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Multi-walled carbon nanotubes (MWNTs) periodically decorated with polyethylene (PE) lamellar crystals
had been prepared using the non-isothermal crystallization method. The morphology and structure of
polyethylene attached to MWNTs were investigated by means of transmission electron microscopy
(TEM). A nano-hybrid shish–kebab (NHSK) structure was observed wherein the average diameter of PE
lamellar crystals varies from 30 to 150 nm with average periodicity of 35–80 nm. The TEM images of
samples obtained at 125 �C showed that MWNTs were first wrapped by a homogeneous coating of PE
with few subglobules, then PE chains epitaxially grew from the subglobule and formed lamellar crystals
perpendicular to the carbon nanotube axis. It is suggested that the homogeneous coating plays a key role
in the formation of NHSK structures. And the formation process was discussed based on the intermediate
state images of samples obtained at 95 �C. While NHSK structures cannot be formed by using poly-
propylene (PP). This may attribute to the zigzagged conformation of PP chains on the surface of MWNTs,
which hinders the formation of homogeneous coating of PP on it.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The discovery of carbon nanotubes and carbon nanotube based
materials has inspired scientists for a range of potential applica-
tions due to their extraordinary mechanical, electrical, and optical
properties [1–3]. The polymer/carbon nanotube composites have
attracted wide attention. However, fabrication of homogeneous
nanocomposites with carbon nanotubes remains a great technical
challenge. Due to the CNTs’ intrinsic poor solubility, they often self-
assembled in bundles, which limited their application. Surface
functionalization is an effective and necessary approach to improve
its compatibility with solvent or polymer matrix. Covalent func-
tionalization of carbon nanotubes has been envisaged as a very
important method for nanotubes processing and application [4–6].
Although a variety of chemical routes have been investigated to
achieve nanotube solubility, the conjugation of the CNTs sidewall is
disrupted, and electrical and mechanical properties of the covalent
functionalized CNTs decrease dramatically compared to the pristine
ones due to the breaking of the sp2 conformation of the carbon
atom. On the other hand, the non-covalent method involves
wrapping of the nanotubes by surfactants, polymerizable monomer
: þ86 21 64250624.
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and polymers [7–12]. And the integrity of CNTs’ sidewall structure
is preserved, since the wrapping molecules is fixed onto CNTs by
Van der Waals force or by forming p-stacking.

Numerous studies show that carbon materials, in various forms,
are able to induce polymer crystallization. Tracz et al. [13] observed
highly ordered contact layers of polyethylene crystallized from the
melt on highly oriented pyrolytic graphite (HOPG) by atomic force
microscopy. Czerw et al. [14] used the carbon nanotubes to pattern
a high molecular weight polymer. The resulting regularity of poly-
(propionylethylenimine-co-ethylenimine) (PPEI-EI) on CNTs sug-
gested a ‘‘nanotube-driven’’ crystallization process. Based on the
former studies, Li et al. [15–17] reported the controlled polymer
solution crystallization method to achieve polymer decorated CNTs.
PE and Nylon 66 were found to be able to periodically grow along
the CNT axis and form nano-hybrid shish–kebab (NHSK) structures.
The formation mechanism of the NHSK was attributed to ‘‘size-
dependent soft epitaxy’’. Zhang et al. [18] also reported the
formation of NHSK using supercritical CO2 as antisolvent to induce
polymer epitaxial growth on CNTs. These studies offered a new
route to functionalize any kinds of pristine CNTs with different
diameter or chirality. And the NHSK can be used as templets to
prepare nanomaterials with special properties, because of the
unique structures of the NHSK.

Meanwhile there is plenty of research work being done in the
field of molecular dynamics simulations of the interaction between
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polymer chains and carbon nanotubes [19–25]. Yang et al. [19]
studied the isothermal crystallization process of PE chain on SWNT
(10, 10), which indicated that PE chain was first adsorbed onto the
SWNT surface, and then orientated to an ordered lamellae. Wei [20]
found that CNT induced high orientation of the PE chains along the
nanotube axis, which was correlated with the high density in the
first adsorption layer around CNT (10, 0). Liu et al. [21] also reported
that PE tended to form an extended conformation to wrap carbon
nanotubes, while PP adopted a zigzagged conformation on the
nanotubes surface instead of helical conformation.

In current work, we explored the feasibility of synthesizing PE/
MWNTs NHSK structures by non-isothermal crystallization
method. Compared with previously reported crystalline polymer
periodically wrapping to functionalize CNTs via an isothermal
solution crystallization technique, non-isothermal crystallization
method would be attractive since the manipulation process is
easier and similar to the actual industrial process. The formation
mechanism of this method was investigated based on the inter-
mediate state obtained at different stages and the MD simulation
results reported. PP was also employed in our studies due to the
different repeat unit arrangement and conformation between PP
and PE.

2. Experimental section

Pristine MWNTs (purity was about 95%, average diameter range
10–20 nm, length range 5–20 mm) were purchased from Alfa Aesar,
and used without any additional treatment to preserve the integrity
of CNTs’ sidewall structure. PE (7020, melt flow rate (MFI)¼ 7.5
g/10 min) used in this study was supplied by Xinjiang Dushanzi
International Petroleum & Chemical Ltd. PP (1300, MFI¼ 1.1
g/10 min) was purchased from Beijing Yanshan Petrochemical Co.,
Ltd. 1,2-Dichlorobenzene (DCB) and p-xylene were purchased from
Shanghai Lingfeng Chemical Reagents Co. Ltd.
Fig. 1. TEM images of PE/MWNTs NHSK. (a) and (b) prepared by non-isothermal crystallizat
(b) is the FFT diffraction pattern of the NHSK structures.
PE/MWNT NHSK was prepared by non-isothermal crystallization
method. 2 mg PE was dissolved in 8 g DCB at 125 �C. 1 mg MWNTs
was dispersed in 2 g DCB and ultrasonicated for 3 h and then added
to PE/DCB solution and hold at 125 �C for 10 min. The mixture was
cooled from 125 �C to room temperature spontaneously at a cooling
rate of 1 �C/min when the temperature was higher than 80 �C.
Sample was filtered and washed by hot p-xylene after crystallization
to remove uncrystallized PE. In order to investigate the intermediate
state of NHSK formation process, samples were collected at different
temperature during the non-isothermally crystallization. For PP/
MWNTs crystallization, the mixing of solution was kept at 170 �C for
10 min and then cooled to room temperature spontaneously.

The morphology of PE or PP functionalized MWNTs was char-
acterized by transmission electron microscopy (TEM). Samples
were collected on a TEM grid and conducted using a JEOL-2100
microscope with an accelerating voltage of 200 kV.

3. Results and discussion

3.1. Formation of PE/MWNTs NHSK using non-isothermal
crystallization

Fig. 1a and b shows the TEM images of PE-decorated MWNTs
after non-isothermal solution crystallization from 125 �C to room
temperature. It is evident that MWNTs were periodically decorated
with PE crystal lamellae (edge-on views) forming the NHSK
structures, which was similar to the NHSK structures formed by
isothermal crystallization method under 90 �C for 1 h, as shown in
Fig. 1c and d. And the inset to Fig. 1b is the corresponding Fast
Fourier transform (FFT) diffraction pattern of the NHSK structures.
The clear polycrystalline rings with lattice fringe spacing about
0.41 nm corresponded to crystal faces of (110) of PE. Fig. 2 displays
the high magnification TEM image of the NHSK structures after
non-isothermal crystallization. A thin coating of PE, with uniform
ion; (c) and (d) prepared by isothermal crystallization under 90 �C for 1 h; The inset to



Fig. 2. The high magnification TEM image of NHSK prepared by non-isothermal
crystallization method.

Fig. 3. The distributions of (a) lamellas diameter and (b) periodicity of both non-
isothermal crystallization and isothermal crystallization method.
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thickness of 1–3 nm, could be seen surrounding the whole nano-
tubes, and it is thicker at the location adjacent to crystal lamellae.
Fig. 3 gives the distributions of lamellar crystal diameter and
periodicity of NHSKs obtained by both non-isothermal crystalliza-
tion and isothermal crystallization method, based on the TEM
images of 100–200 lamellae. The diameters of lamellar crystals
were in the range of 30–150 nm. The lamellae sizes of sample
prepared by isothermal crystallization concentrated in 40–90 nm,
while those prepared by non-isothermal crystallization showed
a wider distribution. This phenomenon can be attributed to the
effect of different undercooling during non-isothermal crystalliza-
tion process, where new lamellae were continuously initiated from
the CNT surface during cooling. Nevertheless, the periodicities of
both methods were almost in the same range of 35–80 nm, indi-
cating that the crystallization temperature has rare influence on it.

Interestingly, the diameters of most crystal lamellae (with
thickness about 7–15 nm) are proportional to the periodicity. The
reason for this is probably that lamellae with large periodicity are
capable of absorbing more chains to epitaxially grow on it and,
consequently, they could grow much bigger. For the lamellae
prepared by non-isothermally crystallized, D/l¼ 1.4–1.7 (D is
diameter of a crystal lamella, l is the average distance between the
adjacent lamellae), while for the lamellae prepared by isothermally
crystallized, D/l¼ 1.1–1.4. And the different values of D/l obtained
from these two methods may result from different undercooling.

The TEM images of Figs. 1 and 2 show that the thickness of
crystal lamellae was quite different (w7–25 nm) in one sample. The
thickness of crystal lamellae is affected by the crystallization time
as reported [26]. PE crystal lamellae can thicken spontaneously due
to active sliding motions of PE chains during crystallization,
following a logarithmic law dc¼ C1 log tþ C2 (dc is the thickness of
crystal lamellae, t is the crystallized time, C1 and C2 are constants).
The MWNTs are decorated with PE lamellae of different sizes and
thickness after the same crystallization process. It is expected that
crystal nucleation on MWNTs and crystal growth occur simulta-
neously. For the crystal lamellae formed at early stage, the final size
and thickness are larger. To confirm this, we investigated the
formation process of NHSK and captured the intermediate state of
PE lamellae at 95 �C.
3.2. Formation process of PE/MWNTs NHSK using non-isothermal
crystallization

It is important to study what happened at the beginning of this
process, and the following experiment was performed. A sample
was held at 125 �C for 10 min and then quenched into liquid
nitrogen. From the TEM image (Fig. 4a), it can be seen that no NHSK
structure formed. The inset to Fig. 4a is the FFT diffraction pattern of
the sample. There was no polycrystalline rings observed, indicating
that PE chains deposited randomly on the MWNTs surface in
amorphous phase. It is understandable that PE cannot form crystals
at this high temperature. While the high magnification TEM image
(Fig. 4b) shows that a thin homogeneous PE coating with a few
subglobules (which may served as nuclei for the growth of crystal
lamellae) have already formed. It suggests that the formation of
NHSK is initiated as PE chains align along MWNTs axis, forming the
homogeneous coating. To further confirm this, we prepared NHSK
structures using very lower PE concentration (0.002 wt%, about 10%
of the former), and the TEM images are shown in Fig. 4c and d. It can
be found that most of MWNTs were wrapped with a thin PE coating
and only a few parts of MWNTs were decorated by small PE crystal
lamellae with a diameter of about 30 nm. It also indicated that the
homogeneous PE coating on MWNTs surface was formed firstly



Fig. 4. (a) TEM image and (b) high magnification TEM image of PE/MWNTs sample obtain after holding in 125 �C for 10 min; (c) and (d) shows NHSK prepared with lower PE
concentration (0.002 wt%); The inset to (a) is the FFT diffraction pattern of the sample.

Scheme 1. The orients of PE chains compared to CNT (10, 10): the first layer of chains
(the red) and the surface layer of chains (the black). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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during the crystallization process before the growth of crystal
lamellae. The formation of the homogeneous coating at the first
stage of crystallization process coincided with the proposal dis-
cussed by Yang et al. [19]. They investigated the relaxation process
of a single PE chain on a SWNT surface based on the MD simulation.
It proceeded in following steps: first, some segments of PE chains
were anchored onto the SWNTs surface; subsequently, the
segments displaced along the surface, and dragged their neigh-
boring segments onto the surface; finally, the PE chain formed
a uniform coating until almost all the segments contacted SWNTs.
And the simulations also indicated that subglobules would appear
during the later stage of this process.

We speculated that the homogeneous PE coating played a key role
in the formation of NHSK structures. According to the ‘‘size-depen-
dent soft epitaxy’’ mechanism, in which PE crystal lamellae (kebab)
directly epitaxially grow from the sidewall of MWNTs, the growth of
NHSK depended on the diameter of MWNTs. As the MWNTs diameter
was quite small, approaching the radius of gyration of PE (about 10–
20 nm for the PE used in this experiment), PE chains preferred to
align along the MWNTs axis, because of geometric confinement,
regardless of the lattice matching between the PE chains and the
graphitic sheet of MWNTs surface. However, in this work, it was clear
that PE crystal lamellae epitaxially grew from the homogeneous
coating, which consists of several layers of PE chains, instead of
sidewall of MWNTs. Due to the strong interaction between PE chains
and MWNTs, the orientation of the first layer chains of the homo-
geneous coating, which directly contacted to the MWNTs sidewall,
should be mainly determined by the lattice of the graphitic sheet.
Taking the CNT (10, 0) for example, the angle between the orientation
of the first layer PE chains and the tube axis tended to 8�and 12.5�,
based on MD simulations. While for the CNT (10,10), the angle tended
to 15�, as shown in Scheme 1 (the red chain); and for the CNT (40, 40),
the angle was 0�, 20�, 31�, 41�and 60�[20]. Clearly, most of the first
layer chains of the homogeneous coating did not align along the
nanotube axis. We assumed that lattice distortion or chains slide
occurred in the homogeneous PE coating, because of geometric
confinement caused by curvy surface of MWNTs. Consequently, PE
chains of the surface layer of the homogeneous coating tended to
align along tube axis (the black chain in Scheme 1), and PE crystal
lamellae could epitaxially grow from the coating and perpendicular
to the MWNTs axis. So disregarding the CNTs chirality, the strict
lattice matching between PE chains and the graphitic sheet, and the
geometric confinement can be satisfied simultaneity, due to the
existence homogeneous PE coating.

To investigate the growth process of periodical PE crystal
lamellae, samples were obtained when temperature decreased to
95 �C, and then isothermally filtered to remove the uncrystallized
PE. A series of TEM images of the intermediate state of crystal
lamellar growth process are shown in Fig. 5. Fig. 5a shows a wide
range TEM image of the sample. It is obvious that there are only few
parts of MWNTs decorated by PE crystal lamellae. As shown in
Fig. 5b and c, the sizes of the crystal lamellae are generally smaller
than those of the final ones shown in Fig. 1a and b, indicating that



Fig. 5. TEM images of samples obtained at 95 �C.
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the crystal lamellae would keep growing with the temperature
decreased. Fig. 5d also shows a couple of subglobules with the
distance about 45 nm between them. This indicates that sub-
globules can form at any time during the crystallized process.
Consequently, crystal growth is accompanied with the formation of
new nuclei. The reason for this phenomenon is attributed to the fact
that dynamics of the transition of a polymer chain from random
conformation to extended chain or folded chain conformation
strongly depended on molecules size and the initial conformation
of the chains [27–29]. As a result, chains with larger size could
crystallize at earlier stage with low undercooling. And the smaller
chains crystallized later as undercooling increasing. Furthermore,
at the same undercooling, chains with the same size would crys-
tallize at different time, since the initial conformation of chains in
the solution was different.

The formation process of NHSK is shown in Scheme 2. First, PE
chains near the MWNTs were adsorbed onto the nanotube surface
as soon as they were mixed in the solution (Scheme 2-a), in order to
reduce the high surface free energy of MWNTs. Secondly, with the
increasing of wrapping chains, they began to slide along tubes and
changed into extended chain conformation, which had lower
Scheme 2. Formation process of PE/MWNTs NHSK structures.
entropy than that of fold chain [27], forming a homogeneous
coating around MWNTs with few subglobules (Scheme 2-b). We
assumed that PE chains were in extended chain conformation
based on the MD simulation results of other groups. For example,
Wei proposed that the PE chains with 100-units are in well
extended and ordered structures on the surface of SWNTs at low
temperature [20]. While Yang’s MD simulations indicated that PE
chains’ (with 1000-units, which is more similar to the PE used in
our work) stems align parallel to the SWNTs axis [19]. Thirdly, with
temperature decreased, PE chains epitaxially grew from sub-
globules of the homogeneous coating and formed the crystal
lamellae. And at the same time, new subglobules also formed
simultaneously (Scheme 2-c). Finally, crystal lamellae kept growing
and formed NHSK structures (Scheme 2-d).
3.3. PP wrapping MWNTs by non-isothermal crystallization

To investigate the generality of this non-isothermal crystallized
method, PP was also employed to prepare NHSK using this method.
However, PP/MWNTs NHSK structures could not be achieved by
both non-isothermal crystallized and isothermal crystallized
method. From the high magnification TEM image as shown in Fig. 6,
it can be observed that although some PP chains wrapped around
MWNTs to reduce the high surface free energy of CNTs, they did not
form a homogeneous coating as PE chains did. The alignment of
polymer chains on the MWNTs surface depends on strict lattice
matching between chains and graphitic lattice, which are deter-
mined by both molecular structures and MWNTs chiralities. As
mentioned before, according to the MD simulation, PE chains are in
extended chain conformation, while PP has a zigzagged confor-
mation on the CNTs surface, instead of helical conformation as in
crystal [21]. The difference of conformation between PE and PP on
the surface is caused by the side group of CH3 on PP chains. So
strictly, it is the molecular structure, which determines the chains
alignment on the MWNTs surface, prevents PP to form NHSK



Fig. 6. High magnification TEM image of PP wrapping MWNTs.
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structures. It is interested that PE, Nylon 6,6, PVA, PBT, all of which
are in zigzagged conformation in crystal, had already been used to
prepare NHSK successfully. However, PP and PEG with helical
conformation in crystal could not be able to form NHSK till now.
And this would be another proof that the homogeneous coating
played a key role in the formation of NHSK structures.

4. Conclusions

In conclusion, we have demonstrated that non-isothermal
crystallized method is a feasible and facile way to prepare PE/
MWNTs NHSK structures. And based on the intermediate state of
formation process, it is obvious that before the epitaxial growth of
crystal lamellae, the whole MWNTs were coated with a thin
homogeneous PE coating with subglobules, which played a key role
in the formation of NHSK structures. We also found that the sub-
globules formed at different time, and served as nuclei for the
growth of crystal lamellae. PP/MWNTs NHSK structures could not
be prepared, which may be due to the zigzagged conformation of PP
on the surface of MWNTs, hindering the formation of homogeneous
PP coating on the MWNT surface.
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