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Abstract

Novel magnetic composites (Nig sZng sFe;O4,—MWCNTSs) of multi-walled carbon nanotubes (MWCNTSs) coated with Nig sZng sFe;Oy
nanocrystals were synthesized by chemical precipitation—hydrothermal process. The composites were characterized by X-ray powder
diffractometer (XRD), X-ray photoelectron spectrometer (XPS), Fourier transform infrared spectroscopy (FTIR), Mdssbauer
spectroscopy (MS), transmission electron microscopy (TEM), and selected area electron diffraction (SAED), etc. A temperature of about
200 °C was identified to be an appropriate hydrothermal condition to obtain Nij sZng sFe,O,—MWCNTs, being lower than the synthesis
temperature of a single-phase Nig sZng sFe,O4 nanocrystals. The sizes of Nij sZng sFe,O4 in the composites were smaller than those of
Nig sZny sFe;O4 nanocrystals in single phase. The composites exhibited more superparamagnetic than Nij sZng sFe,O4 nanocrystals in
their relaxation behaviors. The magnetic properties measured by a vibrating sample magnetometer showed that the composites had a

high coercive field of 386.0 Oe at room temperature, higher than those of MWCNT and Nig sZn, sFe,O4 nanocrystals.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Nanostructural magnetic materials have unique proper-
ties, which are not showed by the bulk materials [1,2]. The
composites consisting of magnetic media and electronic
media are known as magnetoelectric materials. The
materials exhibit electromagnetic properties and magneto-
electric effects, which are absent in the corresponding
constituent phases [3—7]. Carbon nanotubes (CNTs) have
been drawn a considerable attention for their unique
electrical and mechanical properties due to promising
versatile applications [8,9]. The combination of magnetic
nanostructural materials and CNTs possibly resulting in
high electronic or magnetic properties is highly attractive
for new material development. In addition, hollow one-
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dimensional structural characteristics of CNTs may have
many potential and important applications in magnetic
data storage devices, magnetic stirrers of microfluidic
devices and magnetic valves of nanofluidic devices [10,11].

Synthesis works of CNTs magnetic composites are
reported in literatures [12-28]. Most of these investigations
had been focused on the CNTs filled with magnetic
nanomaterials [12-22], some studies on coating or attach-
ing CNTs with magnetic nanocrystals were reported
recently [23-28]. Jiang and Gao [23] reported that multi-
walled CNT (MWCNT) coated with magnetite resulted in
an increasing electrical conductivity of the composite.
Vasilios et al. [24] attached magnetic nanoparticles on
CNTs and synthesized soluble derivatives. However, there
is no investigation on magnetic properties of the compo-
sites. Correa-Duarte et al. [25], coating CNTs with iron
oxide nanoparticles in the way of polymer wrapping and
layer-by-layer assembly then aligning magnetic CNTs
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under low magnetic fields, achieved the magnetic function
and showed superparamagnetic behavior at 5K. He et al.
[26] prepared the MWCNT-Fe? " composite with coercive
field of 260 O¢ at SK. Jang et al. [27] prepared y-Fe,Os-
impregrated magnetic CNTs using polymer nanotubes as
the carbon precursor, the magnetization curve exhibited
typical ferromagnetic behavior, the saturation magnetiza-
tion is ca. 3emu/g and the coercivity is 226.17 Oe.
Furthermore, Jang and Yoon [28] fabricated magnetic
carbon nanotubes using a metal-impregnated polymer
precursor. The author previously reported that decorated
MWCNTs with iron oxide in coercive field of 163.4 Oe and
a saturation magnetization of 20.1 emu/g at room tem-
perature [29]. This work aims to an appropriate technique
to prepare magnetic CNT composite with much higher
coercivity in comparison with iron oxide/MWCNTs.

NiZn-ferrites have good magnetic properties, chemical
stability, corrosion resistance, and reasonable cost [30,31],
being extensively applied in information storage systems,
medical diagnostics, and shielding against electromagnetic
radiation. Liu and Gao [32] prepared CNTs—NiFe,O4
composites by hydrothermal process for the advantages of
high purity, chemical homogeneity, uniform particle size,
and low cost. The electrical conductivity of the composite
was increased by 5 orders of magnitude on the basis of
NiFe,0O4. However, the magnetic properties of composites
are not studied. It is well known that zinc can be used to
improve the saturation magnetization; the addition of zinc
also increases the lattice parameter, resulting in reduction
of Curie temperature of the material [33]. The MWCNTs
coated with Ni—Zn ferrite nanocrystals could be potentially
multifunctional composite. However, the magnetic proper-
ties of the Nig sZng sFe>O4 attaching on the outside wall of
MWCNTs were not reported. In this paper, MWCNTs are
modified with nitric acid then coated with Nij sZng sFe>O4
nanocrystals by simple but efficient chemical precipita-
tion—hydrothermal process. Furthermore, it is compared
with NigsZng sFe-O4 nanocrystals for the magnetic
properties, as well as the microstructures of NijsZng s
Fe,O4,—MWCNTs. Intensive investigation reveals that the
coercivity of NigsZngsFe;O4—MWCNTs is higher than
that of Nij sZng sFe,O4 nanocrystals.

2. Experimental

MWCNTs (diameters: 2040 nm, purity: 95-98%) pre-
pared by the catalytic decomposition of CH,4 were provided
by Shengzhen Nanotech Port Ltd. Co. (China). The
MWCNTs were washed in the solution of hydrofluoric
acid, nitric acid, and distilled water, respectively, then
filtered and dried at 100 °C to remove the catalyst residue
and the impurity. The purified MWCNTs were oxidized by
refluxing at 120°C in concentrated nitric acid for 4.5h.
After the solution was cooled to room temperature, the
oxidized MWCNTs were obtained by filtering, drying, and
grinding. Stock solutions (1 M) of Ni(NO3),, Zn(NO3),,
and Fe(NOsj); were prepared. Different amounts of metal

nitrate solutions were weighted to make various composi-
tions of NigsZngsFe,O4 precursors. The oxidized
MWCNTs were added slowly into the precursor under
vigorous agitation. The pH was adjusted using 6 M sodium
hydroxide solutions. When the pH reached 10, the desired
hydroxides were precipitated and the neutralization process
was completed. A certain amount of distilled water was
added into the precipitated hydroxides to make slurry,
which was then subjected to hydrothermal treatment at
different temperatures for 1-5h in a Teflon-lined auto-
clave. The composites were cooled to room temperature,
washed by distilled water until the sodium was completely
removed. A final wash is performed using ethanol then
dried at 100 °C for 12h.

X-ray powder diffractometer (XRD) (D/max 2550V,
Rigaku, Japan) with Cu Ko radiation (4= 0.15406nm)
was used to measure the structure of NijsZngsFe,O4
nanocrystals. The sizes of Nig sZng sFe,O4 in composites
and Nig 5Zn( sFe,O4 nanocrystals were calculated based on
XRD linewidth. VGESCALAB MK II X-ray photoelec-
tron spectrometer (XPS) was applied to measure the
surface element binding energy and chemical composition
of the composites and MWCNTs samples. Fourier trans-
form infrared spectroscopy (FTIR, NEXUS, Nicolet) was
used to study chemical structure changes. Mdssbauer
spectroscopy (MS, Wissel, Germany) was used to study
detailed structures using a source of >’Co in a Pd matrix at
room temperature. The velocity transducer was operated in
a constant-acceleration mode. Hyperline interaction para-
meters can be obtained from the Mdssbauer spectra using
least-squares method. The morphologies were observed by
transmission electron microscopy (TEM) (JEM 2010,
JEOL, Japan) in an accelerating voltage of 200kV. High-
resolution TEM (HRTEM) images and sclected area
electron diffraction (SAED) were taken on the JEM2010.
The magnetic properties were measured by a vibrating
sample magnetometer (VSM, LH-3, China) in the magnetic
field of 4kOe at room temperature, including coercivity
(H,.), saturation magnetization (M), and remanent mag-
netization (M,), etc.

3. Results and discussion

Fig. 1 shows XRD patterns of NijsZngsFe,O4 and
MWCNTs coated with NigsZngsFe,O4 (NigsZng s
Fe,O4,—MWCNTSs) subjected to hydrothermal treatment
at various conditions. Curve a is XRD pattern of
Nig sZng sFe,O4 synthesized at 200 °C for 5h, the diffrac-
tion angles at 20 = 18.25°, 30.04°, 35.42°, 43.03°, 54.02°,
56.86°, 62.33°, and 73.92° are characteristic peaks of
Nig 5Zng sFe;04. The diffraction angles at 26 = 24.13°,
33.08°, 40.82°, and 49.35° correspond to characteristic
peaks of y-Fe,O;, which indicated that NigsZngsFe,Oy4
and y-Fe,O; coexisted in the sample. Curve b is XRD
pattern of Nig sZng sFe,O4 synthesized at 220 °C for 5h,
the diffraction peaks of (111), (220), (311), (400), (422),
(511), (531), and (533) crystal plane are indexed to pure
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Fig. 1. XRD patterns of materials hydrothermally treated at various
conditions (a) 200°C 5h for NigsZngsFe,O4, (b) 220°C 5h for
Nio»52n0>5F6204, (C) 120°C 1h for Nio»SZn0A5F6204*MWCNTS, (d)
160°C 5h for NigsZngsFe;0,~MWCNTs, and (e) 200°C 5h for
NionIl()jFCzO;;*MWCNTS.

Nig 5Znq sFe>O4 phase according to the standard JCPDS
(Card No. 8-234). No other peaks are detected. Based on
the Scherrer equation, these XRD data, the crystallite size
is estimated to be 17.9nm using the line broadening of
the (311) peak. The XRD patterns of NigsZng sFe,O4—
MWCNTs were shown in curves c—e. The diffraction peaks
are assigned to MWCNTs at 20 = 25.86° in these curves,
indicating that the MWCNT structure is not completely
changed in the process of hydrothermal treatment. These
curves also show that the ferrite involved is not well
crystallized when the hydrothermal temperature is below
160 °C. A good single-phase Nig sZn, sFe,Oy4 crystals are
formed, as seen in curve e, when the sample is hydro-
thermal treatment at 200 °C for 5h. The size of NijysZng 5.
Fe»O, corresponding to (311) peak is about 17.2 nm, which
is calculated in accordance to Scherrer formula. The XRD
results show that hydrothermal treatment temperature of
200 °C is an appropriate reaction temperature to synthesize
Ni0A5Zn0.5F62047MWCNTS.

Fig. 2 is an XPS spectrum of MWCNTSs and Niy 5Zny 5
Fe;O4—MWCNTSs. This spectrum of NigsZng sFe,O4—
MWCNTs in Fig. 2(a) reveals a predominant presence of
carbon, oxygen, nickel, iron, and zinc elements. Fig. 2 (b)
shows Cj spectra, bottom one for MWCNTs and upper
one for NigsZng sFe,0,—MWCNTSs. The broad signal at
288.9¢eV could result from carboxylic group, which is
formed in the process of acid oxide treatment of
MWCNTs. The peak at 284.6eV could come from the
carbon atoms of carbon nanotube walls. There is little
energy shift between these two Ci, spectra indicating that
the structure of nanotube walls remains unchanged during
the process of coating.

Fig. 3 is FTIR spectra of Nij sZn, sFe,O4 nanocrystals
and Nig sZng sFe,O4/MWCNT composite, respectively.
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Fig. 2. The XPS spectrum of sample (a) wide-survey spectrum of
Nig sZng sFe;O,~MWCNTs (b) C,, spectrums of MWCNTs and
Nig sZng sFe;0,~MWCNTs.

The bands at 3440 and 1632cm ™" are ascribed to stretching
modes and H-O-H bending vibration of free water or the
water absorbed. The band at 1384cm™' is ascribed to
asymmetric NO3 stretching vibration arising from the
residual nitrate groups. The bands at 589cm™' (tetrahe-
dral) and 425cm™" (octahedral) are characteristic bands of
NiZn ferrite. The position of NiZn ferrite stretching band
is shifted from small wave numbers (577 and 420cm™") in
ferrite to big wave numbers (589 and 425cm™') in the
composites, resulting from the formed interaction between
NiZn ferrite and MWCNTs.

It can be observed from TEM photo in Fig. 4(a) for
NipsZny sFe;O,—MWCNTs that the diameter of
MWCNTs is about 30nm. The majority of MWCNTs
surface has been attached to Nij sZng sFe,O4 nanocrystals.
The structure of nanotube remains unchanged in the
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Fig. 3. FTIR spectra of as-synthesized samples (a) NigsZngsFe,Oy
nanoparticles (b) Niy sZn, sFe;0,~MWCNTs.

composites. The sizes of Nig sZng sFe,O4 particles in the
samples are 12—18 nm.

HRTEM micrograph of the sample prepared in Fig. 4(b)
shows that this composite is consisted of the graphitized
walls and Nig sZng sFe,O4 nanoparticles. The fringe spa-
cing between two carbon layers of MWCNT is about
0.34nm and (311) lattice spacing of NigysZngsFe,Oy4 is
close to 0.25nm, as is seen in Fig. 4(b).I. The covered layer
is composed of Nij sZny sFe,O4 nanocrystals having a size
of 10-15nm, which is smaller than the value calculated
using Scherrer equation.

SAED patterns of NigsZnysFe;O4~MWCNTs in
Fig. 4(c) show diffusive and spotty rings clearly, indicating
that the MWCNTs and Nig sZn, sFe,O4 are polycrystal. A
pair of arcs seen in the pattern comes from MWCNTs [34].

Maossbauer spectroscopies of Nig 5Zng sFe;O,—MWCNTSs
and NijsZngsFe>,O4 nanocrystals are shown in Fig. 5.
There are a doublet and two sextet, the detailed data are
listed in Table 1. The double peaks of smaller size ferrites

Fig. 4. (a) TEM images of Ni0.5ZngsFe;O4,—MWCNTs (b) HRTEM images NigsZngsFe;O4~MWCNTs and (c) SAED patterns of NigsZng s

Fe,0,- MWCNTs.
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Fig. 5. Mossbauer spectroscopy of as-synthesized samples measured at
room temperature (a) NiysZngsFe,O,4 nanoparticles and (b) NigsZng s
F6204*MWCNTS.

Table 1
Maossbauer spectroscopy parameters of the samples

Sample H (kOe) I.S. (mm/s) Q.S.(mm/s) Area
Nig sZng sFe;O4—~ Doublet 0.34 0.64 0.248
MWCNTs
Sextetl  506.11 0.38 0.21 0.12
Sextet2 33095  0.38 0.04 0.632
Nigy 5sZng sFe-O4  Doublet 0.35 0.56 0.098
Sextetl  509.03  0.38 0.22 0.132
Sextet2  403.76  0.28 0.04 0.77

obviously differ from those of bulk ferrites, which are
sextet peaks. The doublets from these samples reveal a
collapse of magnetic ordering due to superparamagnetic
relaxation. The I.S. of the prepared composite does
not exhibit a significant variation for NigsZngsFe, Oy

nanocrystals, indicating that the s-electron charge distribu-
tion of Fe* " ions is not influenced by MWCNTs addition.
It can be seen that the area of doublet absorption in the
composite is about 24.8% of the total absorption, which is
larger than that of Nij sZng sFe,O4 nanocrystals, indicating
that more nanocrystals with a smaller size of NigsZng s
Fe,0, is formed in the reaction. The average hyperfine field
of Nig sZng sFe;O,—MWOCNTSs increases with a decrease of
Nig 5Zngy sFe;O4 nanocrystal sizes in the influence of
superparamagnetic relaxation.

Magnetic properties of NigsZng sFe;O4—MWCNTSs,
Nig sZngy sFe,O4, and MWCNTSs were measured in fields
between +4kOe at room temperature. Hysteresis loops of
the Nio'szn0.5F€204 and Ni0'5Zn0'5F6204—MWCNTS arc
presented in Fig. 6. The magnetic parameters of Nig sZn 5
Fe;O,—MWCNTs, NijsZngsFe,O4, and MWCNTSs are
summarized in Table 2. The MWCNTSs possess weak
magnetic properties, perhaps attributed to the catalyst
residuals and/or the nanotube used in the preparation [35].
The hysteresis loops of NigsZng sFe;O4—MWCNTs and
NipsZnysFe,O4 are similar. The hysteresis loop of
Nig 5Zngy sFe;O4,—MWCNTs exhibits a typical ferromag-
netic behavior. The saturation magnetization (M) is found
to be 28.82emu/g, this value of Mg for NigsZngs
Fe,O4,—MWCNTs is considerably smaller than that of
Nig.sZng sFe,O4 nanocrystals (38.1emu/g) for the non-
magnetic (weak magnetic) substance of CNT existed in the
composite. Compared with the wvalue of coercivity
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Fig. 6. Hystertsis loops of NiysZngsFe;O4 and NigsZng sFe;O4—
MWCNTs.

Table 2
Magnetic properties of MWCNTSs, NijsZngsFe;O4,—MWCNTs, and
Nip.sZng.sFe204

Samples My (emu/g) M, (emu/g) H. (Oe)
MWCNTs 0.17 0.038 145.33
Nig sZng sFe;0,~MWCNTs 28.82 14.25 385.98
Nig sZngy sFe;0y4 38.14 17.32 367.78
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(H.~367.80¢) of NiysZngsFe,O4 nanocrystals, an en-
hancement of coercivity (H.~3860¢) for NijysZng s
Fe,O,—MWCNTs was observed. It is understood that the
size of particles has significant influence on their magnetic
properties for magnetic material. For large particles,
magnetic domains are formed to reduce the static magnetic
energy. The number of domains diminishes with the
decreasing of the particle size. The particles turn into
single domain when their sizes are below a critical radius,
resulting in the increasing coercive force. This is due to
vanishing of the magnetization from the movement of
domain walls. The size of Nij sZng sFe>O4 nanocrystals in
the composite is smaller than that of single-phase
Nig sZng sFe;04, as discussed in XRD and MS results
previously. As a result, the composite has a larger
coercivity than the Nig sZng sFe,O4 nanocrystals.

4. Conclusion

Novel magnetic composites of MWCNTs coated with
Nig sZng sFe,O4 nanoparticles are successfully synthesized
by a chemical precipitation—hydrothermal method. The
composites contained Nig sZng sFe,O4 nanocrystals and
MWCNTs. The hydrothermal temperature of 200 °C is an
appropriate temperature to prepare high-performance
Nig 5Zn¢ sFe;0O4,-MWCNT composites, being lower than
the synthesis temperature of a single-phase Nig sZng sFe,04
nanocrystals. The size of NijsZngsFe,O4 nanocrystals
coated on the outside wall of the MWCNTSs is about
I5nm. A smaller size of NijsZngsFe>,O4 nanocrystals
formed in the composite than in the single-phase
Niy sZng sFe,Oy4 resulted in the area proportion of absorp-
tion of doublet peak in the composite increased from 9.8%
to 24.8% in the Mdssbauer spectrums. It can be further
noted that the composites exhibit satisfactory magnetic
property. Particularly, the coercivity of NipsZngs
Fe;0,—MWCNTs is much larger than those of other
CNT magnetic composites reported in literatures [26-28].
Nig 5Zngy sFe;O4,—MWCNT magnetic composites provide
an applied opportunity in the fields of electronic-magnetic
nanodevices, absorbing materials, data storage systems and
heterogeneous catalysis.
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