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Abstract. A facile way for alignment of carbon nanotubes in macroscopic polymer matrix was developed by combining
electrospinning and in-situ polymerization. The approach is based on the formation of nanofibre scaffolds with wellaligned arrays, which is filled with carbon nanotubes (CNTs). CNTs will be well aligned in macroscopic polymer matrix
when the aligned nanofibre scaffold containing CNTs has been incorporated into the poly(methyl methacrylate) (PMMA)
matrix by in-situ polymerization. We demonstrate that this scaffold approach is broadly applicable and allows for the fabrication of nanocomposites with accurately aligned nanofillers. The results presented in this report show that the approach is
ideal by using polyacrylonitrile (PAN) nanofibres as a scaffold of multiwalled carbon nanotubes (MWNTs), and PMMA as
the macroscopic polymer matrix. The tensile strength (7.2 wt% MWNTs/PAN nanofibres loadings) reaches 48.61 MPa,
87% higher than that pure PMMA, and the tensile modulus is increased by 175%.
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1. Introduction

nanocomposites. Over the past years, many groups
have studied the dispersion of CNTs in various
polymer matrices. Several processing methods are
available for producing nanotube/polymer composites include: melt-mixing, solution processing, insitu polymerization, gelation/crystallization method.
Although these methods are different, all of them
try to disperse CNTs in polymer matrix.
Electrospinning is a highly versatile method for
processing solutions or melts, mainly of polymers,
into continuous fibres with diameters ranging from
nano- to microscale. Like nanofillers mentioned
above, nanofibres also show several amazing several characteristics such as surface area to volume
ratio, flexibility in surface functionalities, and
superior mechanical performance compared with
conventional fibres. However, the aspect ratio of
nanofibres is much larger than that of general

Carbon nanotubes (CNTs) possess high intrinsic
strength, stiffness, flexibility, high thermal and
electrical conductivity, and are being incorporated
in polymers to obtain composites with unique properties. Since the discovery of CNTs by Iijima [1],
carbon nanotube-based polymer composites have
become a focal point of nanocomposite research
[2–4].
The state of dispersion, alignment, assembly and
load stress transfer of CNTs is crucially important
to the performance of nanocomposites [5]. Because
of their small size, CNTs usually have high specific
surface areas, resulting in a strong tendency for
aggregation, so it is difficult to assemble them in
polymer matrix. The dispersion and alignment of
CNTs in macroscopic polymer matrix are the bigger challenges for the development of polymer
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to fabricate aligned MWNTs/PAN composite nanofibres (ACNs) firstly, and then used poly(methyl
methacrylate) (PMMA) as the macroscopic polymer matrix of ACNs. Schematics of the process are
shown in Figure 1.

nanofillers which makes its assembling much easier. This outstanding property makes nanofibres to
be optimal candidates for many important applications, including reinforcement, tissue engineering,
energy and environment. In the previous research,
pure random electrospun nanofibres tended to display enhanced mechanical properties in polymer
matrix [6, 7]. Recently, polymer nanofibres containing carbon nanotubes [8–11], clay [12, 13],
ceramics [14] and metals [15, 16] have been fabricated by several research groups. At the same time,
research on nanofibre assemblies explored various
structures and methods, including aligned fibres
[17–20], patterned fibres [21, 22], and helical fibres
[23].
In this report, we developed a general approach for
the creation of polymer nanocomposites with alignment of CNTs. The processing scheme showed the
initial fabrication process of the aligned polymer
nanofibres with CNTs via controlled deposition of
electrospun nanofibres. The polymer nanofibres
become a scaffold of CNTs. CNTs will be confined
in nanofibre environments, and can be aligned in
nanofibre axial direction. This scaffold containing
well aligned CNTs was immersed in the monomer
solution. Then, the intended nanocomposite was
obtained by in-situ polymerization. After polymerization, CNTs can be aligned within macroscopic
polymer matrix. The approach, which is much easier than that in the previous methods, has a broad
application and allows for the fabrication of materials with good thermal and mechanical properties.
To examine the approach being facile, we used
aligned polyacrylonitrile (PAN) nanofibres as a
scaffold of multiwalled carbon nanotubes (MWNTs)

2. Experimental section
2.1. Materials
MWNTs with a purity of >95% were supplied from
Shenzhen Nanotech Port Co. Ltd, China. Triton
X-100, t–Oct–C6H4–(OCH2CH2)nOH (n = 9–10),
was purchased from Aldrich. HNO3, SOCl2 and
dimethyl formamide (DMF) were purchased from
Sinopharm Chemical Reagent Co. Ltd, China. The
monomer, methyl methacrylate (MMA), 2,2’-azobisisobutyronitrile (AIBN) as the initiator and
methanol were purchased from Sinopharm Chemical Reagent Co. Ltd, China. The AIBN was purified by re-crystallization from methanol before use.
The other chemicals were used directly without further purification.

2.2. Electrospun MWNTs/PAN composite
nanofibres
The MWNTs/PAN composites nanofibres were
prepared according to the reported procedures [24].
The synthesis procedure can be briefly described as
follows: MWNTs were functionalized by a mixture
of concentrated sulfuric and nitric acids (3:1, by
volume). As a result, many carboxylic acid groups
(–COOH) were created in MWNTs. Then, the
MWNT–COOH mixture was suspended in SOCl2
and stirred for 24 h at 65°C to produce MWNT–
COCl. The above MWNT–COCl and Triton X-100
was stirred under N2 atmosphere at 120°C for 48 h.
The MWNT–Triton (f-MWNTs) was thus obtained
after washing and drying. For the fabrication of
PAN/f-MWNT solution, 0.38 g of PAN (average
molecular weight 70 000) and 0.02 g of MWNT–
Triton were separately dissolved in 5 ml of DMF,
and then the above solutions were mixed using an
ultrasonicator. Well-aligned composite nanofibres
containing PAN and f-MWNTs were prepared by
electrospinning in dimethyl formamide solution,
and a collector consisting of two parallel copper
sheets was used to catch the nanofibres. The distance between parallel electrodes is 4 cm.

Figure 1. Alignment of MWNTs in PMMA matrix by a
nanofibre scaffold
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2.3. Preparation of polymer nanocomposites
MMA and purified AIBN were mixed together
(20 ml of MMA:0.05 g of AIBN). A portion of the
above solution was added to a glass mold. Then the
nanofibre scaffold with the isolated MWNTs,
which were well aligned along the nanofibre axes,
was gently immersed in the solution. The mold was
sealed with argon balloons after nitrogen was
purged for 10 min. The polymerization was carried
out in a water bath at 90°C for 15 min. Then it was
polymerized at 55°C, for 16 h. After polymerization, the mold was broken. The PMMA/ACNs
nanocomposites were taken out and cut some fringe
sections, which did not contain ACNs.

Figure 2. TGA of MWNTs (a) and MWNTs with grafted
Triton X-100 (b)

2.4. Characterization
Thermogravimetric analysis (TGA) measurements
were performed on Netzsch STA 490 under a nitrogen atmosphere from room temperature to 500°C.
Wide angle X-ray diffraction (WAXD) intensity
profiles of the sample were recorded with a diffractometer (D/Max-2550 PC, Rigaku, Japan). The
molecular weight and molecular weight distributions of PMMA matrix from composite, using GPC
(BI-MwA from Waters, LS). The solution was
made by dissolving the samples in high-pressure
liquid chromatography (HPLC)-grade tetrahydrofuran (THF) and filtered twice though 0.2 µm filters. The morphology and the alignment of the
nanofibre scaffold in matrix were observed on a
JSM-5600LV scanning electron microscope at an
accelerating voltage of 10 kV, gold-sputtered prior
to observation. The embedding and morphology of
MWNTs within the nanofibres was measured on a
Hitachi H-800 transmission electron microscope at
250 kV. Tensile tests were carried out on a Universal material testing machine (DXL-2000) at room
temperature with a crosshead speed of 0.5 mm/min.
The specimen gauge length was 4 cm and the width
was 0.5 cm. In all cases, five samples were tested
from which the standard deviations were calculated. The humidity of the laboratory was about
65%.

Figure 3. SEM images of the uniaxially aligned nanofibres with MWNTs

in the solution of PAN. The grafting yield is about
25 wt% by TGA data (Figure 2). Well-aligned composite nanofibres containing PAN with f-MWNTs
were prepared by electrospinning in dimethyl formamide solution, and a collector consisting of two
pieces of electrode was used to catch the nanofibres. SEM was used to observe the morphology of
the nanofibres. Figure 3 shows the uniaxially
aligned nanofibres. Figure 4 showed TEM images
of the composite nanofibres in which the surface
functionalized MWNTs grafted with Triton X-100
are embedded within the PAN nanofibre matrix.
TEM observation showed a MWNT was parallel
and oriented along the axes of the nanofibre.
To determine whether the nanofibres influence the
polymerization process, the GPC results indicate
that average Mw is 5.6·105, the polydispersity of
PMMA matrix (~2.18), as to pure PMMA with the
average Mw (6.7·105) and polydispersity (=1.82).
The addition of ACNs shows a lower average
molecular weight and a larger distribution of
molecular weights. It can be concluded from these
results that ACNs influence the in-situ polymerization of PMMA, by changing the polydispersity and
molecular weight.

3. Results and discussion
MWNTs were functionalized by grafting Triton
X-100 on their surface to improve their dispersion
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Figure 4. TEM image of nanofibre with well-oriented
MWNT along the axis of nanofibre

The WAXD spectra obtained from electrospun
pure aligned PAN nanofibre are presented in Figure 5a, where a characteristic diffraction peak at
16.8° and a weak peak at 28.7° were observed.
These two peaks of diffraction can be assigned as
(200) and (020) crystal planes of PAN. The composites sample (Figure 5b) showed a strong diffraction peak at 26.3°, was recognized as the diffraction
of the (002) crystal planes of MWNTs. The weak
peak is (101) at 44.3°. The result shows no significant difference from the diffraction pattern of composite nanofibres and pure PAN nanofibres, meaning that the 5 wt% f-MWNTs do not have much
influence on the crystal morphology of PAN [9].
SEM was used to check the morphologies of ACNs
in polymer matrix. In order to observe the morphology of ACNs in PMMA matrix, we stick them to

Figure 6. SEM images with different magnifications of
the PMMA matrix with low-volume fraction of
ACNs

bottom of the glass mold. Most of ACNs were
embedded in matrix after in-situ polymerization. A
part of ACNs embedded in polymer matrix from
the bottom of the glass mold were exposed. Figure 6a gives an image with a low magnification of
ACNs in PMMA matrix; a few of them are not parallel with the most of composite nanofibres but
cross the ACNs. As shown in Figure 6b, the image
with high magnification clearly shows that the
ACNs are embedded in the PMMA matrix. Similar
to existing macro-fibre composites, the ideal morphology nanocomposite has a high volume fraction
of aligned, collinear nanotubes homogeneously dispersed in a surrounding matrix. By mechanically
densifying ACNs, variable control of MWNTs volume fraction is easily obtained. Combined with
polymer monomer into the nanofibre scaffold via
simple capillarity-driven wetting along the axis of
the MWNTs, nanocomposites are formed by in-situ
polymerization. Figure 7a shows that the ultrahighvolume-fraction ACNs were embedded in PMMA
matrix. The clear morphology is shown by high
magnification in Figure 7b.

Figure 5. WAXD spectra of pure PAN nanofibres (a), and
PAN-MWNTs composite nanofibres containing
f-MWNTs of 5% by weight (b)
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Figure 8 shows the typical stress-strain curves of
pure PMMA (a) and the PMMA/ACNs nanocomposites (b). The tensile strength, the tensile modulus and the strain at break values are summarized in
Table 1. Pure PMMA shows a tensile strength of
26.04 MPa, and tensile modulus of 1.40 GPa, while
the nanocomposite with the loading of ACNs
(7.2 wt%) shows a strength of 48.61 MPa, and a
tensile modulus of 3.86 GPa (axial direction of
ACNs). This corresponds to an increase of about 87
and 175%, verifying the validity of introducing the
aligned f-MWNTs as reinforcing fillers to PMMA
matrix.
A wide variety of theoretical work has been carried
out since the 1950s with the aim of modeling the
mechanical properties of fibre-reinforced composites. There are the rule of mixtures and the HalpinTsai equations [25]. The Halpin-Tsai equation is
used in the nanocomposites, which is known to fit
some data very well at low volume fractions of
fillers. In the equation, Em is the tensile modulus of
the matrix of ACNs, Vf is the MWNTs (in ACNs)
volume fraction, lf, df are length and diameter of
MWNTs, respectively, lf/df is the aspect ratio of
MWNTs.
Ef of MWNT was taken as 450 GPa [26], whereas
the volume fraction Vf = 2.0% was calculated from
the measured weight fraction (5.0 wt%) of
f-MWNTs, based on the MWNTs density
(2.16 g/cm3), Triton X-100 density (1.07 g/cm3)
and the PAN density (1.16 g/cm3). For the Em, we
use Em ≈ 27 GPa [27, 28]. The aspect ratio of
MWNTs was 15, using measurements from transmission electron microscopy images. Since electrospun fibre formation imposes an axial orientation
of the nanotubes, the composite modulus (Efibre)
can be calculated by Equation (1), resulting in a
value of 38.8 GPa for ACNs containing 5 wt%
f-MWNTs:

Figure 7. SEM images with different magnifications of
the PMMA matrix with ultrahigh-volume fraction of ACNs

1+ 2

Figure 8. Stress–strain profiles of pure PMMA (a) and the
composite with 7.2 wt% ACNs loadings (b)

E fibre = E m

Table 1. Tensile properties of PMMA and PMMA nanocomposites with ACNs

Pure PMMA
7.2 wt% ACNs

Tensile
strength
[MPa]
26.04 ± 0.32
48.61 ± 0.75

Tensile
modulus
[GPa]
1.40 ± 0.21
3.86 ± 0.53

lf
df

ηV f

1 − ηV f

(1)

where
Ef

Strain
at break
[%]
1.29 ± 0.51
1.04 ± 0.37

η=

Em
Ef
Em
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