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nanoparticlesy

Sohel Reja,@* Manoj Kumar and Sukumaran Vasudevan @

The synthesis of Superparamagnetic Iron Oxide Nanoparticles (SPIONs) with size and shape tunability,
which is also industrially scalable, remains challenging. Surface functionalization of the nanoparticles is
yet another active research subject. Although a variety of inorganic and organometallic precursors have
been tried, which are demanding in terms of both cost and effort, the use of iron hydroxide, a simple
and cheap iron precursor, has not been explored in detail for the synthesis of SPIONs following
a thermal decomposition route. Here, we outline a simple one-pot thermal decomposition route that
avoids separate precursor preparation and purification steps and, consequently, is easily scalable. The
method involves the alcoholic hydrolysis of a simple iron salt into iron hydroxide, which, on addition of
oleic acid, forms the precursor oleate complex in situ, which is subsequently thermally decomposed to
produce monodispersed SPIONS. Minor modifications allow for particle dimensions (5-20 nm) and
morphology (spheroid or cuboid) to be controlled. Additionally, we explored a simple ligand exchange
process for rendering the hydrophobic nanoparticles hydrophilic. Trisodium nitrilotriacetate (NTA),
a readily available polycarboxylate, can efficiently transfer the oleate-coated SPIONs to water without
the need for separation from the crude reaction mixture. X-ray Rietveld refinement showed that particles
obtained by this method had both the magnetite and wustite phases of iron oxide present. Magnetic
measurements confirm that the iron oxide particles are superparamagnetic at room temperature, with
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Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) have
been extensively investigated as promising candidates for
numerous applications ranging from heavy metal removal,**
wastewater treatment,®>” catalysis,*” drug delivery,®*° contrast
agents™™® and cancer treatment."'® The promise stems from
the fact that their saturation magnetization is remarkably high,
and secondly, being superparamagnetic, the particles do not
retain any net magnetism after the magnetic field is removed."”
The latter ensures that the dispersions exhibit excellent
colloidal stability.’® It is, therefore, not surprising that the
synthesis of superparamagnetic iron oxide nanoparticles has
been a widely explored subject.

The synthesis of iron oxide nanoparticles is a fairly complex
multistep process that involves precursor preparation, forma-
tion of monomer units, nucleation and growth of the nano-
crystals, and subsequent stabilization.'*** The optimization of
the synthetic route is of utmost importance since a small
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typical blocking temperatures of 183 K for the spherical and 212 K for the cuboid ones.

variation in the preparative conditions can significantly impact
the final outcome.”*?* Among the more popular methods are
coprecipitation, thermal decomposition, microemulsion, and
hydrothermal.>** Coprecipitation is perhaps the simplest of
all: the precipitation of a 1:1 molar mixture of Fe(u) and Fe(ur)
salts in the basic medium at ambient conditions.*>** The
method, however, suffers from poor morphological control,
problems of aggregation, and chemical instability of the
produced nanoparticles. The microemulsion method tackles
the above limitations by executing an intramiceller nucleation
and growth process, wherein the nanoparticle size can be
modulated by defining the oil/water or water/oil pool dimen-
sion.*** In the hydrothermal method, the precursor material
follows a vapor phase reaction in a sealed container at a high
temperature and pressure.**** Poor scalability of the last two
methods is, however, a serious issue. The thermal decomposi-
tion route has often been reported as a superior method since
two very crucial steps of nanoparticle formation, nucleation,
and growth, are well separated by a temperature barrier,
resulting in excellent particle size uniformity."**** The thermal
decomposition route for the synthesis of iron oxide nano-
particles requires the treatment of an iron precursor in a high-
boiling solvent. The precursor iron complexes are typically iron
oleate, iron acetylacetonate, iron pentacarbonyl, iron(oxy)
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hydroxides, etc. Despite the wide range of precursors to choose
from, there are associated drawbacks with each. Iron(oxy)
hydroxides, for example, are prepared by treating iron salts in
a highly basic medium, followed by thorough washing.** These
extra processing steps are demanding both in terms of time and
effort. Another popular option is iron acetylacetonate. Although
commercially available, it is not the primary precursor and does
not participate directly in nanoparticle formation.*>*' Due to its
much lower decomposition temperature, an early decomposi-
tion of iron acetylacetonate is observed, followed by its
conversion to iron oleate, which subsequently decomposes to
produce iron oxide nanoparticles. To shift the equilibrium
towards the formation of iron oxide, the acetylacetonate must
be removed from the reaction medium. If not completely
removed, the presence of mixed ligands in the reaction medium
significantly affects the particle morphology and composition.**
The use of organometallic precursors like iron pentacarbonyl or
cupferron®* is both expensive and demanding as they must be
handled under an inert atmosphere. Iron oleate, on the other
hand, serves as an excellent precursor material for the scaled-up
synthesis of highly monodispersed iron oxide nanoparticles.?”*¢
Iron oleate is prepared by treating iron chloride with sodium
oleate in a mixed solvent system comprising water, alcohol, and
a non-polar hydrocarbon. However, demanding extraction and
purification steps adds to the production cost. Hydrated iron
oleate, a result of incomplete drying, results in polydispersity of
the thermally decomposed iron oxide nanocrystals. In the
preparation of iron oxide nanocubes, the final results are
heavily impacted by the degree of hydration of the precursor
oleates.”™® Even a trace amount of water present in the
precursor oleate can form micelles with sodium oleate. As
a result, oleate ions are unavailable to drive surface-specific
growth, finally resulting in nanocubes with ill-defined edges.*
The highly viscous tar-like iron oleate complex also poses
a serious challenge for quantitative measurements.

Surface functionalization of the thermally decomposed
nanoparticles has been a field of equal interest as the synthesis
itself. Several direct and indirect functionalization strategies
have been developed, including ligand exchange, capping agent
oxidation, surfactant removal, polymer coating, and inorganic
shell formation.>® However, such strategies require the ther-
mally decomposed product to be extensively processed first,
which involves precipitation of nanocrystals from the crude
reaction mixture followed by thorough washing for complete
removal of the excess capping agent and, finally, redispersion in
a suitable solvent for further functionalization. A simple and
general phase-transfer protocol that can directly transfer the
oleic acid-capped hydrophobic nanoparticles to an aqueous
medium without the need for separation from the mother
mixture is largely missing.>*

A synthetic protocol that combines the simplicity of the
coprecipitation method with the superior particle attributes of
the thermal decomposition route would be the perfect choice. A
realization of such an idea would be a one-pot synthesis that
uses an inexpensive precursor with highly monodispersed
nanocrystals as the final product. Since thermal decomposition
is a complex multistep process, partial or complete elimination
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of one or more steps will simplify the synthetic protocol
significantly. This work attempts to accomplish the same by
cutting down the ex situ precursor synthesis and processing
steps. In this work, we report a rapid one-pot synthesis of both
spherical and cubic iron oxide nanoparticles following a modi-
fied thermal decomposition route starting with simple Fe(ur)
salt. Alcoholic hydrolysis of iron salt produces iron hydroxide.
The use of iron hydroxide as a metal precursor in the thermal
decomposition process has remained vastly unexplored.
Following the addition of oleic acid to iron hydroxide, the in situ
preparation of the precursor oleate avoids the involved purifi-
cation steps required by the traditional thermal decomposition
route. In addition, a functionalization strategy has been devel-
oped using a readily available amino-polycarboxylic acid, tri-
sodium nitrilotriacetate (NTA), which finds extensive use in the
detergent industry as a chelating agent. NTA-assisted direct
phase transfer of the oleate-capped hydrophobic nanoparticles
avoids the need for separation and purification of the nano-
particles from the crude reaction mixture.

Experimental
Materials

Ferric nitrate nonahydrate (Fe(NOj);-9H,0), sodium oleate,
methanol, ethanol, 1-propanol, isopropanol, 2-butanol, iso-
butanol, acetone, n-hexane, and chloroform were purchased
from SD Fine Chemicals. Oleic acid, trisodium nitrilotriacetate
monohydrate (NTA), and 1-octadecene were provided by Sigma-
Aldrich. All chemicals were used as received without further
purification.

Iron oxide nanoparticle synthesis

In a typical synthesis, 2 mmol Fe(NO3);-9H,0 was added to
30 ml of isobutanol and 8 ml of 1-octadecene in a round-bottom
flask with stirring. The red-brown solution was heated to 150 °C
for 30 minutes, followed by the addition of 12 mmol of oleic
acid. The solution was refluxed at 320 °C for two hours under
a nitrogen blanket till the reaction was complete. The system
was left to cool, and subsequently, 30 ml of a 2:1 mixture of
acetone and chloroform was added to precipitate iron oxide.
The precipitate was separated by centrifugation at 7000 rpm for
5 minutes, and the centrifugate was washed with acetone to
remove oleic acid and octadecene and was then dried in an oven
at 60 °C. The obtained product was readily dispersible in
nonpolar solvents such as chloroform, hexane, and toluene. As
described in the following section, the procedure gave a subse-
quent iron oxide nanoparticle. Subsequent experiments were
repeated with other simple alcohols (methanol, ethanol, iso-
propanol, 1-propanol) instead of isobutanol as the solvent for
iron nitrate.

Iron oxide nanoparticles were also prepared by modifying
the procedure outlined in Scheme 1 by replacing oleic acid with
a mixture of surfactants: (a) 8 mmol of oleyl alcohol along with
8 mmol of oleic acid and (b) 2 mmol Na-oleate and 8 mmol oleic
acid, with the rest of the procedure remaining unchanged. It

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of the preparative procedure.

was found that the modified procedure gave iron oxide nano-
particles with different particle dimensions and morphology.

Phase transfer of nanoparticles. A solution containing
20 mmol NTA in 30 ml hot water (~60 °C) was added to oleic
acid-capped iron oxide nanoparticles in octadecene (as
described in the previous section) at room temperature, fol-
lowed by 60 ml of ethanol. After the addition of 30 ml toluene,
the dispersion was stirred vigorously for 2 hours at 80 °C under
a refluxing condition. The iron oxide nanoparticles transferred
from the oil to the aqueous phase, followed by their magnetic
separation and subsequent washing with ethanol and acetone.
The as-produced nanoparticles were readily dispersible in
water.

Characterization

The phase composition of the nanocrystals was determined by
a PANalytical Empyrean X-ray diffractometer equipped with
a Pixel 3D detector with Cu-K, radiation. The size and shape
evolution of the nanocrystals were studied with a JEOL JEM
2100F transmission electron microscope. Magnetic properties
were measured with Quantum Designs PPMS 9T 639. Bruker
ALPHA-II Compact ATR-FTIR was used to record infrared
spectroscopy. Malvern Zetasizer ZS has been used for zeta
potential analysis.

Results and discussion
Synthesis of iron oxide nanoparticles

Iron oxide nanoparticles were synthesized following the proce-
dure outlined in the experimental section. The reaction is fairly
straightforward. Alcoholic solutions of iron nitrate have been
studied extensively in relation to spray flame pyrolysis.*>*
Assuming the complete dissolution of the iron nitrate in alcohol
and the ionic dissociation of the water of hydration, the
following equilibrium occurs in the solution

Fe** + 30H™ = Fe(OH);

If the solution is left undisturbed, the solution turns turbid,
and the iron hydroxide precipitates out of the reaction medium,
as confirmed by IR and XRD (ESI, Fig. S11). The alcoholic
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hydrolyzed solution containing iron hydroxide, when heated,
decomposition of nitrate is observed, as inferred by the
appearance of brown fume. With the further addition of oleic
acid, iron hydroxide forms an iron oleate complex (ESI,
Fig. S2t). At an elevated temperature, the iron oleate complex
decomposes to produce iron oxide nanoparticles. The scal-
ability of the current protocol was tested with 30 mmol of iron
nitrate, and a yield of 94% was noted. The as-produced iron
oxide nanoparticles were highly monodispersed (ESI, Fig. S107).

The PXRD pattern of the products of Scheme 1 is shown in
Fig. 1a. The alcohol used in the preparation was isobutanol.
Rietveld analysis of the diffraction pattern produced the best fit
with a phase combination of 98.9% magnetite (Fe;0,; ref no: 96-
900-5840) and 1.1% wustite (FeOj; ref no: 96-900-9768), rather
than a single component (magnetite or wustite).

The TEM image of the iron oxide nanoparticles prepared by
Scheme 1 using isobutanol as the starting alcohol is shown in
Fig. 1b. The image shows monodispersed nanoparticles with an
average particle size of 11 nm. The dimensions are in good
agreement with the size estimate obtained from the PXRD data
(10 nm) using the Debye-Scherrer equation. The selected area
electron diffraction (SAED) exhibits discrete bright dots that
could be indexed to the (220), (311), (400), (511), and (440)
planes of the pure spinel iron oxide phase (ESI, Fig. S3at). The
TEM images show the presence of particles exhibiting different
contrast. An HRTEM image of the light and dark particles
(Fig. 1c and d) showed fringes that correspond to different
planes of either the magnetite (Fe;0,) or wustite (FeO) struc-
tures. Particles with darker contrast (Fig. 1c) have their [0,0,1]
zone axis parallel to the beam. For these particles, the HRTEM
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Intensity
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Fig. 1 (a) TEM image of the nanoparticles and the corresponding
particle size histogram in the inset; (b) PXRD pattern of the products of
Scheme 1. The red line is best fit from a Rietveld analysis using
a mixture of phases, magnetite, and wustite. The difference between
the experiment and the Rietveld fit is shown in blue: indexed HRTEM
image of the particles with (c) darker and (d) lighter contrast matches
well with the magnetite phase.
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shows lattice fringes with the characteristic spacings of the
(2,2,0) and (4,0,0) planes of magnetite, as confirmed from the
diffraction pattern generated from the lattice image by a Fast
Fourier Transform (FFT) (ESI, Fig. S3ct). Particles with lighter
contrast (Fig. 1d) have their [1, —1, —2] zone axis parallel to the
beam. The FFT of these particles shows diffraction spots cor-
responding to the (3,1,1) and (2,2,0) planes of magnetite (ESI,
Fig. S3dt).*

As mentioned earlier, the synthesis of iron oxide nano-
particles could also be realized if isobutanol, used for dissolving
the iron nitrate in Scheme 1a, is replaced by other alcohols -
methanol, ethanol, isopropanol, and 1-propanol. In all cases,
the PXRD patterns were similar. The TEM images showed that
the particle morphologies and dimensions, too, were similar
(ESI Table S27), irrespective of the alcohol used (ESI Fig. S77).
The results are not surprising since once iron nitrate hydro-
lyses, producing iron hydroxide, the solvent alcohol has little
role to play in the subsequent steps. Control of particle size
may, however, be obtained by varying the reflux time. The
particle sizes could be varied from 8 nm to 20 nm (ESI, Table
S11) when the reflux time was changed from 30 minutes to 6
hours (Fig. 2). Formation of larger nanoparticles with longer
reflux time is a direct consequence of the prolonged growth
phase, which is in accordance with Ostwald's ripening
mechanism.>

The addition of oleyl alcohol along with oleic acid has
a profound influence on the particle size. Oleyl alcohol acts as
a mild reducing agent, lowering the decomposition tempera-
ture of the iron oleate complex, leading to smaller particles.**>¢
The TEM images show a fairly monodispersed distribution with
a mean particle size of 5 nm (Fig. 3a). A Rietveld analysis of the
PXRD data gave the best fit for a mixture of 99% magnetite and
1% wustite (Fig. 3b). The lattice planes in the HRTEM (Fig. 3c
and d), indexed by evaluating d-spacing from the FFT-generated
diffraction pattern, were found to match with (220) and (311)
planes of the spinel phase of iron oxide (ESI, Fig. S47).

Diamy iameter (nm)

0 )
10 12 14 lg 18 20 22 24
’ ) c

Fig. 2 TEM images of iron oxide particles prepared by Scheme 1 for
different reflux times (a) 0.5 hours, (b) 2 hours, (c) 4 hours, and (d) 6
hours (inset shows particle size histogram).
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Fig. 3 (a) TEM image of particles prepared by Scheme 1 usinga 1:1
mixture of oleyl alcohol and oleic acid. The inset shows a histogram of
particle sizes; (b) the corresponding PXRD pattern, along with Rietveld
refinement. The difference between the experiment and the fit is
shown in blue. HRTEM image of a particle with lighter (c) and darker (d)
contrast with the indexed lattice planes.

While the addition of oleyl alcohol promoted the formation
of smaller particles, morphology can be controlled by the
addition of sodium oleate along with oleic acid. Employing
a mixture of oleic acid and sodium oleate resulted in the
formation of nanocubes of the average side of 13 nm (Fig. 4a). A
Rietveld analysis of the PXRD patterns (Fig. 4b) indicated
a mixture of 92.6% magnetite and 7.4% wustite. An HRTEM
analysis showed, however, that both the light and darker
particles exhibited an identical fringe corresponding to the

— difference
— Teale

h —Iobs

TSP, FS———_

30 35 40 45 50 55 60 65

Intensity

Fig. 4 (a) TEM images of iron oxide particles obtained when a mixture
of oleic acid and sodium oleate is used in Scheme 1. The inset shows
the particle size histogram and (b) the corresponding PXRD pattern.
The red line is the best fit from a Rietveld analysis. The difference
between the experiment and the Rietveld fit is shown in blue. HRTEM
images of particles with (c) darker and (d) lighter contrast. The indexed
lattice fringes correspond to the (220) and (400) diffraction planes of
the iron oxide spinel phase.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(220) and (400) diffraction plane of the iron oxide spinel phase
(Fig. 4c and d). SAED and indexed FFT confirm the same (ESI,
Fig. S5a, ¢ and df). The difference, in contrast, is therefore not
due to differences in the zone axis of the particles in the TEM
but may be due to differences in the thickness of the particles.*
The formation of particles with cuboid geometry is because
sodium oleate dissociates to a much greater extent than oleic
acid, leading to a high concentration of oleate ions in the
reaction medium during the growth phase. Preferential adhe-
sion of the oleate ions on {100} facets hinders the growth of that
facet, resulting in nanocrystals confined by {100} planes.*”

The as-prepared iron oxide nanoparticles are dispersible in
most common non-polar solvents; the presence of surface-
anchored oleate ions ensures that the particles are hydro-
phobic. The nanoparticles can, however, be rendered hydro-
philic by modifying the last step of the preparative scheme
(Scheme 1). If, instead of precipitating the oleic acid-capped
iron oxide nanoparticle from the octadecene media by the
addition of acetone : chloroform mixture, a solution of NTA is
added, the iron oxide nanoparticles are phase-transferred to the
aqueous phase. The iron oxide nanoparticles obtained are
readily dispersible in water (Fig. 5 inset). Usually, a zeta
potential value in the range of £30 mV ensures a stable
dispersion. The excellent water-dispersibility of the NTA-coated
iron oxide nanoparticles can be well understood by considering
the corresponding zeta potential value of —28 mV. The negative
zeta potential indicates the presence of a carboxylate functional
group on the particle surface. The aqueous dispersions of the
NTA-capped iron oxide nanoparticles are stable. Visual inspec-
tion shows no evidence of particles settling down even after 3
months. Zeta-potential and dynamic light scattering (DLS)
measurements of the aqueous dispersion at pH ~ 7 showed no
significant change even after a gap of a week (ESI, Fig. S9F).

Infrared spectra indicate that the surface of the nano-
particles is functionalized by carboxylate groups (ESI Fig. S8aft),

-
)
|
150 -100 -50 0 50 100 150

Zeta potential (mV)

Fig. 5 Zeta potential of NTA-coated water dispersible iron oxide
nanoparticles. The inset shows the photograph of phase-stabilized
oleic acid-coated hydrophobic and NTA-coated hydrophilic iron oxide
nanoparticles in a mixed solvent medium.
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which would explain the hydrophilic nature of the particles.
PXRD data confirms the presence of the spinel phase of the iron
oxide phase (ESI Fig. S8bf), while the TEM images (Fig. 6)
indicate that the particles retain their morphology even after
phase transfer and functionalization. The indexed FFT confirms
the diffraction planes corresponding to the iron oxide spinel
phase (ESI Fig. S67). The particles exhibit a much greater degree
of aggregation as compared to the oleate-capped particles
(Fig. 1b). This is not surprising as the surface carboxylates, apart
from being much shorter than the oleate chains, may interact
with each other via H-bonding.*®

The magnetic behavior of the iron oxide nanoparticles
prepared in this study is similar to that reported for iron oxide
nanoparticles of similar dimensions.** The temperature
dependence of the magnetic moment, M(T), under an applied
magnetic field (H = 0.01 T) of the spherical and cubic nano-
particles was measured from 300 to 10 K after field cooling (FC)
and after zero-field cooling (ZFC) (Fig. 7a and b). The magnetic
behavior is characteristic of superparamagnetic nanoparticles
exhibiting a well-defined blocking temperature, Ty, the
temperature at which superparamagnetism sets in. Below Ty,
the FC and ZFC magnetization curves are split, whereas, above
Ty, they coincide as the remanence and coercivity have van-
ished. For spherical particles, the blocking temperature T}, is
183 K, but for the cubic nanocrystals, the value is higher, at 212
K. For both spherical and cubic nanoparticles, the above T, is
superparamagnetic. This was confirmed by fitting the magne-
tization at 300 K (T > Ty,) as a function of the field to a modified
Langevin function (Fig. 8a and b). The fits confirm the super-
paramagnetic nature of both the spherical and cuboid iron
oxide nanoparticles at 300 K.

M = MyL(x) + xH

where L(x) = [coth(x) — (1/x)] is the Langevin function, M, is the
saturation magnetization, and x = u,H/ksT, where u, is the

Fig. 6 TEMimages of (a) phase-transferred nano spheroids and (b)
nanocubes. Corresponding HRTEM images of (c) nanospheroids and
(d) nanocubes show indexed lattice planes corresponding to the iron
oxide spinel phase.

Nanoscale Adv., 2024, 6, 3857-3864 | 3861
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Fig. 7 ZFC-FC plot of (a) iron oxide nanospheres and (b) nanocubes.
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Fig. 8 Isothermal (300 K) magnetization curves for iron oxide nano-
crystals (in bold lines) and corresponding modified Langevin fitting (red
squares) of (a) spherical (T, = 183 K) and (b) cubic (T, = 212 K)
morphologies above their blocking temperatures. The corresponding
M—H plots for iron oxide (c) nanospheres and (d) nanocubes at 10 K.

particle magnetic moment, kg the Boltzmann constant, and x
the susceptibility of the ferrimagnetic nanoparticles as pre-
dicted by Néel for particles with antiferromagnetic interactions.

The M-H hysteresis loops for the iron oxide nanospheres and
nanocubes recorded at 10 K are shown in Fig. 8c and d. The
saturation magnetization value for the iron oxide nanospheres
is 58 emu g ' of nanoparticles while that of the nanocubes was
46 emu g~' of nanoparticles. The difference in the blocking
temperature, as well as the saturation magnetization for the
spherical and cubic nanocrystals, could be a consequence of the
presence of a significant proportion of antiferromagnetic wus-
tite phase in case of nanocubes.*

Conclusions

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) have
found extensive applications in diverse fields that include
biomedicine, water remediation, and drug delivery. These
applications require the development of synthetic protocols and
methods that can produce SPIONS with precisely controlled size
and shape, with the added caveat of being scalable. In this work,
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we outline a one-pot thermal decomposition route that avoids
the separate preparation and purification of precursor
complexes and, consequently, is easily scalable. The method
involves the alcoholic hydrolysis of iron nitrate into iron
hydroxide, which, on oleic acid addition, forms iron oleate. The
in situ formed precursor complex is then thermally decomposed
to produce SPIONs that have a narrow size distribution, as
confirmed by TEM images. Minor modifications, changing the
reaction temperature, or addition of oleyl alcohol or sodium
oleate along with oleic acid allow for particle dimensions (5-20
nm) and morphology, spheroid/cuboid, to be controlled. Addi-
tionally, the particles are readily transferred from the crude
reaction media to an aqueous phase using NTA as a phase
transfer agent. X-ray Rietveld Refinement showed that particles
obtained by this method had both the magnetite and wustite
phases of iron oxide present. The iron oxide particles are
superparamagnetic at room temperature with typical blocking
temperatures of 183 K for the particles with spherical
morphology and 212 K for those with cuboid morphology. The
significance of the present one-pot preparative method is its
simplicity and, as we shall show in subsequent studies, versa-
tility. It may be extended to the preparation of mixed metal
ferrite nanoparticles while still retaining the ease of the original
method.
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