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A novel magnetic nanocomposite of multiwalled carbon nanotubes (MWCNTs) decorated with
Co;_xZnyFe,04 nanocrystals was synthesized successfully by an effective solvothermal method. The
as-prepared MWCNTs/Co;_xZnyFe,O4 magnetic nanocomposite was used for the functionalization of
P/H hydrogels as a prototype of device to show the potential application of the nanocomposites. The
nanocomposites were characterized by X-ray diffraction analysis, transmission electron microscopy
and vibrating sample magnetometer. The results show that the saturation magnetization of the

ggf\%ﬁlﬁiﬁﬂal method MW(CNTSs/Co,_xZn,Fe;04 magnetic nanocomposites increases with x when the Zn2* content is less than
MWCNT 0.5, but decreases rapidly when the Zn?* content is more than 0.5. The saturation magnetization as a

Co-Zn ferrite function of Zn?* substitution reaches a maximum value of 57.5 emu g~ for x=0.5. The probable synthesis

Nanocomposite
Magnetic measurement

mechanism of these nanocomposites was described based on the experimental results.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

One of the most exciting classes of nanomaterials is repre-
sented by the carbon nanotubes (CNTs), which are at the center
of the nanotechnology research [1,2]. Because of their extraordi-
nary properties, such as mechanical, electric, thermal and structural
properties, CNTs can be considered as an ideal building block
in hybrid materials [3-5]. Although still in a very early stage
of research, the dispersion of metal oxides onto CNTs, form-
ing hybrid materials, could show exceptional performance in
many applications. For example, anode materials of lithium-ion
batteries (SnO,/MWCNTs nanocomposites) [6], electrode and elec-
trolyte materials of supercapacitors and other electrochemical
energy storage/conversion devices (MnO,/CNTs and ZnO/CNTs
nanocomposites) [7,8], optical limiting application (MWCNTSs/SiO,
bulk materials) [9], ceramic products with good mechanical and
tribological properties (CNT(Ni)-Al;03 and CNT/aluminosilicate
composites) [10,11], etc.

Co-Zn ferrites, one kind of functional spinels composed of
mixed metallic oxides with a general formula AB,04 [12,13],
exhibit important properties such as excellent chemical stability,
high corrosion resistivity, magneto crystalline anisotropy, magne-
tostriction and magneto optical properties [14]. Co-Zn ferrites have
aroused increasing interest among researchers of various fields due
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to their extensive applications such as information storage sys-
tem, medical diagnostics, magnetic drug delivery, hyperthermia
for cancer treatment, ferrofluid technology, hard disc recording
media, flexible recording media, magnetic static wave devices,
surface acoustic wave transducers, vacuum seals [14-18]. Var-
ious preparation techniques have been developed to produce
Coq_yxZnyxFe;04 nanoparticles, such as co-precipitation method
[19,20], ceramic technique [21], solid-state reaction technique
[22,23], forced hydrolysis method [16], hydrothermal route [18]
and solvothermal method [24].

Recently, in order to possess the properties of the individual
components with a synergistic effect, composite materials based
on the integration of CNTs and ferrite have gained growing inter-
est. Shi et al. [25] synthesized Fe304/CNTs nanocomposites using
ethylene glycol as a reductant under 160 °C. After annealing treat-
ment at different temperatures, the average particle size of Fe304
was increased with increasing temperature and their size dis-
tribution was wider at a higher temperature. Chen et al. [26]
prepared ZnFe,04/MWCNTs composite via a hydrothermal pro-
cess. The presence of MWCNTSs improved the photocatalytic activity
of ZnFe,04 significantly. Jiang et al. [27] prepared CoFe;04/CNTs
magnetic nanocomposites by solvothermal method and showed
that the nanocomposites were superparamagnetic at room tem-
perature and have a saturation magnetization of 29.6 emug-1.
Lamastra etal. [28] produced a kind of CoFe;04/MWCNTSs nanofiber
by electrospinning a dispersion of MWCNTs in a solution of
polyvinylpyrrolidone, iron nitrate nonahydrate, cobalt acetate
tetrahydrate, absolute ethanol and H,O. Liu et al. [29] deco-
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Fig.1. The XRD patterns of MWCNTSs/Co_xZnyFe,; 04 nanocomposites with different
compositions (x=0.2, 0.4, 0.5, 0.6, 0.8).

rated CNTs with nearly monodispersed M!Fe,04 (MFe;04, M =Fe,
Co, Ni) nanoparticles by in situ high-temperature hydrolysis,
and the saturation magnetization of Fe304/CNTs, CoFe;04/CNTs
and NiFe;04/CNTs are obtained as 43.5, 29.6 and 41.7 emug™!,
respectively. Zhang et al. [30] demonstrated a general, efficient
and environmentally friendly synthetic strategy for obtaining
Mn_xZnyFe;04/MWCNTs nanocomposites via a simple solvother-
mal method. In our previous work, we prepared a series of magnetic
monodisperse Co-Zn ferrite nanospheres, which displayed a high-
est saturation magnetization value of 64.6emug-! corresponding
to the sample of Cog 5Zng 5Fe, 04 nanospheres [24]. Therefore, mag-
netic Co-Zn ferrite nanospheres are chosen to decorate MWCNTs,
in order to improve the magnetic property of the MWCNTs.
Considering the outstanding properties of MWCNTs
and Coq_yZnsFe,04 nanospheres, MWCNTs decorated with
Coq_xZnxFe,04 would have potential applications in many aspects
[29,30], for example, the functionalization of hydrogels. Poly(N-
isopropylacrylamide) (PNIPAAm) hydrogels are widely utilized in
functional hydrogels, which exhibit a clear volume phase transition
in response to external stimuli such as temperature, pH, solvent
composition, salt concentration, light, mechanical stress and
magnetic field [31]. Liu et al. [32] successfully synthesized a series
of high hectorite content nanocomposites PNIPAAm/hectorite
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Fig. 2. Lattice parameters and X-ray density of MWCNTSs/Co;_xZnFe;04 nanocom-
posites with various Zn?* content.

Table 1
X-ray density and lattice parameters derived from X-ray diffraction pattern of
Co1_xZnyFe,04 nanoparticles with various Zn2* concents.

Zn?* content 0.2 0.4 0.5 0.6 0.8
Lattice parameter a (A) 8.3909 8.4053 8.4099 8.4133 8.4232
X-ray density (g/cm?) 5.3041 5.3060 53119 53199 5.3301

(P/H) hydrogels by choosing a special kind of hectorite (Laponite
XLS) modified by tetrasodium pyrophosphate. These hydro-
gels show surprising mechanical properties and complicated
deswelling behavior. Referring to Liu’s work [32], the as-prepared
MWCNTs/Coq_xZnxFe, 04 magnetic nanocomposites were used for
the functionalization of P/H hydrogels as a prototype of device to
show the potential application of the nanocomposites.

In this work, we describe a novel, facile, and environmentally
friendly synthetic strategy for obtaining MWCNTs/Co1_xZnxFe; 04
magnetic nanocomposites via a solvothermal method. The
magnetic properties as well as the microstructures of the nanocom-
posites have been systematically investigated. Up to now, there
are few reports on synthesizing the magnetic nanocomposites of
MWCNTs/Coq_xZnyFe,04, which have a high saturation magneti-
zation. The magnetic properties of the nanocomposites prepared
by the solvothermal method were improved greatly compared to
other works [27,29]. Furthermore, the MWCNTs/Co_xZnyxFe;04
magnetic nanocomposite functionalized P/H hydrogels were pre-
pared for the first time and expected to be used as a light-driven
and magnetic controlled switch in microreactors.

2. Experimental
2.1. Materials

MWCNTs (length 5 wm; o.d. 50-90 nm; purity: 95-98%) were purchased from
Shenzhen Nanotech Port Ltd. Co. (Shenzhen, China). Hectorite-Laponite XLG was
purchased from Guangzhou Owen Trade Ltd. Co. (Guangzhou, China). PNIPAAm
(purity: 99%) was purchased from J&K Chemical Ltd. The other chemicals, such as
hydrated cobalt nitrate (Co(NOs3),-6H,0), hydrated zinc nitrate (Zn(NOs),-6H,0),
hydrated iron chloride (FeCl3.6H,0), nitric acid (HNOs3), sodium acetate (NaAc),
ethylene glycol (EG), polyethylene glycol (PEG), N,N,N’,N’-tetramethyldiamine
(TEMED), and potassium persulfate (KPS), were analytical grade and acquired from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Covalent modification of MWCNTs

First, 0.15 g pristine MWCNTs were dispersed into concentrated nitric acid at
100°C with constant stirring for 24 h. Then, the mixture was diluted with distilled
water and rinsed for several times until the pH value reached neutral. Afterwards,
the resulting MWCNTs were separated by centrifugation and dried in an oven at
60°C for subsequent use.

2.3. Synthesis of MWCNTs/Co;_xZnyFe;04 nanocomposites

MWCNTs/Coq_xZnyFe, 04 magnetic nanocomposites were obtained via a facile
solvothermal synthetic route. A series of MWCNTs/Co;_yZnyFe,04 magnetic
nanocomposites were synthesized with different compositions (0<x<1) under
the same conditions. The typical preparation process of MWCNTs/Coq_xZnyFe;04
(x=0.2, 0.4, 0.5, 0.6 and 0.8) nanocomposites was described as follows: MWCNTs
after acid treated were ultrasonically dispersed in 40 ml ethylene glycol for 30 min.
After that, FeCl3-6H,0, Zn(NOs3),-6H,0 and Co(NOs ),-6H,0 were dissolved in the
resulting MWCNT dispersion according to a certain stoichiometric ratio (5 mmol
FeCl5-6H,0, 1.25 mmol Zn(NO3),-6H,0 and 1.25 mmol Co(NOs ),-6H, O were needed
in the case of Cog5Zng sFe; 04 and similar for the other value of x). Then, 3.6 g of NaAc
and 1 ml of PEG were dissolved in the above mixture solution and vigorously stirred
at room temperature for 30 min. Subsequently, the mixture was sealed in a teflon-
lined stainless steel autoclave and maintained at 200 °C for 12 h. After reaction, the
mixture was cooled to room temperature. The black product was collected by mag-
net and rinsed with deionized water and ethanol until there were no chloride ions
in the solution. Finally, the obtained product was dried in vacuum at 60 °C for 12 h.

2.4. Synthesis of PNIPAAm/MWCNTs/Co;_xZnyFe;04 hydrogels
PNIPAAM/MW(CNTs/Co;_xZnyFe, 04 hydrogels were prepared by simple mix-

ing and solution polymerization. The ratios of raw materials for synthe-
ses of PNIPAAm/MWCNTs/Coq_yZnyFe,04 hydrogels (P/H/M gels) were as
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Fig. 3. (a) TEM image of MWCNTSs/Cog5Zng5Fe>04 nanocomposite and the inset is the pristine MWCNTSs; (b) TEM image of MWCNTs/Cog5Zng5Fe;04 nanocomposite; (c)
HRTEM image of MWCNTs/Cog5ZngsFe>04 nanocomposite; and (d) EDX spectrum of MWCNTSs/Cog5ZngsFe; 04 nanocomposite.

Fig. 4. Schematic diagram of the synthesis of MWCNTs/Co;_xZn,Fe, 04 magnetic nanocomposites.
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Fig. 5. Magnetic hysteresis loops of MWCNTs/Co;_yZnsFe,O4 magnetic nanocom-
posites at room temperature. The inset is the sample placed in an external magnetic
field.

follows: H,O/PNIPAAm/hectorite-Laponite XLG/MWCNTs/Co;_xZnyFe,04/TEMED/
KPS=2ml: 0.2 g: 0.02g: 0.02 g: 24 nl: 0.03 g, according to Liu’s work [32]. The mixed
solution was stirred at 0°C. After that, free-radical polymerization was carried out
at5°Cfor 72 h.

2.5. Characterization

The crystalline phase of the synthesized samples was confirmed by an X-
ray powder diffraction (XRD, D/max 2550V, Rigaku, Japan) with Cu Ko radiation
(A=1.54056 nm). The size and morphology of the as-synthesized products were
observed by transmission electron microscopy (TEM, JEM 2100, JEOL, Japan)
with an accelerating voltage of 200KkV. High-resolution transmission electron
microscope (HRTEM) images were taken on the same apparatus to determine fur-
ther details of the nanocomposites. And the Co?*/Zn?*[Fe3* atomic ratio of the
MWCNTs/Co;_xZnsFe;04 was confirmed via energy-dispersive X-ray (EDX) spec-
trum. Magnetic properties of samples were conducted on a vibrating sample
magnetometer (VSM, PPMS Model 6000) in the field of +:4 kOe at room temperature.

3. Results and discussion
3.1. X-ray diffraction analysis

The typical XRD patterns of MWCNTs/Coq_xZnxFe; 04 magnetic
nanocomposites are shown in Fig. 1. The diffraction peaks are
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Fig. 6. Saturation magnetizations of MWCNTs/Co;_xZnyFe, 04 magnetic nanocom-
posites with various Zn?* contents.
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Fig.7. Temperature dependence of zero field cooled (ZFC) and field cooled (FC) mag-
netization of MWCNTSs/Cog 5Zng sFe;04 nanocomposite measured in the presence of
100 Oe applied field.

assigned to MWCNTs at 260=26° [33] in these curves, indicat-
ing that the MWCNT structure is not changed in the process of
solvothermal treatment. The diffraction peaks of (111), (220),
(222),(311),(400),(422),(440),(511),(533) and (620) crys-
tal planes are indexed to pure Co;_yZnyFe,;04 phase according
to the standard JCPDS card No.22-1086 (CoFe;04). No impurity
peaks were detected, which indicated that high purity crystalline
Coq_yxZnyFe;04 was synthesized.

The XRD data were used to determine lattice constant ‘a’ of all
the samples of the MWCNTs/Coq_xZnyFe,04 nanocomposites. The
lattice constant was calculated using inter-planar spacing (d) val-
ues and Miller indices (hk1) values, with an accuracy of +0.002 A
[22]. The X-ray density (dx) was computed from the values of the
lattice parameter using the equation dx=8M/Na3, where M is the
molecular mass of the sample, N is Avogadro’s number and ‘a’ is
the lattice parameter [34]. The values of lattice constant and X-ray
density are given in Table 1. Fig. 2 shows that lattice constant and
X-ray density increase with increasing Zn?* content. The reason for
the increase of lattice parameter values may be due to the larger
ionic radii of ZnZ* (88 pm) as compared to Co3* (83.8 pm). And the
same increase of X-ray density is due to the heavier weight of zinc
atom as compared to that of cobalt atom [34].

3.2. Transmission electron microscope analysis

The size and morphology of MWCNTs/Co;_xZnxFe,04 mag-
netic nanocomposites were observed by TEM. Here we take the
results of MWCNTSs/Cog 5Zng 5Fe; 04 nanocomposite as the exam-
ple. Fig. S1a and b shows the morphology of unmodified MWCNTSs
coated with Cog5Zng 5Fe;04 magnetic nanospheres. Fig. 3a shows
the morphology of covalently modified MWCNTSs (inset) and the
MWCNTs coated with large quantity of CogsZngsFe;04 mag-
netic nanospheres. Obviously, the structure of MWCNTSs remained
unchanged in the nanocomposites and magnetic nanospheres of
Cog 5Zng 5Fe; 04 (about 100 nm in diameter) were successfully syn-
thesized. However, compared to the covalently modified MWCNTs,
the unmodified MWCNTs were coated with few CogsZngsFe;04
magnetic nanospheres and agglomerated seriously (Fig. S1a).
What’s more, there are a number of free Cog 5Zng sFe; 04 magnetic
nanospheres around the unmodified MWCNTs (Fig. S1b). In Fig. 3b,
it can be clearly seen that the MWCNT passed through the middle
of the Cog5Zng sFe,04 magnetic nanosphere. And the grain size of
the Cog5Zng5Fe;04 nanoparticle is approximately 10 nm. HRTEM
micrograph of the sample (Fig. 3c) shows that the fringe spac-



Y. Chen et al. / Journal of Alloys and Compounds 509 (2011) 4053-4059

4057

Fig. 8. Photographic image of the response of the PNIPAAm/MWCNTs/Co;_xZnyFe;04 gel to a magnet.

ing between two carbon layers of MWCNT is about 0.35nm and
(31 1) lattice spacing of Cog5Zng 5Fe;04 nanocrystallite is close to
0.25 nm. Fig. 3d is the EDX spectrum of MWCNTSs/Cog5ZngsFe;04
nanocomposite, the result shows that the nanocomposite contains
Co, Zn, Fe, O, and C and no contamination element was detected.
Moreover, the measured atomic ratio between Fe, Coand Zn (5:1:1)
confirms the chemical formula of Co-Zn ferrite is consistent with
the experimental stoichiometric.

3.3. Synthesis mechanism

Fig. 4 shows the four-step synthesis process of
MWCNTs/Coq_xZnyxFe, 04 magnetic nanocomposites. After cova-

lently modified by co- ncentrated nitric acid, the surface of
MW(CNTs were adhered by carbonyl and carboxyl groups, which
was demonstrated to be an efficient method for increasing solu-
bility and chemical reactivity of MWCNTSs (step 1) [5]. This process
also played an important role on the deposition of metal ions.
Co?*, Zn?* and Fe3* were added in the reaction solution, and then
adhered on the surface of MWCNTSs with high density of carbonyl
and carboxyl groups due to electrostatic interaction (step 2).
During the solvothermal process, Co-Zn ferrite nanocrystallites
were formed along the tube walls of MWCNTSs (step 3). And finally,
the nanocrystallites grew into spherical aggregation (step 4). In
our system, the main driving force for the oriented aggregation
of nanocrystals is attributed to the tendency to decrease the high

(a)

Fluid A Fluid B

(b)

Fluid A Fluid B

Light

|M agnet

Fig. 9. Schematic diagram of the application of P/H/M gels switch in microreactors. (a) Fluid B channel is off; (b) both fluid A and fluid B channels are on, the ratio of the two

kind of fluid is tuned to 1:1.



4058 Y. Chen et al. / Journal of Alloys and Compounds 509 (2011) 4053-4059

surface energy. Furthermore, PEG 200 could prevent fast growth
of crystallites and could be helpful toward achieving oriented
aggregation [24].

3.4. Magnetic studies

The magnetic hysteresis curves of MWCNTs/Coq_xZnyxFe;04
magnetic nanocomposites were recorded by sweeping the exter-
nal field between +4kOe at room temperature. Fig. 5 shows the
room temperature magnetic hysteresis loops of the powder sam-
ples for various zinc substitutions. The saturation magnetization
value of the MWCNTs/Co;_xZnyxFe,O4 magnetic nanocompos-
ites (x=0.2, 04, 0.5, 0.6, 0.8) were 56.6, 57.4, 57.5, 53.2
and 48.1emug!, respectively. The inserted photo shows the
MWCNTs/Coq_xZnxFe; 04 magnetic nanocomposites placed in an
external magnetic field. The magnetic nanocomposites were
attracted to the magnet (located on the left side of sample vials)
in a relatively short period, demonstrating the high magnetic sen-
sitivity of our products.

In the cubic system of ferromagnetic spinels, the magnetic order
is mainly due to a super exchange interaction mechanism occurring
between the metal ions in the A and B sublattices. The substitu-
tion of nonmagnetic ions such as Zn, which has a preferential A
site occupancy results in the reduction of the exchange interaction
between A and B sites. Hence, by varying the degree of zinc sub-
stitution, it is possible to manipulate the magnetic properties of
the fluid samples [17,20]. According to Neel’s two sublattice model
of ferrimagnetism, the magnetic moment per formula unit in ug,
nBN(x) is expressed as:

nBN(x) =Mp(x) — Ma(x)

where Mg and M, are the B- and A-sublattice magnetic moment in
WU respectively [34].

The changes in the saturation magnetization with the degree of
Zn?* substitution are given in Fig. 6. It is observed that the sat-
uration magnetization of the MWCNTs/Co;_yxZnxFe;04 magnetic
nanocomposites increases when the Zn?* content is lower than
0.5, but decreases rapidly when the Zn2* content is higher than
0.5. The saturation magnetization as a function of Zn2* substitu-
tion reaches a maximum value of 57.5emug-! for x=0.5. This
could be due to Zn%* (with zero magnetic moment) replaced the
ions on the octahedral A-sites, causing the decrease of magnetic
moment in the sublattice M4, resulting in the increase of total mag-
netic moment for x < 0.5. However, the saturation magnetization of
the MWCNTs/Coq_yZnyFe,04 magnetic nanocomposites decreases
rapidly when the ZnZ* contentis larger than 0.5. This could be due to
further increase in the concentration of Zn2* (more than 0.5). The
exchange interaction between A and B sites gets lowered, which
strengthening the interaction of B-B and weakening the interaction
of A-B simultaneously. It could leads to the decrease of saturation
magnetization [34]. Fig. 2 shows that X-ray density increases with
increasing Zn2* content, which confirms that the Zn?* replaced the
ions on the octahedral A-sites.

The temperature dependence of zero field cooled (ZFC) and field
cooled (FC) magnetization of MWCNTSs/Cog 5Zng 5Fe;04 nanocom-
posite is shown in Fig. 7. The data of the sample were recorded
in the presence of 100 Oe applied field at the temperature range
of 2-300K. The result (Fig. 7) shows that the ZFC magnetization
decreases continuously, which indicates that the blocking temper-
ature of the sample is above the room temperature such that the
sample shows ferromagnetic behavior at all measurement temper-
atures [18].

3.5. Application of P/H/M gels

PNIPAAmM/MWCNTs/Coq_yxZnyFe;04 hydrogels were prepared
by simple mixing and solution polymerization. The as-prepared
hydrogels are shown in Fig. 8a. In Fig. 8b and c, it can be clearly seen
that the P/H/M gels exhibit a good response to the external magnet,
which are expected to be used as a light-driven and magnetic con-
trolled switch in microreactors. A schematic of the application of
P/H/M gels switch in microreactors is shown in Fig. 9. Upon irradi-
ation with light, the P/H/M gels deswelled and contracted, the ratio
of the two kinds of fluid could be finely controlled by changing the
position of the P/H/M gels switch with a magnet (as shown in Fig. 9a
and b).

4. Conclusions

A suitable preparation technique for MWCNTSs/Co_xZnyxFe;04
magnetic nanocomposites is reported. MWCNTs/Coq_xZnxFe; 04
magnetic nanocomposites can be prepared by the solvothermal
method for the range of composition with x varying from 0.2
to 0.8. TEM images show that a large number of Coq_yZnyFe;04
nanocrystals are aggregated around the sidewalls of MWC-
NTs. Magnetic studies indicate that the saturation magnetization
of these nanocomposites increases when the Zn2?* content is
lower than 0.5, but decreases rapidly when the Zn?* content
is higher than 0.5. The saturation magnetization as a function
of Zn%* substitution reaches a maximum value of 57.5emug!
for x=0.5. Furthermore, these nanocomposites display a high
magnetic sensitivity and have a high saturation magnetization.
PNIPAAM/MWCNTSs/Coq_xZnyFe,04 hydrogels were prepared by
simple mixing and solution polymerization. The as-prepared
hydrogels are expected to be used as a light-driven and magnetic
controlled switch in microreactors.
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