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a b s t r a c t

SrFe12O19 nanoparticles are adsorbed alongside the CNTs via in situ sol–gel method. The crystal structure
and morphology of the as-synthesized sample are characterized by X-ray diffraction pattern (XRD), trans-
mission electron microscope (TEM). The results shown that a large number of the high purity SrFe12O19
ccepted 10 October 2010
vailable online 23 October 2010
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nanocrystallites are decorated on the sidewalls of the CNTs, and these nanocrystallites aggregated around
the CNTs templates form compact cladding. The probable formation mechanism of the nanocomposites
is also investigated based on the experimental results.

© 2010 Elsevier B.V. All rights reserved.
ggregation
ormation mechanism

. Introduction

Since the discovery of carbon nanotubes (CNTs), polymer-based
omposites including carbon nanotubes have attracted consider-
ble attention in the research and industrial communities, due to
heir good electrical conductivity, high stiffness and high strength
t relatively low CNTs content [1–6]. Currently, three methods are
ommonly used to introduce CNTs into polymers: (1) solution mix-
ng or film casting of suspensions of CNTs in dissolved polymer [7],
2) in situ polymerization of CNT–polymer monomer mixture [8],
nd (3) mechanically melt mixing of CNTs with polymers [9].

Besides that, CNTs can also form composites with many inor-
anic materials. For examples, Ma et al. [10] have prepared
NT–SiC composites by hot-pressing the mixture of large multi-
all carbon nanotubes (MWNTs: 30–40 nm in diameter) and SiC
owder. Novel composite powders such as CNT–Fe/Co–MgAl2O4
nd CNT–Co–MgO have been synthesized [11–14]. Peigney et al.
ave produced the CNT–Fe–Al2O3 powders [15] in which the CNTs
re very homogeneously dispersed between the metal oxide grains.
hese CNT–metal oxide composites are electrical conductors owing
o the percolation of the carbon nanotubes. SiOx coated CNTs [16]
ave also been fabricated through a sol–gel technique at room

emperature. Multi-walled carbon nanotube (MWNT)-based metal
xide composites [17] are prepared by an impregnation method
sing organometallic compounds as precursor. Chen et al. [18]
btained SnO–CNT composites by a sol–gel method as anode active
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material for lithium-ion batteries. Han and Zettl [19] have coated
single-walled carbon nanotubes with a thin SnO2 layer (about 4 nm)
by a chemical-solution route. The MWNTs–SnO2 composites fabri-
cated by a new and simple one-step wet chemical method [20] have
also been reported recently.

Here we produced CNTs–SrFe12O19 composites by the in situ
sol–gel method in which the formation of SrFe12O19 and its
compounding with CNTs happened almost simultaneously. The
as produced composites are examined by transmission electron
microscopy (TEM). Results showed that purified CNTs are well
coated with SrFe12O19. And the probable formation mechanism of
the composites is investigated based on the experimental results.

2. Experimental

2.1. Oxidative modification of CNTs

The pristine CNTs are first roasted at 520 ◦C for 2 h in a quartz tube furnace.
Next, they are dispersed into concentrated nitration mixture (VH2SO4:VHNO3 = 3:1)
at 80 ◦C, with constant stirring for 6 h. Subsequently, the solution is treated with an
ultrasonicator for 6 h. Finally, the solution is diluted with distilled water and rinsed
several times until the pH value reached neutral. The resulting CNTs are separated
from the solution by filtration and dried in a vacuum oven at 60 ◦C for further use.

2.2. Synthesis of CNTs–SrFe12O19 composites

CNTs–SrFe12O19 composites are prepared by using absorbent cotton as a tem-
plate by the in situ sol–gel method. The detailed process could be described as
follows. Sr(NO3)2 and Fe(NO3)3·9H2O (the mole ratio of Fe3+/Sr2+ is 11.5) are dis-

solved in 200 ml deionized water, and mixed with 2% (quality score) modified CNTs.
Next, citric acid (the mole ratio of citric acid/metal ion is 1:1) is added to the above-
mentioned mixture. The pH value is adjusted to 6 by adding NH3·H2O after the
solution is stirred homogeneously; it is treated with an ultrasonicator for 30 min.
Subsequently, the solutions are treated at 80 ◦C for 6 h, 18 h (including stewing
for 6 h), 30 h (including stewing for 12 h) respectively, and the other solutions are
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Fig. 1. TEM images of original CNTs (a) and after oxidation treatment by n

reated at 50 ◦C for 6 h, 18 h (including stewing for 6 h), 30 h (including stewing for
2 h) respectively, the remaining solution is dipped by the absorbent cotton. They
re further dried for 12 h at 80 ◦C. Finally, all the dried gels are then calcined under
50 ◦C for 2 h to obtain CNTs–SrFe12O19 samples, and they are recorded as a, b, c, a1,
1, c1.

.3. Characterization

The crystalline structure of the samples is determined by � D/max-A diffrac-
ometer (Cu K� radiation, � = 0.154056 nm) studies. The transmission electron

icroscope (TEM, H-800) is used to examine the structures and to determine further
etails of the nanocomposites.

. Results and discussion

FT-IR spectra of purified CNTs (c) and CNTs–SrFe12O19 (d).
It is well-known that most as produced CNTs contain some

mpurities such as amorphous carbon, fullerenes and catalyst par-
icles, which are a serious impediment for CNTs to be directly used
s functional filler in composites. Therefore, oxidative modification
f carbon nanotubes is necessary. As can be seen in Fig. 1(a), the
ristine CNTs are long and curve; they are tangled together under
lectrostatic force. Fig. 1(b) shows the TEM image of purified CNTs
n which the long interwined CNTs with a diameter of about 30 nm
re very clean and almost all impurities had been removed. Thus
he purification for CNTs is effective. The oxidation treatment can
mprove the wetting effect between the CNTs and the polymer, it
an also make the surface of CNTs introduce the functional groups

hich can react with the polymer matrix, so as to further enhance

he cementation between them [21,22].
Fig. 1(c) shows the FTIR spectra of modified CNTs, the peak

t 3447 cm−1 is due to –OH group (due to oxidation with H2SO4
nd HNO3), One can see this peak is broadened in Fig. 1(c). As
on mixture (b) FT-IR spectra of purified CNTs (c) and CNTs–SrFe12O19 (d).

the peak at 2924 cm−1 are assigned to the asymmetrical stretch-
ing of methylene (–CH2–). The peak at 2390 cm−1 is assigned to the
bending vibration of the adsorbed molecular water. The peak at
673 cm−1 may be due to the plane bending vibration of the C–H
bond. 1225 cm−1 corresponding to the characteristic absorption
peak of –SO4

−, Hydrophilic –SO4
− negative electricity group spread

into the surrounding solvent water molecules, the van der Waals
force between CNTs was overcome by electrostatic repulsion inter-
action of negative electricity group, and the reunion between CNTs
was broken [23], which created favorable conditions for adsorption
with strontium ferrite nanoparticles. In Fig. 1(d), there are peaks at
about 598 cm−1, 551 cm−1 and 440 cm−1, respectively. They are all
located in the region between 400 cm−1 and 800 cm−1. Previous
reports [24] have shown that they are the characteristic peaks of
SrFe12O19.

From the TEM images in Fig. 2, which can be found that with
the increasing of reaction and deposition time, SrFe12O19 nanopar-
ticles coated on the surface of CNTs increasingly dense and smooth,
and radial size of the CNTs–SrFe12O19 composites is also smaller,
which indicates that reaction time plays an important role in the
coating effect. And with the lengthening of the reaction and depo-
sition time, more SrFe12O19 nanoparticles can be aggregated to the
surface of CNTs, and the spacing among SrFe12O19 particles will
be getting smaller and smaller. Therefore, the surface of CNTs is
more smooth and coated more completely. As for the aggregation of
nanocrystallites, it has been proposed that the aggregation growth

will initiate when the repulsive interactions are not large enough
to block their access due to Brownian motion and van der Waals
attraction [25,26]. Currently, the main driving force for aggrega-
tion of nanocrystals is attributed to the tendency to decrease the
high surface energy. In our case, dipolar interactions between the
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Fig. 2. TEM images of CNTs–SrFe12O1

agnetite nanoparticles are also contributive to their aggregation
27].

The aggregation process may be divided into three steps: 1. The
rregular adsorption at the molecular level; 2. The rearrangement
etween SrFe12O19 particles; 3. The “close packing” and growing
p of the SrFe12O19 particles. As shown in Fig. 3:

In addition, the stability of CNTs is greatly enhanced after ultra-
onic oscillation. This is because in ultrasonic field, the “ultrasonic
avitation bubbles” generated by frequency ultrasonic wave release
remendous energy when they exploded, producing local high tem-
erature, pressure environment and internal jet which had a strong

mpact force. This cavitation, making CNTs fracture into smaller
hort-tubes from their modified defects, plays shear effect on their
eunion and is conducive to the formation of small particles [28].
he active groups on the surface of CNTs greatly increase their dis-
ersion in the solution, and SrFe12O19 nanoparticles adsorb on the
urface of CNTs as the role of active groups.
In Fig. 2(a), (b), (c), the number of SrFe12O19 particles is larger
han that of Fig. 2(a1), (b1), (c1), but the particles size is smaller than
he latter. It shows that the temperatures also have a great effect on
he preparation of samples. This is mainly because: The preparation

Fig. 3. Schematic diagram of CNTs–SrFe12O19 sample preparation process.
c. T = 80 ◦C) and (a1, b1, c1. T = 50 ◦C).

of nanoparticles includes two processes of nucleation and growth,
and nucleation is rapid and transient, but the growth of crystal is
relatively slow. Crystal nucleation rate depends on the tempera-
ture of the reaction. The faster the nucleation rate is, the nuclei are
more symmetrical. And at this moment the nucleation rate is much
greater than the growth rate. The lower the reaction temperature
is, the reaction time is longer. But with the ongoing of the reac-
tion, austenitic maturation will occur between the nanoparticles.
The higher surface energy of the smaller nanoparticles dissolve and
re-grow to larger nanoparticles [29], the particles size of the latter
is larger.

It is confirmed that the heating rate has significant influence on
the final product. In a comparable experiment, the heating rate is
decreased to 50 ◦C. It is well-known that the higher temperature
of reaction facilitates higher nucleation rates [30]. As a result of
the enhanced nucleation rate, more nuclei are formed at the ini-
tial stage. And some nuclei will grow into separated nanoparticles
before they can attach to the CNTs. These nanoparticles have much
high surface energy and are preferentially attached onto the surface
of CNTs from automatically. The tiny nanoparticles will then serve
as the nuclei for the growth of magnetite nanoparticles [31,32].

Fig. 4 shows the XRD patterns of the as-prepared product. It is
found that the peaks in the two graphs are basically the same. The
analysis result indicates that the product is a mixture of two phases:

CNTs and SrFe12O19 (JCPDS card No. 24-1207). And no peaks cor-
responding to impurities are detected. The positions and relative
intensities of these non-MWCNTs related peaks match well with
the (1 1 0), (1 0 7), (1 1 4), (2 0 3), (2 0 5), and (2 0 6) planes of the
standard XRD data for the M-type structure of magneto-plumbite
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Fig. 4. XRD patterns of CNTs–SrFe12O1

errite. The weak diffraction peaks at 2� = 26.8◦ and 2� = 54.4◦ are
he typical peaks of CNTs and can be indexed to the (0 0 2) and (0 0 4)
eflections of CNTs [30], but they only appear in Fig. 4(1). It indicates
hat the CNTs are completely coated by SrFe12O19 nanoparticles in
ig. 4(2), (3) instead of Fig. 4(1). This is mainly because that with the
eaction time increasing, more SrFe12O19 nanoparticles are assem-
led to the surface of CNTs, and they are coated more complete
ith SrFe12O19 nanoparticles. Therefore, no characteristic peaks of
NTs are appeared in Fig. 4(2), (3). In Fig. 4(a1), (b1), (c1), though the
iffraction peak of CNTs at 2� = 26.8◦ does not appear, the peak at
� = 54.4◦ is emerged. This indicates that the reaction temperature
as a certain impact on the coating effect.

. Conclusions

In summary, the in situ sol–gel method has been used to success-
ully synthesize SrFe12O19/CNTs nanocomposites. This approach
evelops a simple, efficient, and scalable route to fabricate the tiny
agnetic SrFe12O19 nanocrystals aggregating around the sidewalls

f CNTs. Based on the experimental results, it is found that with
he increase of standing time and reaction temperature, the sur-
ace of the sample is more smooth and is covered more completely.

hen ultrasonic treatment is for 30 min, the reaction time and
emperature are 30 h (including stewing for 12 h) and 80 ◦C, respec-
ively. The coating on the CNTs with SrFe12O19 nanoparticles is the
est, which will help SrFe12O19 and CNTs complement each other’s
dvantages and achieve the organic integration of their magnetic
nd electrical properties. The nano-composite has a great potential
pplication in the efficient absorption of the electromagnetic wave.
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