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Synthesis and characterization of nickel nanoparticles
anchored on chemically functionalized carbon nanotubes
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A simple method for anchoring nickel particles on chemically functionalized carbon nanotubes using nickel(ll) nitrate
hexahydrate is described. The functionalization is accomplished in three main steps and leads to carbon nanotubes with
nickel nanoparticles attached on the walls. The structural properties of the resulting material were characterized by X-Ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, Scanning electron microscopy
(SEM) and Transmission electron microscopy (TEM), while their magnetic properties were measured at room temperature
using a vibrating - sample magnetometer. The results obtained are discussed.
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1. Introduction

Carbon nanotubes are large macromolecules unique
for their size, shape, and remarkable physical properties,
and were discovered in 1991 by S. lijima [1]. The intrinsic
properties of carbon nanotubes can be modified by
functionalization of their surface. After functionalization
the resulting material can be used to develop applications
in various areas [2]. Any functionalization of carbon
nanotubes determines changes in properties such as
solubility, conductivity, magnetism, etc., thus making
nanotubes applicable for different purposes. Among other
functional species, metal nanoparticles have attracted
much attention. Carbon nanotubes functionalized with
metallic nanoparticles can be used as electronic devices,
catalysts, magnetic storage devices and sensors [3-6].

The main purpose in this contribution was to
investigate the magnetic properties of the CNT
functionalized with nickel nanoparticles. The magnetic
properties of the resulting material consisting of nickel
nanoparticles attached to carbon nanotubes have been
characterized by Vibrating - sample magnetometer (VSM).
The structure and morphology of the nickel nanoparticles
attached on the sidewalls of the carbon nanotubes were
also characterized and the results are discussed.

2. Experimental

The carbon nanotubes used in this work are produced
by the AC arc discharge method described elsewhere [7],
and subsequently purified by hydrochloric acid followed
by air oxidation, as previously reported [8].

The synthesis procedure of nickel nanoparticles
attached to carbon nanotubes is schematically presented in

Fig. 1, while Fig. 2 shows the subsequent thermal
treatment. In principle, this procedure consists of a series
of steps. The pristine carbon nanotubes are firstly refluxed
in nitric acid (36%) for 3 h at 105°C. After filtration,
washing and drying at 70°C for 24 h, the resulting product
was coded as D_Ar_stepl. Nickel(ll) nitrate hexahydrate

(Ni(NO3),-6H,0) (0.70 g, 0.24 mmol) was dissolved in 20
ml of ethanol and then the sample D_Ar_stepl was
dispersed in the resulting solution for 1h using an
ultrasonic probe. The material was then dried at 70°C for
24 h to avoid aggregation and denominated as
D_Ar_Ni_step2. Finally, the sample D_Ar_Ni_step2 was
placed into a quartz reactor and a thermocouple was
inserted directly into the sample bed. A hydrogen flow was
passed over the carbon nanotubes from the beginning of
the thermal treatment. The nickel compounds on the walls
of the nanotubes are decomposed and reduced to form
pure nickel nanoparticles. At the end of the thermal
treatment depicted in Fig. 2 the hydrogen flow was ceased
and the quartz reactor was cooled down slowly to the room
temperature under Ar flow. The resulting material in the
quartz reactor was coded as D_Ar_Ni_step3. To
demonstrate that nickel nanoparticles were formed and
actually attached on the carbon nanotubes sidewalls, we
used different characterization techniques such as: X-Ray
diffraction  (XRD), Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy, Scanning
electron microscopy (SEM), and Transmission electron
microscopy (TEM). We have also used a Vibrating -
sample magnetometer (VSM) to characterize the magnetic
properties of the resulting material.
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Fig. 1. Schematic of the procedure of synthesis of nickel
nanoparticles attached to carbon nanotubes.
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Fig. 2. Thermal treatment.

3. Results and discussion

The structural characteristics of the materials have
been analyzed by powder X-ray diffraction measurements
carried out on a DBADVANCE Nova diffractometer using
the characteristic radiation Ko. of copper, at a voltage of
40 kV and 40 mA intensity. The sweeping of angles was
carried out between 5 and 80 degrees, with 0.01 degrees
incremental steps at 1 s per step for all measurements.
XRD data was also used to assess the crystallite size of the
metallic particles by the Debye-Scherrer formula.

The X-ray diffractograms of the D_Ar stepl,
D_Ar_Ni_step2 and D_Ar_Ni_step3 samples are shown in
Fig. 3. The diffraction peak at 26=26° observed in all
diffractograms for the carbon nanotubes are attributed to
the hexagonal graphite structures corresponding to the
(002) plane (black arrow) [9]. After the second and third
steps of the functionalization procedure other diffraction
peaks can be observed in the corresponding
diffractograms. Blue arrows mark the appearance of new
peaks in the X-ray diffractogram of the D_Ar_Ni_step2

sample in the angular domains from 10 to 23° and from 30
to 40°, respectively, and these correspond to the nickel(Il)
nitrate [10]. These peaks are not observed in the
diffractogram of the D_Ar_Ni_step3 sample because
during the third step of the functionalization procedure
nickel nanoparticles are generated by the reduction of
nickel(I) nitrate with hydrogen. Peaks at 44.6°, 51.9° and
76.5° (red arrows) are observed in the diffractogram of the
D_Ar_Ni_step3 sample. These peaks are assigned to
(111), (200) and (220) diffraction planes of nickel
nanoparticles according to previously reported studies
[11]. The average crystallite size of the nickel
nanoparticles, as determined with the Debye-Scherrer
formula, varies from 15 to 50 nm, in good agreement with
the size distribution observed in TEM.
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Fig. 3. X-ray difractograms of D_Ar_stepl,
D_Ar_Ni_step2, D_Ar_Ni_step3 samples.

To study the changes occurring in the carbon
nanotubes passing through the three stages of the
functionalization procedure, Fourier-transform infrared
(FTIR) spectra were recorded with an attenuated total
reflection (ATR) device on a Varian 3100 Escalibur FT-
IR instrument.

Fig. 4 shows the comparative FT-IR spectra of the
D_Ar stepl, D_Ar_Ni_step2 and D_Ar_Ni_step3
samples. The FT-IR spectra were collected in the
wavenumber range from 1400 to 1900 cm™.
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Fig. 4. FTIR spectra of D_Ar_stepl, D_Ar_Ni_step2,
D_Ar_Ni_step3 samples.

A C=0 stretching absorption band can be observed in
the region 1540-1870 cm™ of the FT-IR spectra of the
D_Ar_stepl and D_Ar_Ni_step2 samples. Changes in the
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environment of the carbonyl group can either lower or
raise the absorption frequency in this region [12].

The FT-IR spectrum recorded for sample
D_Ar_Ni_step3 does not show the presence of C=0
stretching modes for carbonyl groups, meaning that, after
heating in hydrogen, the oxygen was removed from the
functional groups, in agreement with previous reports [3].

Surface carbonyl or carboxyl functional groups make
the carbon nanotubes amenable to anchor precursors of
highly dispersed metal nanoparticles, as already reported
by other authors [13, 14], thus, the carbon nonotubes
resulting after the acid treatment are ready to anchor
chemical moieties containing metallic ions that can be
converted into dispersed metallic clusters.

Raman spectroscopy was also used to characterize the
structure of our samples. Raman spectra were recorded
using a single excitation wavelength at 532 nm on a NRS-
3000 Raman equipment from Jasco.
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Fig. 5. Raman spectra of D_Ar_stepl,
D_Ar_Ni_step2, D_Ar_Ni_step3 samples.

The first and second-order Raman spectra of our
samples are displayed in Fig. 5. The first order Raman
spectra show a strong peak around 1580 cm™ associated
with hybridized sp? carbon domains (G-band) [15, 16],
which is the high-frequency E,q first-order Raman mode.
A peak at approximately 1350 cm™ is also visible. This
peak is generally attributed to defective or disordered
structures and is termed D (disordered) band [17-20]. The
intensity ratio between D and G bands (lp/lg ratio) is
widely accepted as a good indicator for the quality of bulk
samples [21]. The intensity ratio Ip/lg was found 0.954 for
sample D_Ar_stepl, 0.962 for sample D_Ar_Ni_step3 and
only 0.433 for sample D_Ar_Ni_step2. All these Ip/lg
values are lower than 1. Compared to the other two
samples, D_Ar_Ni_step2 has a much smaller intensity
ratio indicating that the defect level in the carbon structure
is low, which suggests reasonable crystalline quality [22,
23].

The G'-band is observed near 2700 cm™ in the second
order Raman spectra for all samples. It is worth noting that
the spectrum of sample D_Ar_Ni_step2 shows more
intense peaks for other main lines of the second order
Raman spectra compared with the other two samples. We
observed strong peaks at 2450 cm™, 2945 cm™ and 3244
cm™, with the later two being attributed to (D+G) and

(2D) modes, respectively [17]. The peak at 2450 cm™
most likely belongs to the band as D (1350 cm™) + D"
(1090 cm™) [24-27].

The morphology of the carbon nanotubes after each
stage of functionalization was observed by scanning
electron microscopy using a Nova NanoSEM 630
equipment, and by transmission electron microscopy
performed on a TEM-EM-410 microscope from PHILIPS.

The outer-surface morphology of carbon nanotubes
can be observed in the micrographs in Fig. 6. The SEM
images of samples D_Ar_stepl and D_Ar_Ni_step2 do not
show any modifications of the outer-surface of the carbon
nanotubes, as seen in Fig. 6 (a) and (b).

(©
Fig. 6. SEM images of samples:
(a). D_Ar_stepl; (b). D_Ar_Ni_step2; (c). D_Ar_Ni_step3.

Fig. 6 (a) shows a carbon nanotube with an outer
diameter of ~7.51 nm, while in Fig. 6 (b) two adjacent
carbon nanotubes with outer diameters of ~7 nm and
~29nm, respectively, can be observed. Fig. 6 (c) shows the
SEM image of a carbon nanotube with a nickel
nanoparticle attached on its wall. This metal nanoparticle
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has an outer diameter of approximately 29 nm.

Anchoring of nickel nanoparticles onto the surface of
carbon nanotubes was also confirmed by Transmission
electron microscopy (TEM). TEM images show that the
morphologies of the three samples are different. Fig. 7
shows TEM images of D_Ar_stepl, D_Ar_Ni_step2 and
D_Ar_Ni_step3 samples at different magnifications.

100 nm

(b)

(©)
Fig. 7. TEM images of samples:
(a). D_Ar_stepl; (b). D_Ar_Ni_step2; (c). D_Ar_Ni_step 3.

The rough surface indicated by the white arrows in
Fig. 7(a) suggests the carbon nanotube has functional
groups attached on the outer-surface resulting after the
nitric acid treatment. Fig. 7(b), on the other hand, shows
two carbon nanotubes that have a thick layer of material
deposited on their external surface as indicated by the
white and yellow arrows. The outer deposit resulting after

the second step of functionalization procedure most likely
consists of a layer of nickel nitrate anchored on surface
carbonyl and/or carboxyl groups. However, the clear
evidence for the anchoring of nickel nanoparticles on the
surface of carbon nanotubes is provided by the TEM
images shown in Fig. 7(c). The morphology of both nickel
nanoparticles and carbon nanotubes are clearly observed.
Nickel nanoparticles of a rather wide distribution of sizes
are attached on the walls of carbon nanotubes. The size of
the nickel nanoparticles lies in the range of 15 to 50 nm.
The magnetic properties of the synthesized samples
were measured at room temperature using a vibrating
sample magnetometer (VSM; Lake Shore) at a maximum
applied field of 10 kOe. Significant modifications in the
magnetic properties of our samples were observed during
these measurements. The magnetic behavior of samples
D_Ar_stepl, D_Ar_Ni_step2 and D_Ar_Ar_step3 are
shown in Figs. 8, 9 and 10, respectively. The diamagnetic
behavior of the D_Ar_stepl sample can be observed in
Fig. 8. This behavior can be attributed to the pure carbon
nanotubes [28, 29]. Diamagnetism is due to induced
currents opposing an applied field resulting in a small

negative magnetic  susceptibility, . For sample
D_Ar_stepl, the value found for the magnetic

susceptibility was: y = (— 6.80 + 0.12)>< 10° cm® /g.
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Fig. 8. Diamagnetic behavior of D_Ar_stepl sample.

Fig. 9 shows the paramagnetic behavior of the
D_Ni_step2. The different behavior of D_Ni_step2 sample
leads us to conclude that, after the second stage of
functionalization, the sample contains Ni** ions. Sample
D_Ar_Ni_step2 has a small positive value of the
susceptibility to the applied magnetic field,

Y= (1.2610.16)>< 107° cm3/g . The paramagnetic
behavior shows that sample D_Ar_Ni_step2 is slightly
attracted by the magnetic field and it does not retain the
magnetic properties when the external field is removed.
The paramagnetic properties are due to the presence of
unpaired electrons, and from the realignment of the
electron paths caused by the application of an external
magnetic field.
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Fig. 9. Paramagnetic behavior of
D_Ar_Ni_step2 sample.

Compared to the other two, sample D_Ar_Ar_step3
shows hysteretic behavior, as observed in Fig. 10. The
magnetic field measured as a function of magnetization at
room temperature is recorded at a field strength varying
from +10 kOe to -10 kOe.
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Fig. 10. Magnetic hysteresis curve measured at a
room temperature for the D_Ar_Ni_step3 sample

The analytical techniques employed to characterize
the particle size distribution showed particle diameters
varying from 15 to 50 nm. Particles of smaller size,
centered near 15 nm, are often considered magnetic single
domains showing a single giant magnetic moment formed
by an exchange interaction between all individual spins
[30-32], while those of larger sizes have few magnetic
domains. Because the larger particles have only a small
number of magnetic domains, they have a lower
characteristic magnetic moment compared to the single
magnetic domain particles.

The shape of the hysteresis loop is determined partly
by the domain state. Loops for single domain materials are
typically wider than loops for magnetic multi domain
materials [33]. This is just a reflection of the higher

coercivity and remanence in single domain materials [33].
From the hysteresis loop obtained, the ratio between the
remanent and the saturation magnetizations (M,/Ms), and
the coercivity (H;) were measured and found 0.121 and
97.2 Oe, respectively. These results are in good agreement
with those reported for Ni particle aggregates or magnetic
clusters with grain sizes near 20 nm showing M,/M=0.170
and coercivity of 86.5 Oe [34], while for Ni powders of
80 nm, values of 0.182 and 68.11 Oe were found for
M,/M; and coercivity, respectively [35]. For low magnetic
fields below 2400 Oe, magnetization increases rapidly
towards the saturation level, as observed in [34], and, also
similarly, the area of the hysteresis loop is very low.

All these observations indicate the hybrid material
obtained by anchoring Ni nanoparticles 15 to 50 nm in size
on carbon nanotubes shows superparamagnetic behavior
rather than ferromagnetic behavior as one might expect in
such a system. Thus, the product resulting from the third
synthetic stage, shows superparamagnetic behavior at
temperatures of 300K most likely resulting from the
combination of the ferromagnetic behavior of the Ni
nanoparticles and the diamagnetic properties of their
carbon nanotubes support. Such behavior has been
previously reported for Ni nanoparticles isolated in
diamagnetic matrices [30], [32], [36], [37].

3. Conclusions

A simple method is described to anchoring nickel
nanoparticles on the walls of carbon nanotubes. The first
step of this method, consisting of the oxidation of the
outer-surface of carbon nanotubes using nitric acid, makes
possible the formation of carbonyl and carboxyl functional
groups on the walls of carbon nanotubes.

The second and the third synthetic steps allowed
anchoring the nickel precursor and the formation of
metallic nickel nanoparticles anchored on the nanotube
walls. The nickel precursors deposited on carbon
nanotubes resulting after the second step of the
functionalization procedure were reduced during the
thermal treatment in hydrogen and produced nickel
nanoparticles ranging from 15 to 50 nm, as confirmed by
XRD, SEM and TEM analysis.

The hybrid nanostructured material obtained by our
method raises special interest because, at 300K, shows
superparamagentic properties. Such material can be used
in a wide range of applications, such as catalysis,
chemical/biological sensing, optoelectronics [38-40],
nanoelectrode ensembles, sensors, and biocatalysis [41-
44].
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