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Simple and inexpensive formation of extended and ordered mono- or multilayers of highly mono-
dispersed CoFe2O4 nanoparticles, covered by oleic acid coating, was obtained by the spin-coating
method on silicon substrate. Two concentrations of nanoparticles dispersions were employed. The
oleic-capped nanoparticles were used as catalysts for the growth of carbon nanotubes by ethylene
CCVD.A close correlation of nanotube diameter with nanoparticle size has been verified.Moreover,
density and length of nanotubes can be controlled by nanoparticle concentration.

1. Introduction

Metal andmetal-oxide nanoparticles have been attract-
ing intensive interest thanks to the nanoscopic size of the
inorganic core, which generates new properties unique to
quantum-confined structures.
In this wide variety of materials, the family of ferrites

with general formula MFe2O4 (M = Fe,Co,Ni, etc.) is
intensively studied for various applications because of
chemical stability biocompatibility and magnetic pro-
perties of its members.1-4

In particular, CoFe2O4 nanoparticles (NPs) with con-
trolled shape and size are appealing for high-density
recording applications.5-8 Moreover, ferrite nanoparti-
cles, when covered by an appropriate organic coating,9

have also attracted great interest in the biomedical field,
especially in magnetic targeted drug delivery and in
magnetic fluid hyperthermia, because of their larger

magnetic anisotropy and magnetic moments than those
for iron oxides.10,11

Thanks to the high surface/volume ratio, another
application of ferrite nanoparticles is the catalyzed
growth of monodimensional nanostructures by chemical
vapor deposition (CCVD) technique. Recently, mono-
dispersed Fe3O4 nanoparticles have been investigated as
catalyst for CCVD synthesis of boron nanowires12 and
carbon nanotubes.13,14

A crucial aspect for themost applications cited before is
the ability to control the assembly of nanoparticles to
realize films, arrays, patterns, networks and circuits for
the fabrication of novel nanodevices. While traditional
approaches based on “top-down” techniques (lithography,
ion sputtering depositions, laser ablation, etc.) require
very expensive equipment, wet coating methods based on
“bottom-up” chemical strategies may offer many advan-
tages such as experimental facility and potential low-cost
fabrication. High productivity of highly ordered nano-
structures on a substrate is the present target that may
have revolutionary effects for science and technology.15

In this work we focus the attention on the synthesis of
high monodispersed oleic acid-capped CoFe2O4 nano-
particles and their simple and inexpensive assembly on
silicon substrate by the spin-coating method. The forma-
tion of extended and ordered mono- or multilayers
of CoFe2O4 nanoparticles, exploitable for many appli-
cations, is here used to examine their catalytic proper-
ties for the growth of carbon nanotubes. In pre-
vious work, we obtained high selectivity and yield in
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synthesizing carbon nanotubes on supported cobalt and
iron catalyst.16,17

NPs synthesis and CCVD growth of carbon nanotubes
are described and the possibility to control density, length,
and assembly of nanotubes on silicon wafer is discussed.

2. Experimental section

2.1. Materials. Ethanol, toluene, sulphuric acid (98%), and

hydrogen peroxide (30%) were used as received. Phenyl ether

(99%), 1,2-hexadecanediol (97%), oleic acid (90%), oleylamine

(>70%), cobalt(II) acetylacetonate, and iron(III) acetylaceto-

nate were purchased from Aldrich. Water of Milli Q quality

was obtained from Millipore water purification equipment

(Bedford, MA). Monocrystalline oriented silicon wafers (100)

were kindly provided by STMicroelectronics of Catania (Italy).

2.2. Synthesis of CoFe2O4 Nanoparticles.NPs were prepared

by thermal decomposition of iron and cobalt acetylacetonates in

organic solvent using a mixture of surfactant agents. Fe(acac)3
(2 mmol), Co(acac)2 (1 mmol), 1,2-hexadecanediol (10 mmol),

oleic acid (6 mmol), oleylamine (6 mmol), and phenyl ether

(20 mL) were mixed and magnetically stirred under a nitrogen

flow. The mixture was heated to reflux (265 �C) for 60 min. The

black-brown mixture was cooled to room temperature by

removing the heat source. The product was washed with etha-

nol, centrifuged, and finally dissolved in 40 mL of toluene,

forming a dispersion stable over a long period of time.18,19

2.3. Preparation of Silicon Substrate. Oriented silicon wafer

(100) was cut into 1� 1 cm2 pieces, that were sonically cleaned in

toluene, acetone and Milli Q water for periods of 15 min. After

cleaning, the substrates were soaked in piranha solution [H2SO4

(98%)/H2O2 (30%) 1:3 by volume], washed with Milli Q water,

and dried under a nitrogen flow.

2.4. Formation ofOrdered Layer of Nanoparticles on a Silicon

Substrate. The spin coating technique was used to spread the

synthesized nanoparticles on silicon wafer. The rotational speed

was set at 4000 rpm and the time of spinning was 10 min. We

used a toluene dispersion of nanoparticles either as-obtained

after synthesis or after dilution in volume to a 1:8 ratio.

Two silicon substrates were used for CCVD synthesis of carbon

nanotubes: HDNP (silicon covered by high-density nanoparticles

film) was prepared by spin coating of the concentrated NPs

dispersion on the silicon wafer, LDNP (silicon covered by low-

density nanoparticles film) was obtained by spin-coating of diluted

NP dispersion in the same conditions as for HDNP.

2.5. CCVDGrowth of Carbon Nanotubes (CNT).HDNP and

LDNP substrates were mounted into a vertical quartz tube

Figure 1. Characteristics of CoFe2O4 nanoparticles: (a) TEM image; (b) size distribution; (c) electron diffraction pattern; (d) EDX spectrum.

Figure 2. FE-SEMimageofhexagonally packed superlatticeofCoFe2O4

nanoparticles obtained by spin-coating deposition on silicon substrate.
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reactor and introduced in a preheated furnace at 700 �C for

10 min under a N2 atmosphere. Pure N2 flow was replaced by a

gas mixture of C2H4 (99.998 pure) with the flow rate of 8 (stp)

cm3/min in N2 (99.999 pure) (72 (stp) cm
3/min) and maintained

at 700 �C for 60 min. The reactor was then cooled to room

temperature under a N2 flow and the substrates were recovered.

They were named, respectively, CNTHDNP and CNTLDNP.

2.6. Characterization Techniques. TEM micrographs of co-

balt ferrite nanoparticles were obtained using a JEOL JEM2010

electron microscope operating at 200 kV.

Field emission scanning electron microscopy (FESEM)

images were collectedwith a FESEMLEO1550VPmicroscope.

Energy-dispersive X-ray analyses were acquired with a FESEM

LEO1525microscope equippedwith aEDXdetector. Toobtain

the EDX maps that require long acquisition times, we covered

the samples with chromium film to made them conductive.

The thermal decomposition behavior of nanoparticles organ-

ic coating was investigated with a thermo-analyzer (Q600, TA

Instruments) online connected to a quadrupole mass detector

(Quadstar 422, Pfeiffer Vacuum). The measurement was carried

out in nitrogen flow, under the same temperature-programmed

heating (from room temperature to 700 �C) as before the CVD
synthesis.

Raman spectra were obtained with a micro Raman spectro-

meter Renishaw inVia (514 nm excitation wavelength).

3. Results and Discussion

3.1. Nanoparticle Characterization. The morphologi-
cal and structural characteristics of the cobalt ferrite

particles were determined by transmission electron mi-
croscopy (TEM) analysis. The images revealed the for-
mation of nanoparticles with highly uniform size that,
once deposited over a copper grid, tend to self-organize in
a regular hexagonal layer (Figure 1a). The particle size
distribution, obtained from statistic analysis of over 200
nanoparticles, is shown in Figure 1b. The average dia-
meter of inorganic core is d=6.0 nm with σ=(0.8. The
corresponding electron diffraction pattern (Figure 1c)
and the EDX spectrum (Figure 1d) confirm the ferrite
nature of nanocrystals.17

The samples obtained by spin coating the organic
dispersion of nanoparticles onto Si wafer, following the
procedure described in the Experimental Section, were
examined by FESEM. We found that the coating proce-
dure allowed to form an extended ordered layer of
CoFe2O4 nanoparticles on the silicon wafer surface. A
typical FESEM image (Figure 2) clearly shows a densely
packed film of nanoparticles formed after spin coating
deposition. The hexagonally packed superlattice, stable
even after solvent evaporation, was obtained thanks to
the high monodispersion of nanoparticles and to the
hydrophobic interactions of organic chains that cover
the surface of NPs.
To investigate the effect of the concentration of disper-

sion on the characteristics of the nanoparticles layer, we
analyzed LDNP and HDNP samples by EDX.

Figure 3. From left to right clockwise: (i) low-resolution FESEM image of silicon substrate covered by diluted dispersion of cobalt ferrite nanoparticles;
(ii) EDXmap, and (iii) relevant spectrum of Fe and C (a thin film of chromium was evaporated on the sample to made it conductive during acquisition of
EDX maps).
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Figure 3 shows typical results obtained with the sample
LDNP. The low concentration of NPs on the substrate
permitted to collect only X-ray dispersive energy signals

of Fe (green) and C (red) with their corresponding EDX
chemical maps. It was not possible to collect the chemical
map of Co, because cobalt, present in ferrite at a 0.5 atomic

Figure 4. From left to right clockwise: (i) low-resolution FESEM image of silicon substrate covered by concentrated dispersion of cobalt ferrite
nanoparticles, (ii) EDX map, and (iii) relevant spectrum of Fe, Co, and C.

Figure 5. (a) Low-resolution image of synthesized carbon nanotubes on LDNP by catalytic decomposition of C2H4 at 700 �C for 60 min; (b, c) higher-
magnification images of details.
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ratio with respect to iron, has a concentration value under
the detection limit of the instrument. The EDX signal
from carbon is due to the organic coating of ferrite
particles. The chemical maps of Fe and C suggest that a
homogeneous distribution of NPs on the substrate was
obtained using spin coating to spread nanoparticles on
silicon.
EDX characterization of HDNP (Figure 4) shows that

in this case, the higher concentration of the nanoparticle
film allowed us to collect chemical maps of Fe, Co and C,
fromwhich it is clearly evidenced that densely packed film
of nanoparticles formed on the silicon substrate. More-
over, the measured atomic concentration ratio between
Fe and Co (2:1) confirmed the stoichiometry of ferrite for
the nanoparticles.
3.2. Synthesis of Carbon Nanotubes. Both samples

LDNP and HDNP were tested for CCVD of carbon
nanotubes.

A low-resolution FESEM image of the sample CNT-
LDNP is reported inFigure 5a, showingadisordered filmof

Figure 6. (a) Low-resolution FESEM image of synthesized carbon nanotubes on HDNP by catalytic decomposition of C2H4 at 700 �C for 60 min; (b, c)
images of details at higher magnifications.

Figure 7. WideRaman spectra ofCNTLDNP,CNTHDNP,anduntreated silicon substrate up to3000 cm-1 (left side);Raman spectra ofCNTLDNPand
CNTHDNP in the range 1000-3000 cm-1 (right side).

Figure 8. TG, DTG curves, and MS evaluation of oleic acid-capped
cobalt ferrite nanoparticles.
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carbonnanotubes coveringuniformlya large substrate area.
The images collected at higher magnification (images b and
c in Figure 5) allowed us to evaluate the organization of
CNTs on silicon substrate as low-density tangles of trans-
parent carbon nanotubes whose diameters are around 20 nm
and lengths are in the range of hundreds of nanometers.
In Figure 6a, a low-resolution FESEM image of the

sample CNTHDNP is reported, showing a thick carpet of
carbon nanotubes on the silicon substrate. TEM images ob-
tained at higher magnification (see figure 6b and 6c) show
tangles of transparent CNTs on silicon substrate with dia-
meters around40nmand length in the rangeofmicrometers.
Raman spectroscopy was used to obtain some indication

on the quality ofMWNTs. Figure 7 shows typical D and G
bands that indicate the presence of crystalline graphite
carbon and defects, respectively, for both CNTHDNP and
CNTLDNP. D and G bands (see the spectra in the range
1000-3200 cm-1) are centered at 1355 and 1606 cm-1,
respectively. The values of the ID/IG intensity ratio, which
is ameasure of disorder, increase from 1.15 for CNTHDNP
to 1.38 for CNTLDNP, indicating a higher order for the
CNTs synthesized at a higher nanoparticle concentration,
partially because of the lower impact of finite size of crystal-
line domains of longer carbon nanotubes. The spectra
exhibit also the second-order 2D band that is indicative of
an high crystalline quality and absence of impurities.17,20

Peaks of silicon are clearly visible in the spectrum of
CNTHDNP (see in the figure the spectrum of not treated
silicon). They are better resolved in the case of
CNTLDNP, which has a lower nanotube content.
All the results suggest that density, length, diameter,

and grade of order of CNTs are influenced by the density
of ferrite nanoparticles film on silicon wafer.
However, a proper discussion of the above conclusions

must take into account how the presence of the organic
layer and the heating of catalyzed silicon samples to the
conditions required for the growth of carbon nanotubes
could have affected the obtained results.
In fact, in the first case, it must be considered that,

togetherwith ethylene, the organic layer is also a potential

carbon source for carbon nanotubes growing. Therefore,
with the aim of determining the thermal behavior of the

oleic acid coating and, consequently, evaluating a possi-
ble contribution from it to the total carbon deposited

during theCVDprocess, a TG-DTGanalysis of Co2FeO4

nanoparticles was performed under N2 atmosphere and

in the same conditions as for the CVD pretreatment. The
ion currents of the most 5 intense mass fragments (m/z=

41, 55, 69, 83, 97) of oleic acid were acquired by the mass
detector interfaced to the TG analyzer.
The results reported in Figure 8 show a wide mass loss

from 310 to 490 �C: the ion currents of fragments detected
in the same temperature range suggest that the loss was
due to oleic acid decomposition. Therefore, this result
suggests that during the CVD process no contribution to

Figure 9. Effect of annealing pretreatment on the morphology of the catalytic films. (a) FE-SEM image of LDNP after pretreatment at 700 �C; (b) FE-
SEM image of HDNP after pretreatment at 700 �C.

Figure 10. (a) Size distribution histogram evaluated by TEM of inorganic core of cobalt ferrite nanoparticles before annealing; b) size distribution
histogram evaluated by FESEM nanoparticles on LDNP after annealing at 700 �C; (c) size distribution histogram evaluated by FESEM nanoparticles on
HDNP after annealing at 700 �C.
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the total deposited carbon is attributable to the organic
coating of cobalt ferrite particles, because of it was
completely decomposed to gas products during the pre-
treatment, before reaching the temperature at which the
catalyst is active for CNT growing.
With respect to the second point of discussion, it is

expected that high temperature generally induces coale-
scence between the closest particles. Therefore, the effect
of annealing pretreatment on the morphology of the
catalytic film was investigated by FESEM.
The image of LDNP after pretreatment at 700 �C

(Figure 9a) shows that the concentration of cobalt ferrite
nanoparticles dispersion was not sufficient to completely
cover the silicon support with a densely packed nanopar-
ticles monolayer. Moreover, the evaluation of the size
distribution of inorganic clusters upon pretreatment in-
dicates that a moderate coalescence phenomenon was
occurred. In fact, the average size of nanoparticles
(inorganic core) shifted from 6.0 nm ( 0.8 nm (as eva-
luated by TEM, see blue histogram in Figure 10a) before
annealing, to 10.5 nm( 2 nm after the treatment (see red
histogram in Figure 10b).
For the sample HDNP the same characterization

was carried out before and after CCVD synthesis of
carbon nanotubes. In particular, the typical FESEM

image of HDNP after pretreatment at 700 �C, reported
in Figure 9b, shows that this dispersion, eight times more
concentrated than LDNP, allowed a densely packed
nanoparticle film to form, completely covering the sub-
strate. Even in this case, the annealing pretreatment
caused a coalescence, with a shift in nanoparticle ave-
rage size from 6.0 nm( 0.8 nm (as evaluated by TEM) to
17.2 nm ( 3.8 nm (see green histogram in Figure 10c).
Concerning the dimension of CNTs obtained with the

two silicon samples, the diameter size distribution of
nanotubes grown on silicon-deposited LDNP (see purple
histogram in Figure 11) shows an average value of 18.6 nm
with a standard deviation of ( 6.4 nm. In the case of
HDNP, from the external diameter distribution of nano-
tubes (see orange histogram in Figure 11), an average size
of 42.9 nm with a standard deviation of (6.2 nm was
evaluated.
The TEM image reported in Figure 12 shows a catalytic

nanoparticle enclosed in the nanotube.
The estimation of nanotube inner diameter for both

samples gives values consistent with the nanoparticles
dimension after annealing: average value of 12.3 nm (
3.6 nm for inner diameter of CNTLDNP and average
value of 19.7 nm ( 4.2 nm for inner diameter of
CNTHDNP. They are in very good agreement with those
relevant to the annealed nanoparticles from which the
nanotubes were grown (Table 1). Therefore, the size of
cobalt ferrite nanoparticles determines the inner diameter
of the grown carbon nanotube.

4. Conclusions

We have found that the presence of oleic acid and of
oleylammine in the reaction mixture has assured the
formation of hexagonally packed superlattices of mono-
dispersed cobalt ferrites nanoparticles. The spin-coat-
ing technique has permitted us to control the density of
the nanoparticle film by varying the concentration of

Figure 11. External diameter distribution of nanotubes CNTLDNP(on the right in purple) and CNTHDNP (on the right in orange).

Figure 12. TEM image of a catalytic nanoparticle enclosed in the nano-
tube.

Table 1. Values of Nanoparticle Size and Nanotubes Diameters

NPs size (nm)
after annealing

at 700 �C
internal diameter
of CNT (nm)

external diameter
of CNT (nm)

CNTLDNP 10.5( 2 12.3( 3.6 18.6( 6.4
CNTHDNP 17.2( 3.8 19.7( 4.2 42.9 ( 6.2
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nanoparticle dispersion and has assured an homogeneous
distribution of nanoparticles on a large substrate area.
The CoFe2O4 nanoparticles on silicon catalyzed the

growth of carbon nanotubes. The morphology of
MWNT tangles formed seems to be strongly dependent
on thickness and density of catalytic film.
A more concentrated solution gives rise to the forma-

tion, at the end of the pretreatment, of larger particles,
which leads to the formation of MWNTs with larger
diameters. A close correlation of nanotube diameter with
nanoparticle size has been verified. Additionally, CNT

density and length can be also controlled by NPs con-
centration.
Further work is in progress to evaluate the catalytic

properties of ferrite nanoparticles with different size to
grow CNT on patterned silicon substrate.

Acknowledgment. The authors acknowledge Prof. Enrico
Ciliberto for FESEM characterization of CNTs and of
catalytic films and Mr. Claudio Uliana and Miss Laura
Negretti for TEM characterization of nanoparticles and
carbon nanotubes.


