayeed, Y. Park, A. I. Gopalan, K.-P. Lee, and
S.-J. Choi, “Functionalized carbon nanotubes reinforced poly-
mer electrolyte membranes prepared by surfactant-assisted
casting for fuel cell applications,” Journal of Nanoelectronics and
Optoelectronics, vol. 8, no. 6, pp. 551–556, 2013.

[92] H. L. Wang, B. A. Kakade, T. Tamaki, and T. Yamaguchi, “Syn-
thesis of 3D graphite oxide-exfoliated carbon nanotube carbon
composite and its application as catalyst support for fuel cells,”
Journal of Power Sources, vol. 260, pp. 338–348, 2014.

[93] G. Girishkumar, T. D. Hall, K. Vinodgopal, and P. V. Kamat,
“Single wall carbon nanotube supports for portable direct
methanol fuel cells,” Journal of Physical Chemistry B, vol. 110,
no. 1, pp. 107–114, 2006.
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We present the synthesis of ultrananocrystalline diamond (UNCD) films by application of hot filament chemical vapor deposition
(HFCVD). We furthermore studied the different morphological, structural, and electrical properties. The grown films are fine
grained with grain sizes between 4 and 7 nm. The UNCD films exhibit different electrical conductivities, dependent on grain
boundary structure.We present different contactmetallizations exhibiting ohmic contact behavior and good adhesion to theUNCD
surface. The temperature dependence of the electrical conductivity is presented between −200 and 900∘C.We furthermore present
spectroscopic investigations of the films, supporting that the origin of the conductivity is the structure and volume of the grain
boundary.

1. Introduction

Electronic and microelectromechanic sensor devices built
from diamond have already been demonstrated [1–4]. How-
ever, one of the main obstacles to make use of diamond
as a material for electronic applications is the difficulty of
doping diamond [5]. Diamond can be p-doped by boron,
even though the acceptor level of boron is 0.37 eV over the
valence band [6] and is therefore not activated at room
temperature. By increasing the doping level, the activation
energy decreases, so that p-doped diamond can be thermally
activated at room temperature [7]. In contrast to that, no
shallow donors were found for diamond [5].

An interesting, novel kind of n-type conductivity, present
at room temperature, which could fill this gap, was found
in ultrananocrystalline diamond films [8–10]. The addition
of nitrogen (which has activation energy of 1.7 eV, if incor-
porated substitutionally [5]) can lead in ultrananocrystalline
diamond films to a high electrical conductivity at room tem-
perature [8–10]. In [11] it was shown that the incorporation
of nitrogen in grain boundaries leads to additional localized
states within the band gap. Birrell et al. [12] have produced
similar films by plasma CVD and conclude that the addition
of nitrogen does lead to an increased width of a sp2-carbon

grain boundary phase. In contrast to our findings [10], they
reach an increasing conductivity for an increased addition of
nitrogen [12].

Investigations of Ikeda et al. [13], who also used plasma
CVD for deposition of UNCD films with nitrogen addition,
show that the increase of ordering and amount of a sp2-
carbon grain boundary phase is more responsible for an
increasing conduction than the concentration of incorpo-
rated nitrogen.

In contrast to most of the published work on conductive
UNCD films, where the films are mostly grown by plasma
CVD, we present the growth of UNCD films by hot filament
chemical vapor deposition (HFCVD).

We show that, by increase of substrate temperature, a
strong change in morphology and an increase of electrical
conductivity of the films take place.

2. Experiments

The UNCD films were grown by using the hot filament
chemical vapor deposition (HFCVD) technique.

This highly flexible and scalable technique allows growing
diamond films on different substrates like silicon, quartz, and
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Figure 1: Influence of the substrate temperature on the morphology of the UNCD films is shown in the SEM pictures (a) ca. 570∘C, (b) and
(c) 580∘C–630∘C, and (d) ca. 750∘C.

carbide forming metals. Also coating of structured and three
dimensional substrates is possible [1].

Before growth, the substrates were pretreated by ultrason-
ication in a nanodiamond solution. By this treatment, small
seed crystals are deposited on the substrate with a density in
the order of 1011 cm−2 [2]. This procedure, in contrast to bias
enhanced nucleation, opens the possibility to grow diamond
on some nonconductive substrates [2].

We used tungsten filaments that were electrically heated
up to about 2000∘C.The used gas, maintained during growth,
was amethane/hydrogenmixture (5%CH

4
/H
2
). Additionally

we introduced different amounts of ammonia (between
0.35% and 3.5% NH

3
/H
2
). We investigate the influence of

extra gas addition (ammonia) on the electrical conductivity
of the grown films.The influence of ammonia addition on the
morphology was already shown in [10].

Conductive UNCD films were grown on 3 inches, ⟨100⟩
silicon wafer with a 300 nm silicon oxide layer deposited by
PECVD for an electrical insulation between the substrate and
the conductive film. Due to the high seeding density, a closed
film is achieved after a few minutes and the silicon oxide is
exposed to atomic hydrogen for only short time.

Figure 1 shows microstructures of different UNCD films
grown with different substrate temperatures. The substrate
temperature can be influenced indirectly by different filament
currents and by the distance of substrate to filament or
directly by using a sample holder at a cooling and heating
system.

Different substrate temperatures are leading to com-
pletely different microstructures. Figure 1(a) presents a very
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Figure 2: AFM measurement of 1 𝜇m thick UNCD film on silicon
substrate (compare SEM in Figure 1(a)).

homogeneous microstructure, grown at a substrate tempera-
ture of about 570∘C. With increasing substrate temperature,
from 580∘C to 630∘C, like exemplarily shown in Figures
1(b) and 1(c), more and more cluster-like structures are
visible in the microstructure. Above about 700∘C substrate
temperature the diamondmicrostructure changes completely
to another structure, which is shown in Figure 1(d).

The surface roughness measured by atomic force
microscopy (AFM) for all grown films is about 10 nm (RMS).
A representative measurement is shown in Figure 2.

X-ray diffraction (XRD) measurements were performed,
proofing that the film consists of crystalline diamond grains.
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Figure 3: XRD measurement with copper anode (1.5444 Å) on a
1 𝜇m thick UNCD film, with average grain size of 5 nm.

In Figure 3, a typical measurement for an UNCD film is
presented.

The measurement was done using a standard Bragg-
Brentano geometry and a Cu K𝛼 X-ray source. The three
diamond peaks at 2𝜃 = 43.9∘ (111), 75.2∘ (220), and 91.4∘ (311)
are clearly detectable. The ⟨100⟩ orientated silicon substrate
leads to a peak at 69∘ and additionally some small peaks on
the left side of the silicon (400) peak are detected, caused by
the not perfectly monochromatic X-ray source.

The average grain size is in the range of 4 to 6 nm, as
measured byXRD.The full width at halfmaximumof the (111)
peak was fitted and the grain size was determined by applying
Scherrer’s equation.

To further analyze the grownfilms, texturemeasurements
were done. In order to obtain pole figures for the (111)
peak, the 𝜃 and 2𝜃 angles were kept constant at 𝜃 = 21.95∘
and 2𝜃 = 43.9∘. Then the sample was rotated around its
surface normal and, for each rotation angle 𝜙, the intensities
were measured. Furthermore, the sample was tilted against
the beam and detector plane and for each tilt angle 𝜓 the
diffraction intensities are recorded.Themeasured pole figure
of the (111) peak is presented in Figure 4. Peaks at a tilt angle
of 𝜓 = 35∘ would indicate a (110) fiber texture; a sharp peak at
tilt angle 𝜓 = 0∘ would indicate a (111) texture.

This measurement shows that the grains in our UNCD
films (which were grown thinner than 2 𝜇m only) have no
significant preferred orientations.

2.1. Electrical Characterization. The specific resistivity of
different UNCD microstructures was measured by using the
Van-der-Pauwmethod.Therefore, clearly defined rectangular
geometries were etched out of the diamond film. Further-
more, ohmic metal contacts (Ti adhesion layer and Au) were
deposited by using sputtering. The specific resistivity reaches
values from 1 × 103Ωcm up to 5 × 10−3Ωcm on highly
conductive samples.

I

𝜓

𝜙

Figure 4: Pole figure of the (111) peak.
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Figure 5: Specific conductivity depending on the temperature
between −200∘C and RT.

To verify activation energies, temperature dependent
measurements were done. In the first experiment, the spe-
cific conductivity was measured at low temperatures, as
demonstrated in Figure 5. The sample with a conductivity
of about 5 S/cm at room temperature was cooled down to
−200∘Cunder vacuumconditions, while the conductivitywas
measured.

In the second experiment, which is shown in the Arrhe-
nius plot in Figure 6, a sample was heated up to 900∘C.This is
also done under high vacuum conditions, to avoid oxidation
of the diamond at temperature above 500∘C, while again the
conductivity was measured.

Over the whole temperature range, from −200∘C to
900∘C, the specific conductivity increases, like in negative
temperature coefficient thermistors. At low temperatures no
freeze-out can be detected. In [8] similarmeasurements show
even at 4.2 K no freeze-out, which is in contrast to conven-
tional semiconductor definition. The slopes in the Arrhenius
plot in Figure 5 indicate very low activations energies in
the range of single meV, assuming constant mobility. The
nonlinearity in comparison with a non-freeze-out process
indicates electronic states caused by the 𝜋 bonds of carbon
in the grain boundary, which lead to the conductivity in



4 Journal of Nanomaterials
Sp

ec
ifi

c c
on

du
ct

iv
ity

 (Ω
−
1

cm
−
1
)

1 2 3

10

15

20

25

1000/T (K−1)

Figure 6: Conductivity depending on temperature between RT and
900∘C.

the diamond films. That is also assumed in several other
publications [8, 11, 14].

The high temperature measurement, shown in Figure 6,
demonstrates an amazing potential over conventional semi-
conductors. In the temperature range from RT up to about
400∘C the change in conductivity is lower and follows the
trend of the firstmeasurement. Above 400∘C the conductivity
increases faster. Under the same assumption, of constant
mobility, the corresponding activation energies are about
50meV–150meV. It indicates electronic states which are
activated with increasing temperature but cannot be directly
associated with an activation of further donors.

2.2. Metallization. To investigate electrical contacts on the
UNCD surface, transmission-line-method (TLM) measure-
ments were used. This commonly used technique [15] allows
a quantitative characterization of different contact materials
by the contact resistance 𝑅

𝐶
. Another good measure for the

quality of the metal contact is the transfer length 𝐿
𝑇
(which

is the length under the metal contact, where the current in
the film is reduced by 1/𝑒, due to the currents into the metal
contact). Since the contact resistance is not independent of
the sheet resistance 𝑅

𝑆𝐶
, we present also the ratio of contact

resistance and sheet resistance.
For its noble character and low specific resistivity, gold is

often the choice for metallization of electronic elements. On
the other hand, in order to achieve good adhesion and ohmic
contact behavior, it is beneficial to have a carbide forming
adhesion promoter between the diamond surface and gold.

Different contact metals were tested: molybdenum, tita-
nium, tantalum, and a titanium tungsten alloy (Ti

0.8
W
0.2
). A

summary of TLM measurement results is shown in Table 1.
All carbide forming metals showed ohmic behavior in the
voltage range of ±40V. Titanium and tantalum have shown
significantly better electrical properties than molybdenum
and the Ti

0.8
W
0.2

alloy. In [16] different types of carbides are
mentioned, with their different electronegativity and atom
radius. The interstitial carbide, one special type of carbide

Table 1: Results from TLM various measurements on CNCD sam-
ples of different conductivity.

Material 𝑅
𝐶

[Ω] 𝑅SC[Ω] 𝐿

𝑇

[𝜇m] 𝑅

𝐶

/𝑅SC ⋅ 100
Mo 402 18 ⋅ 10

3 4.38 2.21
Ti 6 1305 0.86 0.43
Ta 3 2488 0.28 0.15
TiW 1000 575 ⋅ 10

3 3.48 1.74

 100

 1000

 10000

 1000  1500  2000  2500  3000

A
B
C

Wave number (cm−1)

 500

Ab
so

rp
tio

n 
co

effi
ci

en
t (

cm
−
1
)

Figure 7: Transmission spectra.

with particularly good electrical properties, can only be found
for titanium and tantalum.

Resulting from this, titanium and tantalum are suitable
materials as ohmic contact material on UNCD, which was
also shown for other kinds of conductive diamonds, as
shown, for example, in [17, 18]. To improve the temperature
stability of themetal contact it is necessary to reduce diffusion
of the titanium in gold.That can be done by a diffusion barrier
between gold and titanium. Platinum is an appropriate
candidate, which was also generally shown in [19]. This also
leads to ohmic behavior and to a temperature stability of up
to the melting point of gold.

3. Spectroscopic Investigations

3.1. Optical Properties. Three thickUNCDfilms (20𝜇mthick)
were grown with different NH

3
concentration in the feed gas,

to achieve three different conductivities.
By etching the Si substrate in KOH, free standing

UNCD films were obtained. They were measured by Fourier
transformation infrared spectroscopy (FTIR). Assuming that
Lambert-Beer’s law can be applied, the absorption coefficient
was calculated. The spectra are shown in Figure 7.

Sample A has a conductivity of 3.7 S/cm at room temper-
ature, sample B has a conductivity of 1.1 S/cm, and sample C
has a conductivity of 0.16mS/cm, asmeasured by simple four-
point measurements [20].
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It can clearly be seen that, for the sample A, with the
highest conductivity, nearly no transmission is found in the
measured range.

The coordination of carbon atoms in grain boundaries is
generally reduced [21]. Therefore sp2 and sp3 bonds coexist
in the grain boundaries of diamond, together with impurity
atoms (e.g., nitrogen). This distorted sp3 bonds and the
coexisting sp2 bonds in the grain boundaries lead to band
tailing and the appearance of 𝜎∗ states (origin from distorted
sp3 bonds and dangling bonds) [14] as well as 𝜋 and 𝜋∗
bands (origin from sp2 bonded carbons) [11, 14], which are
responsible for the absorption at these low energies [14, 22,
23].

We see that the absorption edge shifts to lower wave
numbers (higher wave lengths) for a higher conductivity of
the film. It can be concluded that the 𝜋 and 𝜋∗ bands are
broader for samples with higher conductivity [14].

3.2. Raman Spectroscopy. Raman spectra were measured for
three films that were grownwith different ammonia addition.
The excitation wavelength was 543 nm. The spectra can be
seen in Figure 8. A linear background was subtracted from
all spectra. We can see the D-band at 1360 cm−1 and the G-
band at 1560 cm−1. The diamond peak at 1333 cm−1 cannot be
seen due to its smaller Raman cross section [24, 25].Therefore
only the chemical constitution and structure of the grain
boundaries are reflected by measurements.

The D- and G-band peaks were fitted using Lorentzian
functions, revealing the intensities and full width at half
maximum (FWHM) of each.

The electrical conductivities of these filmswere also deter-
mined by four-point measurements and these results are
given in Table 2 together with the results of the Raman mea-
surements.

Following argumentation in [25–27], the increasing
FWHM of the G-band and the decreasing ratio of D-band
intensity to G-band intensity 𝐼(D)/𝐼(G) indicates an increase
of structural disorder of the sp2 bonded carbon.Therefore, we

Table 2: Parameters, found by fitting Lorentzian curves in the mea-
sured Raman spectra.

NH3 (%) FWHM (G) (cm−1) 𝐼(D)/𝐼(G) 𝜎 (S/cm)
0.35 56.2 1.37 0.2974
1.75 104.5 1.08 0.0113
3.5 125.3 0.72 0.0004

conclude that, for higher amount of NH
3
addition to the feed

gas, the disorder of the grain boundaries increases, leading to
a reduction of conductivity. This relation between disorder
of grain boundary and conductivity is in agreement with
investigations on plasma CVD grown nitrogen dopedUNCD
films [13, 28].

4. Summary

We presented ultrananocrystalline diamond thin films with
tuneable electrical n-type conductivity from practically iso-
lating (1 × 10−3 S/cm) to 200 S/cm. This conductivity is
present and only varies slightly over a large temperature
range (−200∘C until 900∘C was measured). A system for
electrical contact metallization is shown, which is of impor-
tance for general characterization and application of the
films in electrical or electromechanic devices. Our electrical
measurements confirm that the conductivity is of n-type
[10] and together with the spectroscopic measurements we
conclude that the conductivity is due to the structure and
volume of the grain boundary.
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[23] M. Nesládek, K. Meykens, L. M. Stals, M. Vaněček, and J. Rosa,
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