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In this paper, a novel method for fabrication of core-shell nanospheres with polystyrene (PS) as the core
and multi-walled carbon nanotubes (MWNTs) as the shell via hydrogen-bonding self-assembly is
introduced. The PS nanospheres with carboxyl acid groups on the surface (PS—COOH nanospheres) were
prepared by typical soap-free emulsion copolymerization with acrylic acid as comonomer. The MWNTSs
were grafted with poly(vinyl pyrrolidone) (PVP), in which the carbonyl oxygen can act as proton

acceptors to form hydrogen bonds with the carboxyl acid groups. The results show that the function-

Keywords:

Carbon nanotube

Polystyrene nanospheres
Hydrogen-bonding self-assembly

alized MWNTs can self-assemble onto the surface of PS—COOH nanospheres rapidly via hydrogen
bonding interaction, and the process is reversible and can be well controlled by adjusting pH value of the
system. These core-shell nanospheres have the potential to be used as conductive and synergistic
reinforcement fillers in fabricating high-performance and functional nanocomposites.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991, because
of their unique structure and outstanding properties, great interest
has been aroused in areas such as fabrication, characterization and
applications of CNTs. Pristine CNTs cannot be dissolved and
manipulated in almost any solvent, and they are also difficult to be
dispersed well in solid matrices, which greatly limit their applica-
tions in many fields. Progress in the development of functionali-
zation methods and novel self-assembly techniques for CNTs has
widened their application range in recent years [1—4]. In particular,
polymers have been utilized for functionalizing CNTs through
either wrapping or covalent bonding, which has enabled the
dispersion of CNTs into aqueous and organic liquid media as well as
polymer matrices and opened up new possibilities of developing
novel structures and materials. Among various covalent function-
alization methods for CNTs, defect functionalization is a simple but
effective method, and has become the subject of intensive inves-
tigations for fabricating novel materials with new functions and
applications [5,6].

Construction of core-shell super-structures with CNTs as the
shell has attracted much attention because of their potential
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applications in chromatography techniques, nanoscale electronic
devices, etc. CNTs have been assembled on various types of colloidal
templates using the well-known layer-by-layer (LBL) assembly
technique based on electrostatic interaction [7—13] and van der
Waals attractions [14]. Although the LBL assembly is an effective
technique to deposit dense mono- and multi-layers of CNTs onto
colloidal templates, the processes are intricate and tedious. A
simpler approach to prepare core-shell polymer/CNT spheres is to
use surfactants to stabilize CNTs and then mix the well-dispersed
CNTs with polystyrene (PS) or poly(methyl methacrylate) (PMMA)
microspheres to induce slow sedimentation of the two compo-
nents, finally forming the CNT-adsorbed polymer microspheres
[15]. However, using this method, the residual surfactants are
difficult to be removed, which may largely affect the properties of
the prepared particles and their further uses. Recently, some
researchers have attempted to prepare CNT hollow spheres by
simple emulsion method [16—19]. Enrichment of CNTs in the
interface between water and oil phases was utilized in these
studies. As only the liquid phase is used as the core, the as-prepared
hollow CNT particles are of irregular shape, and the size is usually
larger than 5 pm, sometimes even up to 10—100 um with a very
wide size-distribution, thus limiting their further applications.

In this paper, we report a facile approach to fabrication of PS-
CNT core-shell nanoparticles by simply mixing aqueous dispersions
of poly(N-vinylpyrrolidone) (PVP)-grafted MWNTs obtained via
defect functionalization and acid-functionalized PS (PS—COOH)
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nanospheres. The motivation of the work is to fabricate nanohybrid
structures consisting of 1-D nanoparticles (CNTs) and 3-D nano-
particles (polymer nanospheres) in a simple but controllable way.
Co-assembly of mixed nanoparticles with different sizes and shapes
opens up the possibility of fundamentally studying assembly
behavior of two kinds of nanomaterials [20—22]. The self-assembly
tendency of PVP-functionalized MWNTs and PS—COOH nano-
spheres can be controlled by varying pH values of the solutions,
which promises easy manipulation of morphology of the core-shell
nanoparticles. The reverse process, i.e. the dissociation of the
aggregated composite nanoparticles, is also made possible, which is
important to study the resultant nanoaggregates with electronic,
optical, magnetic and biological properties derived from the two
individual nanomaterials.

2. Experimental
2.1. Materials

Styrene, N-vinyl pyrrolidone (NVP) and acrylic acid, supplied by
Sigma—Aldrich, were purified by distillation under reduced pres-
sure. Allyl glycerol ether (AGE), concentrated nitric acid (69%),
concentrated hydrochloric acid (36.5%), N,N-dimethylformamide
(DMF) and acetone were supplied by Sigma—Aldrich and used as
received. Potassium persulfate (KPS) and 2,2’-azobisisobutyroni-
trile (AIBN) were purchased from Sigma—Aldrich and used after
recrystallization. MWNTs with purity of 95%, produced by CVD
method, were supplied by Chengdu Institute of Organic Chemistry,
Chinese Academy of Sciences. The outer diameters of the MWNTSs
are about 10—20 nm. Ultrapure Milli-Q water was used throughout
all the experiments.

2.2. Measurements and characterization

FTIR spectra were recorded with a spectral resolution of 4 cm™!
on a Nicolet Nexus 470 spectrometer equipped with a DTGS
detector by signal averaging of 256 scans. IR samples were in the
form of KBr pellets containing 1 wt% pre-dried sample. Thermog-
ravimetric analysis (TGA) was performed from 100 to 800 °C at
a heating rate of 10 °C/min using Q-500 (TA Instruments) under
nitrogen atmosphere. The digital images were taken by Canon
Digital IXUS 80IS. TEM samples were prepared by dispersing the
CNTs in ethanol through sonication and casting the suspensions
onto Cu grids, followed by solvent evaporation in air at room
temperature. The surface morphology of the nanospheres was
observed by a JEOL JSM-6700 field emission scanning electron
microscope (FESEM) under an accelerated voltage of 5.0 kV.

2.3. Preparation of PS—COOH nanospheres via soap-free emulsion
polymerization

PS—COOH nanospheres with styrene/acrylic acid molar ratio of
9:1 were synthesized as previously reported [23—25]. The soap-
free emulsion polymerizations were carried out in a 250 mL three-
neck flask equipped with a reflux condenser, nitrogen gas inlet,
Teflon stirrer, and thermometer. The targeted solid content of the
emulsion was 10 wt% and the initial charge in the reactor was
deionized water, styrene and acrylic acid. After pre-emulsification
for 30 min, the glass reactor was degassed with nitrogen for 30 min
at 70 °C. The initiator solution was then added slowly, followed by
polymerization at 70°C for 6 h. After the emulsion was cooled
down to room temperature, the products were washed several
times with methanol by centrifuging and then dried under vacuum
at 35 °C for 24 h.

2.4. Acid treatment of the raw MWNTSs

In a typical experiment, 1g raw MWNTs were added into
a 250 mL round-bottom flask, with 100 mL 69% nitric acid. The
mixture was sonicated (with a frequency of 40 Hz) for 10 min and
then heated to reflux (at 90 °C) for 24 h. After cooling to room
temperature, the mixture was diluted with 800 mL deionized water
and then filtered with filter paper. The black solid on the paper was
then redispersed in water and filtered with 0.45 pm Milipore PTFE
membrane. The dispersing and filtration steps were repeated at
least four cycles, until the pH value of the filtrate approached 7. The
final black solid was collected by centrifuging and then dried under
vacuum for 24 h at 60 °C.

2.5. Preparation of PVP-PAGE random copolymer and PVP-
functionalized MWNTs

PVP-PAGE random copolymer was prepared by typical radical
copolymerization using AIBN as radical initiator and DMF as
solvent. The flask was tightly sealed with a rubber septum and then
degassed. The polymerization was conducted at 70 °C with NVP/
AGE of 20:1 in an oil bath. After 12 h, the acid-treated MWNTs
dispersed in DMF were injected into the upper reaction solution.
The solution was kept at 120 °C and catalyzed by 1 wt% TEA for
24 h. The product was then collected by centrifuging and washed
several times by filtration with large amount of water, ethanol and
dried under vacuum overnight.

2.6. Fabrication of PS/CNT core-shell nanospheres

A homogeneous dispersion of PVP-g-MWNTs in water with the
concentration of 1.0 mg/mL (Suspension I) and an aqueous
suspension of 1 wt% PS—COOH (Suspension II) were prepared by
sonication and adjusted to pH =3 by adding 1.0 mol/L HCl. Both
suspensions were found stable after at least one day storage. 1 mL
Suspension II was dropped into 5 mL Suspension I in 2 min under
vigorous stirring. After that, the mixture was kept at ambient
condition for at least 5 min without stirring. Gradually, gray black
precipitates were found at the bottom of the bottle and the upper
solution became clear and transparent. After centrifugation and
washing with water, the precipitates were dried under vacuum
overnight for further characterization. When these gray black
precipitates were added into deionized water that was adjusted to
pH=10 by adding NaOH solution, they were redispersed into
solutions. Samples with different concentrations of PVP-g-MWNTSs
(0.20 mg/mL and 0.04 mg/mL) were fabricated by repeating the
above experimental procedure.

3. Results and discussion

In this work, the method used for adsorbing MWNTs onto
spherical colloids is based on the typical hydrogen-bonding-
induced self-assembly of poly(acrylic acid) (PAA) and PVP, which is
similar to the LBL self-assembly of PAA and PVP reported by other
groups [26—28]. However, since PAA is completely water soluble
and cannot form nanospheres in water, we introduce large amount
of carboxyl acid groups onto the surface of PS nanospheres via
a one-step soap-free emulsion copolymerization process. The
particle size, copolymer composition, and surface groups of the
nanospheres can be tailored and the PAA phase can be enriched on
the surface of the latex [29,30].

The MWNTs were functionalized in two steps as illustrated in
Fig. 1. In the first step, the MWNTs were functionalized by acid
treatment, whereby carboxyl acid and hydroxyl groups were
introduced onto their end tops and side walls. In the second step,
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Fig. 1. Schematic illustration of the functionalization of MWNTSs.

the PVP-PAGE copolymer was grafted onto the surface of the acid-
treated MWNTs by simple epoxy ring-opening reaction.

Fig. 2 shows the FTIR spectra of the raw MWNTs, the acid-
treated MWNTs (MWNT-COOH) and the PVP-grafted MWNTSs (PVP-
g-MWNTs). Compared with the raw MWNTs (curve a), the FTIR
spectrum of MWNT-COOH (curve b) shows an absorption band at
1738 cm™! that can be assigned to carbonyl stretching vibration,
indicating that the carboxyl acid groups have been introduced onto
the MWNT backbones after oxidization by concentrated HNOs.
Curve c in Fig. 2 shows the FTIR spectrum of PVP-g-MWNTs.
Different from that of MWNT-COOH, distinct signals from PVP can
be seen clearly on the curve c. The broad bands in the wavenumber
range of 3000—3500 cm™! are related to the trace amount of
residual water in KBr used for preparation of the samples, whereas
the C—H stretching vibrations of the grafted PVP and PAGE can be
observed at 2860 and 2930 cm~ .. The broad absorption band at
1650 cm™! corresponds to the stretching vibration of the C=0
group of the amide. The broad but relatively weak band at
1430 cm~ ! is assigned to the stretching vibration of the C—N bond
of the amide group. No bands corresponding to epoxy rings are
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Fig. 2. FTIR spectra of (a) the raw MWNTs, (b) MWNTs-COOH and (c) PVP-g-MWNT
samples.

detected, indicating that the epoxy ring-opening reaction does
occur. The FTIR results thus verify that PVP chains are covalently
attached to the MWNTs.

In order to estimate the weight percentage of carboxyl acid and
hydroxyl groups upon acid treatment and that of PVP chains grafted
onto the MWNTSs, functional groups and grafted polymer chains on
the MWNTs were removed by thermal defunctionalization. Fig. 3
presents the weight loss curves of the MWNT samples upon heat-
ing in a nitrogen atmosphere. As shown in Fig. 3, only about 1.8 wt%
weight loss, mainly contributed by the decomposition of amor-
phous carbon or the residual metal catalysts, can be observed for
the raw MWNTs when the temperature is increased to 600 °C,
indicating a good thermal stability of the raw MWNTSs. In contrast,
the MWNT-COOH sample starts to lose weight at about 150 °C as
a result of the decomposition of the functional groups, i.e. carboxyl
acid and hydroxyl groups, on the MWNTSs. According to the residual
weight at 600 °C, the amount of the functional groups is estimated
to be about 5.0 wt% in the MWNT-COOH sample. This value is
comparable to the results reported previously [31,32]. Similarly, the
amount of PVP chains in PVP-g-MWNTs is estimated to be about
18.2 wt%. Clearly, the MWNTSs are successfully functionalized with
PVP by the two-step process.

As shown in Fig. 4, the raw MWNTs cannot be dissolved in any
solvents studied, such as deionized water and DMF. After the acid
treatment, the resulting MWNT-COOH can only be poorly dispersed
in water, whereas it exhibits good solubility in DMF. In contrast,
a very good solubility of PVP-g-MWNTs can be observed in solvents
such as water and DMF, which is almost similar to the solubility
behavior of neat PVP. However, PVP-g-MWNTs exhibit poor solu-
bility in acetone, just as neat PVP does, confirming that the PVP
chains have indeed been covalently bonded to the MWNTs.

The TEM images of the raw MWNTs and PVP-g-MWNTs are
shown in Fig. 5. The internal and external diameters of the raw
nanotubes are about 5—10 and 10—20 nm, respectively. The average
length of the MWNT is approximately several micrometers. For the
images of the raw MWNTSs, no extra phase marked with different
degrees of gray can be observed in the images at low and high
magnifications (Fig. 5a, b). For the samples of PVP-g-MWNTs, in the
low magnification image (Fig. 5¢), it can be seen that some parts of
the tubes are clothed with a polymer layer, and the jointed tubes
still mass together. This indicates that the thickness of the polymer
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Fig. 3. Temperature dependence of weight loss for the raw MWNTs, MWNT-COOH and
PVP-g-MWNTs in nitrogen flow.
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Fig. 4. The dispersion state of the raw MWNTs (left), MWNT-COOH (middle) and PVP-g-MWNTs (right) in (a) distilled water and (b) DMF. The photos were taken after 1 month

storage. The content of CNTs in each bottle is 1.0 mg/mL.

layer coated on the MWNT is not completely same and the “grafting
onto” process occurs not only at the tube tips but also on the whole
convex surfaces. In the images at high magnification (Fig. 5d), the
core-shell structure is clearly observed. The polymer layer is closely
impinged on the outer wall along the stretched direction of the
nanotubes. The thicknesses of polymer layer grafting on MWNTSs
are measured to be about 2—4 nm. These observations are in
agreement with those ever reported for other polymer-function-
alized MWNTs, wherein similar core-shell structure was formed
when certain amount of polymer was grafted onto MWNTs.
When the concentration of PS—COOH nanospheres in the
colloidal suspension of PS—COOH is 1wt% and the concentrations of
PVP-g-MWNTs in water are 1.0, 0.20, 0.04 and 0 mg/mL, respec-
tively, all suspensions are fairly stable at pH = 3 after standing for
one day, as shown in Fig. 6a. When the colloidal suspension of
PS—COOH nanospheres is dropped into the aqueous dispersions of
PVP-g-MWNTs, interestingly, PVP-g-MWNTSs can be adsorbed onto
the surfaces of the PS—COOH nanospheres rapidly, thereby inducing
co-precipitation of the composite nanospheres. As a result, fast
sedimentation occurs, as shown in Fig. 6b, indicating the presence of
strong interactions between PS—COOH nanospheres and PVP-g-

MWNTs. Even after sonicating these sediments in deionized water
for several minutes, the MWNTs still remain adhered to the surfaces
of PS—COOH nanospheres due to the strong hydrogen bonding
interaction between the two components. When adjusting the
upper clear, transparent solvent into alkaline condition (pH = 10)
and stirring gently, the gray black precipitates at the bottom of the
bottle can be redispersed into the upper clear solvent homoge-
neously, as shown in Fig. 6¢c, indicating the elimination of the
hydrogen bonding interaction due to the ionization of carboxyl acid
group under the alkaline condition.

Fig. 7 presents the thermal degradation behaviors of PS—COOH
nanospheres, PVP-g-MWNTs and the composite nanospheres
prepared at the PVP-g-MWNTs loading of 1.0 mg/mL. PS—COOH
nanospheres show a two-stage decomposition. The first stage is in
the temperature region of 200—350 °C, which is probably related to
the cleavage of surface carboxyl acid groups in PS—COOH nano-
spheres. The second one starts at about 350 °C, which is assigned to
the decomposition of PS chains in the core. The PS/MWNT
composite nanospheres show thermal decomposition in the
temperature range of 250—500 °C and a weight loss of about 78%.
The residues above 500 °C are mainly the MWNTs left behind

Fig. 5. TEM images of the raw MWNTs at low (a) and high (b) magnifications; the PVP-g-MWNTs at low (c) and high (d) magnifications.
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Fig. 6. Schemes showing the fabrication process of the PS/MWNT core-shell composite nanospheres and the dissociation process of the aggregated composite particles. (a)
PS—COOH colloidal suspension with a concentration of 1 wt% and PVP-g-MWNT suspensions in water with concentrations of 1.0, 0.20, 0.04 and 0 mg/mL, respectively. All the
suspensions were adjusted to pH = 3; (b) co-precipitation of PS—COOH colloidal suspension and PVP-g-MWNT suspensions with concentrations of 1.0, 0.20, 0.04 and 0 mg/mL,

respectively; (c) dissociation of the aggregated composite particles via varying pH to 10.

without organic groups, indicating that a significant amount of
MWNTs have been adsorbed onto PS—COOH nanospheres. It is
worth noting that the contents of MWNTs in the core-shell
composite nanospheres can be controlled conveniently by
changing the initial weight ratio of PVP-g-MWNTs to PS—COOH
nanospheres in the solutions. In the LBL assembly process, this is
usually done by changing the cycle numbers, which is more tedious
and time-consuming.

Direct evidence for the adsorption of PVP-g-MWNTs on the
surface of PS—COOH nanospheres can be obtained by FESEM
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Fig. 7. Temperature dependence of weight loss for PVP-g-MWNTs, PS—COOH nano-
spheres and PS-MWNT core-shell nanospheres in nitrogen flow.

observation. Fig. 8 shows the surface morphologies of the as-
prepared PS—COOH nanosphere and PS/MWNTs composite nano-
spheres with different loadings of PVP-g-MWNTs. Fig. 8a is the
FESEM image at a low magnification for the PS—COOH nanospheres
produced by emulsion technology without any treatment. These
nanoparticles have a narrow size-distribution and average particle
size of ~280 nm. The image at a higher magnification (Fig. 8b)
shows relatively clean surface with some bitty gullies for the as-
prepared PS—COOH nanospheres. Fig. 8c, d and e show the
morphologies of the PS/MWNT core-shell nanospheres with
different loading levels of PVP-g-MWNTs (0.04, 0.20, 1.0 mg/mL,
respectively). From these FESEM images, it can be observed that the
amount of the MWNTs adsorbed on the surface of PS—COOH
nanospheres increases with the initial loading levels of PVP-g-
MWNTs. The uncovered region of the core-shell nanosphere
surface is clean and smooth, while the rough region with tiny hair-
like structures corresponds to the MWNTSs adsorbed on the nano-
sphere surface. At high MWNT loading levels, some MWNTs form
joints between PS—COOH nanospheres. The above FESEM images
further confirm that each colloidal particle of PS—COOH has
MWNTs adsorbed on the surface, while MWNTSs or PS nanospheres
themselves do not aggregate forming large agglomerates. Fig. 8f
shows the same sample as in Fig. 8e but at a higher magnification.
One can clearly see the hair-like structures of CNTs on the smooth
surface of PS—COOH nanospheres. To further study the formation
mechanism of these PS/MWNT nanospheres, they were put into
alkaline condition (pH=10) to destroy the hydrogen bonding
interaction. After the alkaline treatment, the MWNTs are seldom
observed on the surface of PS—COOH nanospheres, as clearly
shown in Fig. 8 g. This verifies that the MWNTs are indeed adsorbed
onto the surface of the PS—COOH nanospheres through hydrogen
bonding interaction.
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Fig. 8. FESEM images of the as-prepared PS—COOH nanospheres at low (a) and high (b) magnifications, PS/MWNT core-shell nanospheres with PVP-g-MWNT loadings of 0.04 mg/
mL (c), 0.20 mg/mL (d) and 1.0 mg/mL (e), respectively, at pH = 3. (f) is a high-magnification FESEM image of PS/MWNT core-shell nanospheres at PVP-g-MWNT loading of 1.0 mg/
mL and pH = 3; (g) shows that after adjusting pH value to 10 and rinsing, the surface of the nanospheres shown in (f) becomes clean and smooth.

4. Conclusions

In summary, the present paper demonstrates that polystyrene/
MWNT composite nanospheres with well-controlled morphology
can be obtained at large scale by a facile wet chemical self-assembly
method. The loading level of MWNTSs within the hybrid nanospheres
can be easily controlled by changing the initial proportion of MWNT

and PS—COOH nanospheres. MWNTs are observed on the surface of
nanospheres with a small amount of MWNT joints among the
spheres. The hydrogen-bonding self-assembly process is reversible
and can be well controlled by adjusting pH value of the system. The
hybrid nanoparticles prepared via this route have the potential to be
used as conductive and synergistic reinforcement fillers for fabri-
cating high-performance and functional nanocomposites. Detailed
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studies are still on the way to investigate the properties and appli-
cations of these nanoaggregates.
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