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Synthesis of magnetic cobalt ferrite nanoparticles
with controlled morphology, monodispersity and
composition: the influence of solvent, surfactant,
reductant and synthetic conditionsf

Le T. Lu,*®* Ngo T. Dung,® Le D. Tung,” Cao T. Thanh,© Ong K. Quy,®
Nguyen V. Chuc, Shinya Maenosono® and Nguyen T. K. Thanh*®

In our present work, magnetic cobalt ferrite (CoFe,O4) nanoparticles have been successfully synthesised
by thermal decomposition of Fe(i) and Coli) acetylacetonate compounds in organic solvents in the pre-
sence of oleic acid (OA)/ oleylamine (OLA) as surfactants and 1,2-hexadecanediol (HDD) or octadecanol
(OCD-ol) as an accelerating agent. As a result, CoFe,O,4 nanoparticles of different shapes were tightly
controlled in size (range of 4-30 nm) and monodispersity (standard deviation only at ca. 5%). Experi-
mental parameters, such as reaction time, temperature, surfactant concentration, solvent, precursor ratio,
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and accelerating agent, in particular, the role of HDD, OCD-ol, and OA/OLA have been intensively investi-
gated in detail to discover the best conditions for the synthesis of the above magnetic nanoparticles. The
obtained nanoparticles have been successfully applied for producing oriented carbon nanotubes (CNTs),
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1. Introduction

Magnetic nanoparticles (MNPs) have attracted a great deal of
attention due to their promising applications in biomedicine,
as catalysts and in magnetic data storage. To use MNPs for the
mentioned applications, the ability to control the particles’
morphology, monodispersity, and chemical composition is cri-
tically important since their physical and chemical properties
highly depend on these parameters. Recently, various wet
chemical techniques including co-precipitation," hydro-
thermal,”> polyol,®> solvothermal,*” electro-chemical,®® and
reverse micelle'® syntheses have extensively been used to
prepare MNPs with different sizes and shapes. Compared with
other methods, the organic phase synthesis has proved to be
the most effective one for the preparation of the MNPs with
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and they have potential to be used in biomedical applications.

spherical and non-spherical shapes (e.g. cube, rod, tetrapod,
wire or star) such as Fe;O4,'"'* y-Fe,05,°'® MnFe,0,,"" "
CoFe,0,,%>7%* FePt,>2° CoPt,?® NiPt,*® Co**?*! and Fe.*> Here,
the size of NPs could be controlled by tuning the boiling temp-
erature of the suitable solvent mixture,"! the reaction time,'?
the reagent concentration,">'*** or by a seeding growth
process.”**” On the other hand, the shape of the NPs is
usually controlled by varying the heating rate,** the ratio of
precursor to surfactant,">'® the reaction time or the concen-
tration of reagent.'®** Generally, a high temperature and long
reaction time produced large particles, whilst a low heating
rate or a low ratio of precursor to surfactant generated non-
spherical shapes.'"'*1922

Among many magnetic oxides, cobalt ferrite CoFe,O, has
drawn a lot of attention because of its high magnetic aniso-
tropy (1.8 - 3 x 10° ] m ™~ at 300 K)** which is advantageous in
applications for high density magnetic recording media.>*™”
However, there are limited studies on the synthesis of the
shape-controlled CoFe,O; NPs.>*7%3%3% Here, CoFe,0, NPs
were produced by decomposition of iron(im) acetylacetonate, Fe
(acac);, and cobalt(n) acetylacetonate, Co(acac),,’® or metal
oleate complexes at high temperature in organic
solvents.?*>*3° The control of particle shape was made poss-
ible by a seeding growth process** or by varying the concen-
tration of precursors and heating rate of the reaction.*>?** In
those studies, the influence of other experimental parameters,
such as the nature of solvent or reducing agent on the

This journal is © The Royal Society of Chemistry 2015
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morphology and monodispersity of the particles was not
exploited in detail.

The main aims of our current work are to determine the
role of reducing/ accelerating agents and solvents in control-
ling the particle parameters. In the presence of HDD, the influ-
ence of various synthetic conditions, including reflux time,
temperature of reaction, concentration of surfactants or ratio
of precursors on the particle size, shape and monodispersity
was investigated. We also synthesized samples without using
HDD to investigate the particle formation. In addition, OCD-
ol, an inexpensive and commercially available agent, has been
used as an alternative for HDD in the synthesis of the NPs.
The obtained NPs have been successfully applied for produ-
cing oriented carbon nanotubes (CNTs), and can possibly be
used for some applications in biomedicine.

2. Experimental

2.1. Chemicals

All chemicals, including precursors: iron(u) acetylacetonate
(Fe(acac)s, 99.99%), cobalt(n) acetylacetonate (Co(acac),, 99%);
solvents: dioctyl ether (99%, boiling point: 287 °C), 1-octa-
decene (90%, boiling point: 320 °C), chloroform (>99%),
absolute ethanol (100%), toluene (99.8%), and hexane (98.5%);
surfactants and reductant: oleic acid (OA, 99%), oleylamine
(OLA, 70%), 1,2-hexadecanediol (HDD, 90%) and octadecanol
(OCD-ol, 99%) were purchased from Sigma-Aldrich Ltd, Singa-
pore. All the chemicals were used as received without further
purification.

2.2. Synthesis of cobalt ferrite NPs

In the present work, the syntheses were conducted under
oxygen-free conditions in a Schlenk line. In a typical synthesis,
Co(u) acetylacetonate (0.162 g, 0.63 mmol), Fe(m) acetyl-
acetonate (0.459 g, 1.26 mmol) and HDD (0.58 g, 1.5 mmol)
were placed into a 100 ml three-neck flask. At the same time,
3.6 ml OA, 3.6 ml OLA and 30 ml of 1-octadecene solvent were
added into the above mixture. The concentrations of Co(acac),,
Fe(acac);, OA, OLA, and HDD in the reaction solution are
equal to 21 mM, 42 mM, 372 mM, 372 mM, and 75 mM,
respectively. In the case of using dioctyl ether, the volume of
the solvent was reduced to 20 mL but the concentration of
reaction agents was kept constant. The reaction mixture was
magnetically stirred and de-gassed at room temperature (RT)
for at least 30 min before heating to 100 °C, and kept at this
temperature for 30 min in order to remove water. The tempera-
ture continued to be increased to 200 °C, and was kept at this
temperature for another 30 min. Then, reaction solution was
ramped with a heating rate of about 6 °C min~" to a desired
reaction temperature ca. 295 °C). At this temperature, samples
were removed at various times up to 120 min to investigate the
morphological evolution of the NPs (2 mL aliquots were with-
drawn using a long needle-glass syringe, stored in small glass
vials and naturally quenched to room temperature). The
effects of solvent, surfactant concentration, ratio of metal

This journal is © The Royal Society of Chemistry 2015
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precursors, reaction time, and reductant on the morphology,
monodispersity, chemical composition and magnetic pro-
perties of the NPs were investigated. The as-synthesised NPs
were purified from free excess ligands before characterisation.
In a typical purification, 1 mL of a solution of NPs was mixed
with 1 mL of ethanol. NPs were collected by centrifugation at
10 000-12 000 rpm for 10 min (or a magnetic bar for large
NPs) and the supernatant was discarded. The NPs were then
dispersed in 1 mL n-hexane and precipitated by adding 1 mL
of ethanol. The precipitation-redispersion procedure was
repeated 2 more times and the NPs were finally dispersed in
2 mL n-hexane.

2.3. Fabrication of CNTs by thermal chemical vapour
deposition (CVD) method

2.3.1. Deposition of NPs on Si/SiO, substrate. Cobalt
ferrite NPs were deposited on Si/SiO, substrates by a spin
coating method before the growth of CNTs. In a typical depo-
sition process, several droplets of purified NPs dispersed in
hexane with a concentration of 26 mg ml~" were dropped onto
the spinning Si/SiO, substrates. The spinning speed was
optimum at 2000 rpm to obtain a homogeneous thin film of
the nanocatalysts.

2.3.2. Growth of vertically aligned CNTs. Vertically aligned
CNTs were grown on cobalt ferrite spin-coated Si/SiO, sub-
strates using acetylene (C,H,) as a carbon source. The prepa-
ration procedures were described in detail in our recently
published protocol.*" Briefly, cobalt ferrite NP deposited sub-
strates were mounted into a quartz tube. The tube was then
placed into a pre-heated furnace at 400 °C to remove surfac-
tants on the surface of the nanocatalysts and after 30 min
hydrogen (H,) gas was flushed to reduce cobalt ferrite into
CoFe nanoalloy form. The temperature was then increased to
700-900 °C before the gas mixture of Ar/H,/C,H, with a flow
rate of 300/100/30 cm® min ", respectively was introduced into
the tube. After 30 min, the reaction was cooled down to room
temperature.

3. Results and discussion

In the presence of OA, OLA and HDD, thermal decomposition
of Co(acac), and Fe(acac); produced cobalt ferrite NPs, releas-
ing acetone and carbon dioxide as by-products:***?

Co(acac), + Fe(acac), — CoFe,0, + CH;COCH; + CO,

It was well known that the morphology of the synthesised
NPs can be controlled by the nucleation and growth pro-
cesses™ which are in turn strongly influenced by the synthetic
conditions, such as the concentration of reagents, solvents or
reaction time and temperature.*’

3.1. Effect of the solvents on synthesis of cobalt ferrite NPs

3.1.1. Di-octyl ether
3.1.1.1. Influence of surfactant concentration and reaction
time on the morphology of the NPs. Fig. 1 shows the TEM

Nanoscale, 2015, 7, 19596-19610 | 19597
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Fig. 1 TEM images of the cobalt ferrite NPs synthesised in di-octyl
ether with the precursor ratio Co?*:Fe® = 1:2 in equimolar amount
of OA and OLA at total concentrations of 248 mM (a, b); 496 mM (c, d)
and 620 mM (e, f) at different reaction time of 30 min (a, ¢, e) and
60 min (b, d, f). The samples were synthesised at 295 °C. Scale bar:
50 nm.

images of the cobalt ferrite NPs in which the shapes can be
varied between the sphere, cube and star-like with an equi-
molar amount of OA and OLA at total concentrations of
248 mM, 496 mM, and 620 mM, respectively. Here, the concen-
trations of Co(acac), and Fe(acac); were kept at 21 and 42 mM,
respectively and the time of the reaction varies between 30 and
60 min. The longer the reaction time, the larger NPs are
obtained, but the shape of the NPs remains almost the same.
For spherical NPs the size of 8.0-10.5 nm can be obtained,
and it is 15.0-17.9 nm for cubic NPs and 22.3-29.7 nm for star
shaped NPs.

Previously, the use of OA and OLA mixture as surfactants to
synthesise magnetic nanocubes has been reported by several
authors.”>*®?° The carboxylic group on OA and the amine on

19598 | Nanoscale, 2015, 7, 19596-19610
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OLA have different strengths and selective binding energies
with the surfaces of the NP and are necessary for controlling
the NPs’ shape. Sun et al. have shown that nanocubes can be
obtained when the ratio of OA surfactant to iron precursor is
more than 3:1." In the current study, the formation of the
cubic NPs was observed at 372 mM OA/OLA (186 mM each)
corresponding with a ratio of [OA] or [OLA] surfactant to the
[Fe] precursor of ~4.4.

To investigate the effect of reaction time on the morphology
of the NPs further, samples from the reaction were removed at
different times. The results consistently show that even under
different concentrations or ratios of reagents small spherical
NPs were initially formed and then by prolonging the reaction
time, they developed into larger spheres, cubes or stars. The
shapes are dependent on the surfactant concentration. For
example, at a ratio of Co®": Fe’" = 1:2 and in the presence of
248 mM equimolar of OA and OLA (124 mM each), 4.7 nm
spherical NPs were obtained after 5 min and the size of the
NPs increased to 12.5 nm after 120 min (ESI, Fig. S1f). At a
higher concentration, 620 mM of OA and OLA (310 mM each),
the 13.2 nm cubes were formed after 5 min of reaction (ESI,
Fig. S17) but they then developed quickly into 29.7 nm stars
after 60 min of reaction (Fig. 1f). Further extending the reac-
tion time to 120 min, aggregated NPs were formed (ESI,
Fig. S1f). To investigate the effect of reaction time on the
morphology of NPs in more detail, we reduced both the
growth rate of the NPs by decreasing the reaction temperature
from 295 °C to 287 °C and the sampling interval. As an
example, Fig. 2 shows TEM images and the histograms of size
distributions of NPs synthesised at a ratio of Co*":Fe®" =
1:1.5 and a total concentration of equimolar amounts of OA
and OLA at 620 mM after different reaction times. It can be
seen that 4.3 nm spheres were formed within 1 min of reaction
and these then developed into 16.1 nm nanocubes after
10 min and 28.1 nm stars after 120 min.

3.1.1.2. Influence of precursor ratio on the morphology
and composition of the NPs. The influence of the starting
ratio of Co(acac),:Fe(acac); on the morphology and
crystal structure of the as-synthesised NPs was also investi-
gated where the total concentration of precursors was fixed
at 63 mM. It was observed that with different ratios of
Co(acac), : Fe(acac); = 1:1.5, 1:1 and 1.5:1, there is only a
change in the size but the cubic-shape of the NPs remains
(ESI, Fig. S21).

For the starting precursor ratio Co>":Fe*" = 1:1.5 and the
reaction time of 30 min, we obtained nanocubes when the
total equimolar of OA and OLA concentration is in between
372 and 496 mM (Fig. 3a and b). A higher concentration of 1.2
M of equimolar of OA and OLA resulted in the production of
star-like shapes (Fig. 3c). At the concentrations of 2.4 M equi-
molar of OA and OLA, there are neither cubes nor stars to be
observed but only the irregular shape NPs with sizes ranging
from 10 to 17 nm (ESI, Fig. S31), which may come as a result
of the inhibition of the growth process by the presence of
abundant of OA and OLA in the solution and it was similarly
observed previously in the synthesis of the FePt NPs.>’

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 TEM images of NPs synthesised in dioctyl ether with a total concentration of equimolar amount of OA and OLA at 620 mM at different reac-
tion times: (a) 1 min, (b) 10 min, (c) 30 min, (d) 60 min, (e) 120 min; the corresponding size distribution histograms are shown in (f). The samples
were synthesised at 287 °C and the precursor ratio Co®* : Fe** = 1:1.5. Scale bar: 100 nm.

It is widely accepted that the size and shape of the NPs can
be tuned by controlling the relative surfactant concentrations.
OA is known to selectively and strongly bond to the crystalline
facets such as a (100) plane, whilst OLA weakly and isotropi-
cally binds to the surface of NPs.'” In the current study, it can
be seen that small faceted NPs were formed in the solution at
the initial stage of the synthesis. By extending the reaction
time, the NPs grow and become bigger. In high surfactant con-
centrations, OA molecules were assumed to quickly attach to
the lowest energy {100} facets and inhibit the growth of the
NPs in the [100] direction by forming a dense surfactant layer,
resulting in the formation of cubic NPs.">?>%® As this crystal
plane is blocked, metal ions are absorbed on the faster
growing {111} or {110} planes and lead to the formation of
star-like NPs given the available precursors in the solution.
However, at a low surfactant concentration, the surfactant

This journal is © The Royal Society of Chemistry 2015

layer is not dense enough to reduce the growth in the particu-
lar direction, thus leading to a spherical shape.

In the present study, it is observed that the size of NPs
significantly increased with increasing reaction time. Surpris-
ingly, at the same time, it is also found that the size was dra-
matically changed with varying concentrations of OA and OLA,
for example, it increases from few nm for spheres to around
25 nm for stars, as the concentration of OA and OLA increased
from 0.124 to 1.2 M in contrast with previously reported
studies, where the size of the NPs decreased with increasing
ratio of surfactant/precursor concentration.*””*® Here, the
mechanism leading to increasing the size of NPs could poss-
ibly be due to the partial formation of stable cobalt and iron
oleate complexes during the synthesis. Cobalt and iron acetyla-
cetonates were known to be decomposed at around 190 °C,***°
however, if they complexed with OA resulting in metal oleates,

Nanoscale, 2015, 7, 19596-19610 | 19599
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Fig. 3 TEM images of the cobalt ferrite NPs synthesised in the presence of equimolar amount of OA and OLA at the total concentration of (a)
372 mM, (b) 496 mM, (c) 1.2 M. (d) Size distribution histogram of the NPs with different surfactant concentrations of 128 mM (black, d = 6.4 +
0.9 nm), 248 mM (red, d = 8.9 + 1 nm), 372 mM (blue, d = 10.7 + 0.7 nm), 496 mM (pink, d = 13.7 + 0.8 nm), 620 mM (green, d = 18.3 + 2.2 nm) and
1.2 M (dark blue, d = 23.4 + 3 nm). The starting precursor ratio Co?* : Fe>* = 1:1.5 and the reaction time is 30 min. The samples were synthesised at

295 °C. Scale bar: 50 nm.

it was indicated that the decomposition temperature of these
complexes increased to around 300 °C.*’ In the presence of low
OA/OLA concentrations, iron and cobalt sources in the form of
acetylacetonate complexes are quickly decomposed at around
230-250 °C leading to the formation of many small nucleus
and reduced cobalt and iron sources to feed the growth stage of
NPs and thus smaller NPs were obtained. On the contrary, at
high concentrations of OA and OLA, cobalt and iron ions
mainly form complexes with OA resulting in oleate complexes.
At the high decomposition temperature of oleate complexes,
cobalt and iron sources are available in the solution for the
further growth of NPs. The thermal decomposition behaviours
of the precursor mixture of Co and Fe acetylacetonates at a
ratio of Co: Fe = 1: 2 and that of the precursors and surfactants
were investigated using TGA measurements (Fig. S47). TGA
plots were recorded at a constant heating rate of 10 °C min™". It
can be seen that the samples showed a large weight loss in the
range of 190-265 °C due to the decomposition of the acetyl-

19600 | Nanoscale, 2015, 7, 19596-19610

acetonate precursors. In the range of 150 — 250 °C the weight
loss in the sample of pure acetylacetonate compounds (52%) is
larger than that in the sample with OA/OLA surfactants (38%).
In the temperature range of 270-345 °C, we observed another
weight loss (15%) for the former sample and a significantly
larger weight loss (27%) possibly contributed by in situ forming
oleate complexes.

In the current study, the formation of cubic and star-like
NPs occurred at temperatures of 287 °C and 295 °C which are
lower than those reported by Gupta and co-workers.”® When
the synthesis was carried out in the presence of HDD, it was
reported that HDD could act as an accelerating agent for the
formation of NPs.**° Therefore, the presence of HDD in the
reaction may form cubic and star-like shapes at reduced
temperature.

In addition to controlling the size, the formation of in situ
cobalt and iron oleate complexes also plays an important role
in the monodispersity of the NPs. It was observed that NPs

This journal is © The Royal Society of Chemistry 2015
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became polydisperse at longer reaction times (120 min) in the
presence of low concentrations of OA and OLA (ESI, Fig. S17).
Due to the quick decomposition of acetylacetonate complexes,
after about 60 min almost all metal ions were consumed. By
further extending the reaction time NPs became polydisperse
as a result of the Ostwald ripening process.* In the case of the
NPs synthesised in the presence of high concentrations of OA
and OLA, cobalt and iron ions are available in the solution in
the form of oleate complexes. It will therefore require longer
reaction times to reach the focusing regime.*®

To study the NPs in more detail, HRTEM was performed on
some selected samples, including rounded cubes (Fig. 4a),
cubes (Fig. 4b) and stars (Fig. 4c and d). It can be seen that the
shape of the NPs is clearly defined and the images showed the
high degree of crystallinity in the samples. All samples showed
clear lattice fringes corresponding to group of atomic planes.
The HRTEM images also indicated that the growth of the NPs
was terminated at {100} planes which agreed with the above
assumption of the formation of the cubes and stars that OA
molecules attached to the lowest energy {100} faces and inhib-
ited the growth of NPs in the [100] direction by forming a

View Article Online

Paper

dense surfactant layer, resulting in the formation of cubic
shape NPs. The star-shape was created by the continuing devel-
opment of higher energy planes of {110}. FFT analyses (insets)
reveal that these particles are single crystals with lattice para-
meters corresponding to those of the bulk CoFe,O, material.

3.1.2. Octadecene

3.1.2.1. Influence of surfactant concentration, reaction time
and precursor ratio on the morphology and composition of the
NPs. The influence of solvent on the morphology of cobalt
ferrite NPs was also investigated. In the above section 3.1.1, di-
octyl ether was used as the solvent for the synthesis and the
results indicated that monodisperse NPs with different sizes
and shapes could be produced by changing the reaction con-
ditions. However, di-octyl ether is expensive and in an effort to
reduce the cost and exploit the role of the solvent in the for-
mation of the NPs, we have replaced di-octyl ether by 1-octa-
decene solvent while maintaining other synthetic conditions
the same. Fig. 5 shows that in the range of surfactant concen-
tration studied, monodisperse cobalt ferrite NPs were produced
and their size increased linearly with an increase in the amount
of surfactants. At the low concentrations of OA and OLA of

Fig. 4 HRTEM and the corresponding fast Fourier transform (FFT) images of NPs synthesised in dioctyl ether at different concentrations of OA and
OLA and at different reaction times: (a) 372 mM at 30 min; (b) 620 mM at 30 min and (c, d) 620 mM at 120 min (different magnifications). The precur-

sor ratio Co®* : Fe** = 1:1.5. Zone axis of all images is [100].

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 TEM images of CoFe,O4 NPs and their histogram of particle size distribution synthesised in 1-octadecene at different concentrations of OA
and OLA: (a) 248 (124 mM each); (b) 372 (186 mM each); (c) 496 (248 mM each); (d) 744 mM (372 mM each) and (e) histogram of size distribution.
Reaction time: 30 min. The samples were synthesised at 295 °C. Scale bar: 20 nm.

248 mM (124 mM each), spherical and monodisperse NPs with
the average size d = 3.8 + 0.5 nm were formed (Fig. 5a). On
increasing the concentration of OA and OLA surfactants up to
744 mM (372 mM each), the average size of the NPs reached
9.5 + 1.2 nm (Fig. 5d). The trend of increase of particle size
with increasing surfactant concentrations is consistent with the
case of di-octyl ether solvent but the particle shape is
unchanged with the increase of concentrations of OA and OLA.

Fig. 6 shows the TEM images and histograms of particle
size distribution of cobalt ferrite NPs synthesised in the pre-
sence of 186 mM equimolar amount of OA and OLA at various
reaction times. The results show that small NPs were initially
formed and then by prolonging the reaction time, these NPs
developed into larger ones. For example, 4.9 + 0.6 nm NPs
were obtained after 5 min and the size of the NPs increased to
6.3 + 0.5 nm after 60 min. By further extending the reaction
time to 120 min, monodisperse NPs of 7.7 + 1.1 nm were
formed.

An increase in size of NPs with prolonging of reaction time
is in very good agreement with the above results.

3.1.2.2. Effect of the ratio of precursors on the morphology of
NPs. When using cobalt ferrite NPs as catalysts for the growth
of carbon nanotubes (CNTs), it has been indicated that the
ratio of chemical composition of NPs has great influence on
their catalytic activity. For example, Barron and co-workers
showed that cobalt ferrite NPs with the ratio of Co:Fe =1:1.5
instead of 1:2 exhibited the highest catalytic activity for CNT
growth.*® With our goal of using cobalt ferrite NPs as highly

19602 | Nanoscale, 2015, 7, 19596-19610

active catalysts for synthesis of CNTs, we have carried out the
synthesis of cobalt ferrite NPs at different ratios of Co(acac), :
Fe(acac); precursors. Fig. S5t indicated some TEM images and
the corresponding size distribution histograms of NPs syn-
thesised in the presence of 186 mM of equimolar amount of
OA and OLA for 60 min with different ratios of Co(acac),:
Fe(acac); =1:2,1:1.5 and 1.5: 1. When the ratio of Co(acac), :
Fe(acac); was increased from 1:2 to 1:1.5 (total concentration
of Co(acac), and Fe(acac); equal to 63 mM was fixed), particle
size decreased slightly from 6.3 + 0.5 nm to 5.7 + 0.5 nm while
monodispersity of the NPs was maintained (stdev ca. 8%).
Interestingly, we found that further increase in the molar ratio
of Co(acac),: Fe(acac); to 1.5:1 results in an unforeseen
change in the size and shape of the NPs. At the ratio of
Co(acac), : Fe(acac); = 1.5 : 1, monodisperse cobalt ferrite nano-
cubes with an average size of 9.5 + 1 nm were obtained. The
formation of cubic shape with a larger size in low concen-
trations of OA and OLA and at a high molar ratio of Co(acac), :
Fe(acac); is not really understood.

3.1.2.3. Influence of reductants. Synthesis in the absence of
HDD. HDD is a common agent used for the synthesis of mag-
netic NPs. To this point, most experiments herein were con-
ducted in the presence of HDD. However, this agent is
prohibitively expensive and there exists an unclear role of HDD
in the formation of magnetic NPs. For example, the influence
of HDD on the morphology, monodispersity of NPs or the
yield of reactions has not been investigated. In the presence of
HDD in this work we could produce monodisperse cobalt

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 TEM images and histograms of particle size distribution of CoFe,O4 NPs synthesised in 1-octadecene under 372 mM of equimolar amount of
OA and OLA at different reaction times: (a) 5 min; (b) 60 min; (c) 120 min and (d) histograms of particle size distribution. The samples were syn-

thesised at 295 °C. Scale bar: 20 nm.

ferrite NPs with different shapes and size in the range of
4-30 nm by varying synthetic conditions. To elucidate the
influence of HDD on the parameters of the NPs, we have con-
ducted controlled experiments in which NPs have been syn-
thesised under the similar conditions as stated above but
without using HDD. In all cases we observed that NPs syn-
thesised without HDD are much larger than those with HDD
(ESI, Fig. S67t). For example, at the same 496 mM concentration
of OA and OLA (248 mM each) and reaction time (60 min) the
particle size was significantly increased from 8.3 + 0.8 nm for
NPs synthesised in the presence of HDD to 16.8 + 1.8 nm for
those prepared in the absence of HDD. In both cases, mono-
disperse NPs with stdev ca. 10% were produced. Extending the
reaction time to 120 min, we also obtain a similar trend of the
particle size change. Without using HDD the particles size was
18 + 5.6 nm, which is much larger than that of 7.5 + 0.8 nm in
the case of using HDD. However, particles formed in the
absence of HDD are polydisperse. The standard deviation of
size in this case is 31%, much larger than that of size of 10.5%
in the case of using HDD.

The increase of particle size in the absence of HDD is possi-
bly related to the low thermal decomposition rate of Co(acac),

This journal is © The Royal Society of Chemistry 2015

and Fe(acac); precursors. Thus, the concentrations of Co and
Fe monomers generated in the reaction solution without
HDD are lower than that in the case of using HDD. As
explained above, low concentrations of Co™> and Fe®" cations
in solution will lead to generation of fewer seeds (nuclei)
whilst their critical size became greater and we can achieve
NPs with larger size. In addition, according to nucleation and
growth theory, the low concentration of monomers associated
with slow decomposition rate of precursors in the reaction
solution during synthesis will possibly lead to an Ostwald
ripening process, which is the reason for broadening the size
distribution of the NPs.*® During purifying procedures of NPs,
we also observed that the amount of particles synthesised
without HDD are much less than that of NPs synthesised with
HDD. It means that the reaction efficiency is significantly
lower. In the case of the absence of HDD, we have extended
further the study on the influence of surfactant concentration
on particle parameters. Here, NPs were synthesised for a fixed
period of 60 min while only changing the concentration of OA
and OLA. When the concentration of OA and OLA is increased
from 186 to 248 mM, the average size of NPs increases from
10.6 + 2.3 nm to 16.8 + 1.8 nm (ESI, Fig. S7t). Accordingly,

Nanoscale, 2015, 7, 19596-19610 | 19603
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monodispersity of particle size was significantly improved
from =~22% for 10.6 + 2.3 nm to less than 11% for 16.8 +
1.8 nm. Further increasing the concentrations of surfactants,
the average size and uniformity of NPs were significantly
decreased. Particularly at 372 mM, 13.5 + 2.6 nm NPs with
stdev = 19% were obtained (ESI, Fig. S77).

Synthesis in the presence of OCD-ol. The above results
suggested that HDD acts as an accelerating agent for the
thermal decomposition of the acetylacetonate complexes,
which plays an important role in improving monodispersity of
the cobalt ferrite NPs and yield of reactions. However, HDD is
an expensive agent and thus limited the synthesis of NPs at a
large scale for commercial purposes. In the current study, to
overcome this issue, we have replaced HDD by OCD-ol, which
is about 20 times cheaper than HDD. From Fig. 7 it can be
seen that NPs synthesised in the presence of OCD-ol are mono-

Frequency
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disperse and have a larger size than those prepared under the
similar synthetic conditions but using HDD. For example, for
the reaction time of 60 min, the size of NPs prepared with 372
mM of OA and OLA (186 mM each) using OCD-ol is 10.9 + 0.6
nm, which is significantly larger than those prepared in the
presence of HDD (7.5 + 0.8 nm). Moreover, monodispersity of
NPs was significantly improved from stdev = 11% for the
former to around 5% for the latter. By prolonging the reaction
to 120 min, the NPs with a size of 14.3 + 2 nm were produced
(Fig. 7e and f).

For all aforementioned studies, the NPs were synthesised
using the equimolar amount of OA and OLA. However, oleyl-
amine is known to have sophisticated effects on the thermal
decomposition of acetylacetonate compounds. To better
understand the role of HDD or OCD-ol in the formation of
NPs, we have prepared NPs in the presence of sole OA surfac-
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Fig. 7 TEM images and corresponding histograms of size distribution of cobalt ferrite NPs synthesised in 1-octadecene in the presence of OCD-ol
and 248 mM of OA and OLA (a, b) and 372 mM of OA and OLA (c—f) for different reaction times: (a—d) 60 min and (e, f) 120 min. The samples were

synthesised at 295 °C. Scale bar: 100 nm.

19604 | Nanoscale, 2015, 7, 19596-19610

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5nr04266f

Open Access Article. Published on 15 October 2015. Downloaded on 10/29/2025 4:31:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale

tant. At low OA concentrations, we observed that the
morphology and monodispersity of NPs were insignificantly
influenced by the absence of OLA. Monodisperse and
spherical NPs which are similar to the cases of using a
mixture of OA and OLA surfactants were formed in
both dioctyl ether and 1-octadecene within the reaction time
of 30 to 120 min. Fig. 8a and b indicate TEM image and
size distribution histogram of the NPs synthesised at 186 mM
OA for 30 min in octadecene. Under these conditions, it can
be seen that monodisperse NPs with a size of 7.2 + 0.4 nm
were obtained. However, in the presence of excess OA, a
significant change in the particle morphology and mono-
dispersity was observed. For example, at the OA concentra-
tion of 620 mM, about 3 nm NPs were produced with a very
low yield after 30 min of reaction (ESI, Fig. S81). On prolong-
ing the reaction time to 180 min, it resulted in the formation
of faceted NPs (Fig. 8c). This fact, therefore indicates that, in
the presence of only OA, longer reaction time would be
required for the growth of the NPs. Under similar synthetic
conditions, except that OA was replaced by OLA, we observed
monodisperse nanocubes just after 120 min of reaction
(Fig. 8d).

View Article Online
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3.1.3. Evolution of morphology control. From the obser-
vations, we propose the schematic diagram for morphology
evolution of NPs in relation to solvents, reductants, surfactant
concentrations and reaction time as shown in Fig. 9. It can be
seen that small spherical (faceted) NPs with few nm in size
were formed in the solution at the initial stage within a few
minutes of the reaction. At low concentration of OA and OLA,
only NPs with a spherical shape were obtained in the whole
process of the reaction (Fig. 9a, d-f). However, the initial
spheres developed into different morphologies including
rounded cubes, cubes and faceted NPs (Fig. 9b) or cubes and
stars at higher surfactant concentrations in the case of di-octyl
ether as the solvent (Fig. 9¢). When octadecene was used, the
shape of the NPs is insignificantly changed with varying reac-
tion conditions but the size and monodispersity of the par-
ticles depend on the synthetic parameters. In the absence of
any reductive agent (HDD/OCD-ol), large and polydisperse NPs
with very low yield were formed in the solution due to the low
decomposition rate of the Co(acac), and Fe(acac); compounds.
When HDD or OCD-ol was used, small spherical NPs as
nuclei, initially formed at the early stage of the reaction, deve-
loped into larger ones with prolonging reaction time or
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Fig. 8 TEM image of cobalt ferrite NPs synthesised with sole OA or OLA: (a) 186 mM OA for 30 min (in 1-octadecene with OCD-ol). Insert is high
magnification image and (b) is size distribution histogram of (a); (c) 620 mM OA at 180 min, (d) 620 mM OLA at 120 min (c and d are in the di-octyl

ether). The samples were synthesised at 295 °C. Scale bar: 100 nm.
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increasing concentration of OA and OLA. The longer the reac-
tion time and higher the concentration of OA and OLA, the
larger the NPs obtained (Fig. 9e and f). Under similar synthetic
conditions, the NPs formed with OCD-ol are larger than the
ones prepared with HDD. This is possible due to the difference
in the reductive power between HDD and OCD-ol.

3.2. Phase structure and magnetic properties

Phase identification and degree of crystallinity of the NPs were
investigated and the typical XRD patterns of some samples are
shown in Fig. 10. At a precursor ratio of Co®": Fe®" = 1:2 the
NPs had a single phase and the XRD pattern can be indexed
with the spinel cobalt ferrite CoFe,O, (Fig. 10a). At precursor
ratios of Co®": Fe®" = 1:1 or 1.5: 1, the sample consists of mul-
tiple phases of CoFe,O; and CoO (Fig. 10b and c). The mean
size of NPs was calculated from the broadening of X-ray peaks
using the Scherrer formula:>**?

KA
d=———
B cos 6

where d is the particle size, 1 is the wavelength of X-ray radi-
ation, K is a constant in the range of 0.89 to 1.39 depending on
the geometry of the crystallites (particle shape). Generally, a
K value of 0.94 for cubic crystallites or 1.33 for spherical shape
was used for the calculation.’””® In the current study, the
K value of 0.94 and the wavelength A of 0.154 nm (Cu K, radi-
ation) were used in the calculation of the crystallite size. With
the samples prepared at the ratios of Co* : Fe’* =1:2and 1:1
(Fig. 10a and b), the crystallite sizes estimated from the broad-
ening of the peak 311 were 28.5 nm and 19.2 nm, which are in
good agreement with the particle sizes of 29.7 + 2.7 nm and

19606 | Nanoscale, 2015, 7, 19596-19610

19.9 + 2.1 nm, respectively, determined by TEM. This
suggested that the samples are single-crystalline NPs. In the
case of the sample prepared at the ratio of Co*": Fe** = 1.5:1,
the crystallite size evaluated by XRD was 15.2 nm (Fig. 10c)
and was significantly smaller than the particle size determined
by TEM (18.4 + 2.5 nm). The decrease in the particle size calcu-
lated by XRD compared with those determined by TEM indi-
cated that the NPs were possibly polycrystalline due to the
presence of significant amount of the CoO phase. Phase struc-
tures of some samples synthesised in octadecene with
different reductive agents (HDD, OCD-ol or without HDD/
OCD-ol) were also investigated (ESI, Fig. S91). All samples
show the characteristic diffraction peaks of structural phase of
spinel CoFe,0,. It included typical peaks of (220), (311), (400),
(511) and (440) at the positions of 30, 35.5, 43, 57 and 62.5°,
respectively. Among diffraction peaks, the (311) peak has
highest intensity.

The magnetic properties of the cobalt ferrite NPs were
determined by measurements of the zero-field-cooled (ZFC) and
the field-cooled (FC) magnetisation and the results obtained for
some samples are presented in Fig. 11. For different samples, it
was observed that the peak in the ZFC curve which is associated
with the transition of the NPs from the superparamagnetic to
ferromagnetic blocked states with decreasing temperature. For
the NPs synthesised with the same starting precursor ratio, we
observed that the values of the blocking temperature Ti,
obtained at the peak of the ZFC curves of the NPs increased
with increasing particle volume regardless of the shape of the
NPs. For the rounded cubes, the 12.2 nm and 14.4 nm NPs syn-
thesized at a ratio of Co:Fe = 1:1 have T}, values of 95 K and
113 K, respectively (Fig. 11a and b). When NPs were synthesised

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 The zero-field-cooled (ZFC), field-cooled (FC) magnetisation of cobalt ferrite NPs with different morphologies and prepared at different
precursor ratios: (a, b) OA/OLA coated 12.2 nm and 14.4 nm rounded cubes (Co?*: Fe>* = 1:1); (c) OA/OLA coated 11 nm spheres (Co?* : Fe3* =
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11 nm cubes (Co?* : Fe** = 1:2) and (g) OLA coated 11.2 nm rounded cubes (Co?* : Fe>* = 1:1.5).

To have clearer insight into the dependence of magnetic
properties of the nanoparticles on the morphology and chemi-
cal composition, we have estimated value of the anisotropy

at a ratio of Co:Fe = 1:2, the blocking temperature became
125 K for 10.5 nm spheres and then increased to 187 K for
11 nm nanocubes (Fig. 11e and f).
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constant K for some samples based on using the formula KV =
25 kT, ** and plotted the dependence of blocking temperature
T, and the magnetocrystalline anisotropy constant K of the
samples vs. the average volume of the nanoparticles
(Fig. S107). It can be seen that the anisotropy constant K of the
samples decreased with the increase of the average volume
and Co:Fe ratio of the nanoparticles. The largest value K of
0.71 x 10°> J m~> was obtained for 10.5 nm spherical nano-
particles with a Co:Fe ratio of 1:2. This estimated value is
slightly smaller than that reported for the bulk of 1.8-3 x
10° J m~3* which could be due to different reasons such as
the difference in the stoichiometry, and interparticle inter-

View Article Online
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action that can influence on the observed value of the blocking
temperature, the slight change of the inversion factor in the
nanoparticle sample from the almost inverse cubic spinel in
the CoFe,0, bulk.’*

Fig. S117 shows hysteresis curves at room temperature of
some samples with different sizes and synthesised at different
synthesis conditions. It can be seen that the values of satu-
ration magnetisation, M, obtained for the samples, are in the
range of 51 to 64 emu g~ '. These values are lower than that of
the bulk sample (80-85 emu g~ "), which is possible due to the
magnetic moment disorder (spin canting effect) at the particle
surface.

Sample@ 0.00V
Scanned | «

5.00um

Fig. 12 TEM (a) and AFM (b) of cobalt ferrite NPs, and SEM images (c—f) at the different magnifications of aligned CNTs grown on the 4.9 nm cobalt

ferrite NPs coated Si/SiO,.
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3.3. Cobalt ferrite NPs as nanocatalysts for growing of
aligned CNTs

To assess the catalytic activity of cobalt ferrite NPs for the
preparation of aligned CNTs, we have used NPs with different
sizes and composition and deposited NPs on the substrate by
the spin-coating method. Here, CNTs were grown on the NP
coated Si/SiO, substrate by the thermal CVD technique.*'
Fig. 12 shows an example of cobalt ferrite nanocatalysts (ratio
of Co:Fe = 1:1.5) for growing aligned CNTs. From atomic
force microscopy (AFM) images, it can be seen that the nano-
catalysts are uniformly dispersed on the Si/SiO, substrate. SEM
images of grown CNTs at different magnifications are shown
in Fig. 12c. Under chosen conditions, it is clear that high
aligned and pure CNTs were obtained on the Si/SiO, substrate.

To investigate the location of cobalt ferrite nanocatalysts on
the CNTs we have carried out some TEM and high magnifi-
cation SEM analyses (Fig. S12}). From high magnification SEM
image, the attachment of nanocatalysts to the top of CNTs was
observed. On the TEM images (Fig. S12b and c¥), this attach-
ment can be clearly identified. It was also observed that some
nanocatalysts were loaded inside the CNTs. However, the
number of nanocatalysts loaded inside CNTs in the current
work is much less than that observed by Liu et al for
CoO@Fe;0, core/shell catalysts.>”

4. Conclusions

Monodisperse cobalt ferrite NPs of diverse size, shape and
composition have been successfully prepared in organic media
using a one pot synthesis. The observations show that syn-
thetic conditions such as surfactant concentration, reaction
time and solvent play critical roles in controlling the size,
shape and monodispersity of the NPs. Although the role of
solvent and individual surfactants in the synthesis is still
needed to be clarified, the results suggest that OA and OLA
surfactants have more complicated roles than that of simply
imparting colloidal stability to the NPs. From our studies, it
was suggested that OA interacts with cobalt and iron acetyl-
acetonate precursors to yield stable metal oleate complexes
during heating. We found that OCD-ol an inexpensive and
commercially available agent, can be used as an effective
alternative for HDD in the synthesis of the NPs, and 1-octade-
cene is a cheap and excellent alternative to costly dioctyl ether.
The synthesised NPs have been successfully applied for produ-
cing oriented CNTs, and we believe that the obtained MNPs
have potential to be used in many other applications including
in biomedicine.
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