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One-Vessel synthesis of iron oxide nanoparticles
prepared in non-polar solvent

C. L. Augustyn,a T. D. Allston,*a R. K. Hailstoneb and K. J. Reedc

This paper presents a simple, reliable, and efficient method to produce a stable suspension of monodisperse

maghemite (g-Fe2O3) nanoparticles that are highly crystalline and 3 nm to 3.5 nm in diameter. Particles were

characterized by X-ray diffraction to determine the crystal phase of the particles and transmission electron

microscopy with images used to size the particles. Iron oxide nanoparticles were synthesized through the

thermal decomposition of an organic mixture of iron(II) acetate, oleic acid, and 1-octadecene, with

particular emphasis on the molar ratio of oleic acid to iron content. These unique conditions produce

nanoparticles with physical properties ideal for application as an automotive combustion catalyst in

diesel engines and numerous other applications. The one-vessel synthesis method creates an efficient

procedure to synthesize iron oxide nanoparticles readily miscible, as made, with Kensol-50H for

example, or other petroleum products; producing a ready-made material for mass production with no

waste in materials nor subsequent chemical work-up.
1. Introduction

Iron oxide nanoparticles have attracted extensive interest due to
their unique magnetic properties and their potential applica-
tions in many elds of technology. For example, iron oxides
have the potential to act as combustion catalysts. Recent studies
have shown that Fe2O3 improves combustion reactivity and rate
by removing nitrogen oxides (NOx) and soot particles produced
by diesel engines.1 The Fe2O3 catalyst activates the soot surface
by providing atomic oxygen, and the direct catalytic conversion
of NOx and soot into N2 and CO2 takes place.2 This process also
benets the environment because the removal of NOx and soot
from engines provides for cleaner emissions. Due in part to this
versatility, dispersion of Fe2O3 nanoparticles are promising
candidates for biomolecule tagging, imaging, and sensing in
medical research concerning cancer and other diseases.3

Iron oxide nanoparticles have ideal physical properties for
industrial and biomedical applications. These include particles
that are less than 4 nm in diameter, uniform in size and shape
(monodisperse), and are crystalline. Experimentation has
revealed that the method of preparation largely affects the size
distribution, shape, and surface chemistry of the particles.
Therefore, the discovery of a simple and efficient procedure that
yields monodisperse, crystalline iron oxide nanoparticles is of
high priority in current nanotechnology research.
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Recently, several synthetic procedures have been developed
to produce nanoparticles uniform in size and shape. For
example, Hyeon and coworkers reported the synthesis of
monodisperse iron oxide nanoparticles with a continuous size
range of 4–13 nm diameter and a coefficient of variation (CoV)
of 8.5–20%, achieved by the controlled growth of previously
synthesized iron nanoparticles.4 Hyeon's group recently pub-
lished a study of spherical nanocrystals where they achieved
4 nm to 20 nm monodisperse iron nanoparticles by thermal
decomposition of an iron–oleate complex. This was prepared by
treating iron pentacarbonyl ([Fe(CO)5]) with oleic acid at low
temperatures. However, these were poorly crystalline and were
readily oxidized.5 Similarly, Sun and associates synthesized iron
nanoparticles stabilized with a magnetite (Fe3O4) shell by
thermal decomposition of ([Fe(CO)5]) in the presence of oleyl-
amine. Their results revealed increased dispersion stability of
iron nanoparticles due to the crystalline Fe3O4 shell.3 In addi-
tion, Colvin and coworkers demonstrated the synthesis of 6 nm
to 30 nm monodisperse magnetite (Fe3O4) nanoparticles with a
5–15% CoV, by the pyrolysis of iron carboxylate salts.6 Their
group used iron(III) oxyhydroxide (FeOOH) in oleic acid and
1-octadecene to produce nanocrystals with tunable sizes.6

Another recent study by Redl and coworkers produced 3–20 nm
particles with a 5–15% CoV through the decomposition of
Fe(OAc)2 with oleic acid in multiple solvents such as diphenyl
ether, dioctyl ether, or trioctylamine.7 This procedure revealed a
mixture of irregularly shaped particles in the FeO and Fe3O4

iron phases. Several of these studies explored methods to
synthesize monodisperse iron oxide nanoparticles. They
demonstrate that the decomposition of iron precursors in the
presence of hot organic surfactants results in samples with a
This journal is © The Royal Society of Chemistry 2014
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narrow size distribution and exceptional size control, crystal-
linity, and dispersion.

Our interest here is in the development of particles that act
as automotive combustion catalysts. For this technological
application, a practical route to maghemite (g-Fe2O3) stable
colloid nanoparticles with diameters smaller than 4 nm is
needed. In our previous attempts to synthesize iron oxide
nanoparticles for this application, small (1 nm to 2 nm) sized
particles and large (>10 nm) sized particles were achieved.
However, a procedure to successfully synthesize a desired
particle size of approximately 3 nm remained to be discovered.
In this paper, the thermal decomposition of an iron–oleate
complex approach was used to replicate the results obtained by
Colvin and Redl. These procedures were then modied in our
own experiments in order to further explore the relationship
between the molar ratio of oleic acid to iron content. Reaction
conditions and experimental procedures were manipulated in a
systematic manner for optimum size, dispersion, and crystal-
linity of nanoparticles. This paper outlines the unique strategy
for the one-vessel synthesis of monodisperse 3 nm to 3.5 nm
nanoparticles using oleic acid, iron(II) acetate, and 1-octadecene
at high temperatures.
2. Experimental section
2.1. Materials

Maghemite nanocrystals were synthesized under a hood in a
three-neck, 100 mL round bottom ask equipped with
condenser, 400 �C thermometer, heating mantle, and magnetic
stirrer. A variac was used to control the heat source, and the
reactions were protected under nitrogen gas to prevent unde-
sired side reactions, such as the oxidation of oleic acid.
Synthesis of iron oxide nanoparticles was carried out using
commercially available reagents. Technical grade oleic acid
(90%), iron(II) acetate (95%), iron(III) oxyhydroxide (FeOOH),
and high boiling solvent 1-octadecene were purchased from
Sigma-Aldrich Chemical Corporation. All chemicals were used
as received.
2.2. Instrumentations

Percent yield of iron oxide was calculated based on the nal
weight aer distillation and the percent solids leover aer
decomposition at 1000 �C by thermogravimetric analysis (TGA).

Transmission electron microscopy (TEM) imaging using a
JEOL 100CX at 100 kV revealed the diameter and dispersion of
the particles in each sample. Crystalline structure was deter-
mined by the electron diffraction pattern.8 High resolution TEM
(HRTEM) images were obtained on an FEI Tecnai F20 TEM
operating at 200 kV and were used to further analyze the crys-
tallographic structure. Particle sizing was done with Image J.
First, the images were histogram equalized to improve their
contrast. Then they were segmented to give a binary image with
the threshold adjusted to give the same particle size as in the
original gray-scale image. Next, areas were determined for 200
to 300 particles and from these the number-averaged diameter
was calculated, with the assumption of spherical morphology.
This journal is © The Royal Society of Chemistry 2014
X-ray diffraction (XRD) was done with a Rigaku D2000 Bragg-
Brentano diffractometer, equipped with a copper rotating
anode, diffracted beam graphite monochromator tuned to Cu
K-alpha radiation, and scintillation detector to determine
crystallinity, as well as the structure, size, and shape of the
crystal. An aliquot of iron oxide powder was lightly ground using
a mortar and pestle and packed in a glass sample holder for
XRD analysis. Crystallite size was determined in the (311)
direction (35.6� 2q peak) using the Scherrer equation.

Oxygen storage capacity (OSC) was measured using a TA
Instruments Q500 TGA. A 4.5–7.5 mg sample was heated in the
TGA furnace to 700 �C under air and allowed to stay at that
temperature for the remainder of the procedure. The sample
was exposed to a reducing environment consisting of 5% H2 in
nitrogen for 40 minutes. The sample was then exposed to air for
15 minutes. The weight change was recorded by the TGA. The
calculation used is: (nal weight under oxygen � nal weight
under H2/N2)/(32 � sample weight) and the measured values
are reported as m moles O2/g Fe2O3. Hematite has a theoretical
OSC of 9375 if the Fe3+ is completely converted to Fe0.9
2.3. Chemical reactions

Decomposition of iron(III) oxyhydroxide (Sample 1). We
repeated Colvin and coworkers procedure to synthesize iron
oxide nanoparticles. A mixture of 0.18 g FeOOH ne powder,
2.27 g oleic acid, and 5.01 g 1-octadecene (4 : 1 molar ratio of
oleic : FeOOH) was heated under stirring to 170 �C and kept at
this temperature for 15 minutes to allow for the evaporation of
acetic acid. A condenser was subsequently attached to the
100 mL ask, which kept the reaction under reux for the
remainder of the reaction. The solution was then heated to
320 �C and kept at this temperature for 30 minutes. During this
time, the solution gradually turned from a light brown
suspension of sediment at 200 �C, to dark brown at 280 �C, and
nally to a clear black at 320 �C where all iron was dissolved.
Aer the desired time, the heat source was removed and the
solution was allowed to cool to room temperature under reux.

Decomposition of iron(II) acetate (Sample 2). We modied
Colvin and coworkers procedure to theoretically synthesize
nanoparticles with a smaller diameter. Modications included
a change in iron oxide source, molar ratio of oleic acid to iron
content, and reaction temperature. A mixture of 1.03 g iron(II)
acetate ne powder, 1.62 g oleic acid, and 30.03 g 1-octadecene
(1 : 1 molar ratio of oleic : iron(II) acetate) was prepared in the
same manner as before, but heated to only 300 �C aer acetic
acid boiled off and the reaction was placed under reux. During
heating, the solution was a clear dark brown at 220 �C, and the
solution was kept at 300 �C for 30 minutes.

Sample 3. We used the same procedure as in sample 2, but
increased the molar ratio. A mixture of 1.01 g iron(II) acetate,
2.50 g oleic acid, and 30.02 g 1-octadecene (1.5 : 1 molar ratio of
oleic : iron(II) acetate) was heated in the same manner as
sample 2. At 240 �C, the solution became clear and dark black.

Sample 4. We repeated Redl and coworkers procedure, but
used 1-octadecene as the solvent. A mixture of 0.70 g iron(II)
acetate, 3.39 g oleic acid, and 11.07 g 1-octadecene (3 : 1 molar
RSC Adv., 2014, 4, 5228–5235 | 5229
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ratio of oleic : iron(II) acetate) was heated to 170 �C and kept at
this temperature for 15 minutes. The reaction temperature was
then increased to 250 �C and held there for 2 hours. The solu-
tion was allowed to cool to room temperature under reux.

Sample 5. We repeated Redl and coworkers procedure, but
used 1-octadecene as the solvent. A mixture of 0.70 g iron(II)
acetate, 1.71 g oleic acid, and 7.02 g 1-octadecene (1.5 : 1 molar
ratio of oleic : iron(II) acetate) was heated in the same manner
as sample 4, but was instead held at 255 �C for 90 minutes. The
solution was cooled to room temperature under reux.

Sample 6. We used the same procedure as sample 2, but
increased the molar ratio. A mixture of 1.01 g iron(II) acetate,
5.03 g oleic acid, and 30.02 g 1-octadecene (3 : 1 molar ratio of
oleic : iron(II) acetate) was heated and cooled in the same
manner as sample 2.
2.4. Sample preparation for XRD

Precipitation of iron oxide nanoparticles by ligand replace-
ment. For the purposes of XRD measurement the particles were
separated and cleaned, using a procedure that we adapted from
Tolbert's lab curriculum wherein they use cysteamine to purify
CdSe quantum dots.10 We used the free base form of cyste-
amine, which does not contain chloride. A cysteamine solution
was prepared at 0.5 M including 0.40 g of cysteamine and 10 mL
of methanol. Then, 5 mL of sample was treated with 1 mL of
chloroform, 2 mL of the cysteamine solution, and 2 mL of
methanol. This solution was then transferred into two, 13 �
100 mm glass centrifuge tubes, each containing 5 mL of the
solution. The samples were centrifuged at 1550 RPM for
20 minutes, followed by 10 minutes of sonication. The samples
were broken up with a glass pipet, and an additional 2 mL of
cysteamine solution was added to each glass tube. The samples
were then centrifuged for 20 minutes at 1550 RPM. In each
sample, the top layer of organics was decanted and the particles
were washed with 2mL of ethanol. Samples were centrifuged for
an additional 10 minutes, followed by decanting of the ethanol
layer. Particles were then transferred into a 20 mL scintillation
vial with a spatula. The uncapped scintillation vial was placed in
a furnace at 150 �C until the particles were dry (three days). Iron
oxide samples 1–6 were each prepared for XRD analysis using
this method.
Fig. 1 TEMmicrograph (top) and electron diffraction pattern (bottom)
of sample 1, maghemite (g-Fe2O3).
3. Results and discussion

Many transition metals have been extensively used as catalysts
for various industrial processes.5 However, specic industrial
applications for metal oxide nanoparticles, such as automotive
combustion catalysts, require unique physical characteristics in
order for the process to be efficient. In this case, monodisperse
iron oxide nanoparticles less than 4 nm in diameter and crys-
talline in nature are essential properties needed for optimum
results.2 The work of several research teams has demonstrated
various methods to produce iron oxide nanoparticles. However,
to the best of our knowledge, no group has produced crystalline
maghemite (g-Fe2O3) iron oxide nanoparticles that are 3 nm in
diameter. Our goal was to develop an efficient and reliable
5230 | RSC Adv., 2014, 4, 5228–5235
procedure to synthesize iron oxide nanocrystals with these
physical characteristics.

It is well known that the method of preparation of iron oxide
nanoparticles is recognized as the primary cause of the vari-
ability in nanoparticle size and distribution.3 Temperature is an
important reaction condition in producing monodisperse
particles that are uniform in size and shape. The slow and
stepwise heating process used in our one-vessel method is
important in determining the particle size and dispersion of
nanoparticles in the iron oxide solution. Gradually heating the
mixture to between 170 and 200 �C and allowing the solution to
remain at this temperature for approximately 15 minutes is an
important step that allows for the majority of acetic acid to burn
off. It is then important to slowly increase the heat to high
temperature (300 �C) to ensure that the ironmaterial completely
dissolves. Another key to the formation of monodisperse
nanocrystals is the length of time the solution is heated at high
temperature. In our one-vessel synthesis technique, we rely on
oleic acid at high temperature for 30 minutes to produce a
crystalline structure.
This journal is © The Royal Society of Chemistry 2014



Fig. 2 TEMmicrographs of sample 2 (a) and sample 3 (c). Electron diffraction pattern shows the unique rings and d-spacings of sample 2 (b) and
sample 3 (d). The particle size distribution histograms for sample 2 (e) and sample 3 (f) are based upon 265 particles and show the average
particle size.
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Our experiments with FeOOH resulted in nanoparticles that
are much larger than quoted in a paper by Colvin and
coworkers.6 A repeat of their work produced nanoparticles of
15.3 nm in diameter with a 3.6 nm one-sigma condence
interval. The results in Fig. 1 show that these particles are a
near-hexagonal shape. The electron diffraction pattern displays
the unique rings of the synthesized nanoparticles. The d-spac-
ings (derived from ring diameter) and pattern are consistent
(<1% difference) with the ICCD Powder Diffraction File (PDF
#04-008-3650) database values for crystalline maghemite
(g-Fe2O3). At the completion of the reaction, a signicant
amount of iron material was found at the bottom of the ask.
This indicates that the iron material had not fully dissolved into
solution which accounts for the low percent yield associated
with sample 1. Colvin and coworkers also show evidence of
obtaining magnetite (Fe3O4) as a product, where we have clearly
have evidence of g-Fe2O4 as seen in Fig. 1 and 5. The only
apparent difference in procedures is that ours was heated and
held at 170 �C for 15 minutes before heating to the nal
temperature of 320 �C. In addition, the samples repeatedly
settled out over time despite changes in the molar ratio of oleic
This journal is © The Royal Society of Chemistry 2014
to iron, temperature, length of time heated, or type of solvent
used. From these results, we deduced that FeOOH was not the
ideal iron source for producing stable iron oxide nanoparticles
less than 4 nm in size.

Samples 2 and 3 were synthesized using the same reaction
procedure as sample 1, but there was a slight difference in the
molar ratio of oleic acid to iron content (1 : 1 vs. 1.5 : 1,
respectively). TEM micrographs of sample 2 (Fig. 2a) and
sample 3 (Fig. 2c) conrm that both samples produced
monodisperse iron oxide nanoparticles less than 5 nm in
diameter. In addition, the electron diffraction patterns for
sample 2 (Fig. 2b) and sample 3 (Fig. 2d) are consistent with the
database values for maghemite (g-Fe2O3) nanocrystals. The
particle distribution analysis of sample 2 shows an average
particle size of 4.1 � 0.8 nm (Fig. 2e). Similarly, the histogram
of sample 3 displays an average particle size of 3.5 � 1.0 nm
(Fig. 2f).

Redl and coworkers produced 3–4 nm sized particles using a
1.5 : 1 molar ratio of oleic : iron(II) acetate, which is similar to
the reaction conditions of sample 3.7 First, we repeated their
work as samples 4 and 5 (the only difference is the solvent
RSC Adv., 2014, 4, 5228–5235 | 5231



Fig. 3 TEM micrographs of sample 4 (a), sample 5 (c), and sample 6 (e). Particle size distribution histograms of sample 4 (b) and sample 5 (d)
shows average particle size. HRTEM of sample 6 (f) depicts crystal size and FFT spot pattern (inset).
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system where they used TOA, or DOA instead of 1-octadecene).
We obtained particles that were 4.1 � 0.5 nm and 5.2 � 0.9 nm
in size, respectively (Fig. 3b and d). The solvent system did not
make a difference in the particle size between samples 3, 4, and
5, within experimental error. Next we synthesized sample 6,
where we utilized Redl's molar ratio, but implemented our
Table 1 Characterization results from individually analyzed iron oxide sa
sigma confidence as listed below

Sample Iron source Molar ratio of oleic : Fe Percent yield

1 FeOOH 4 : 1 58.77
2 Fe(II)acetate 1 : 1 98.47
3 Fe(II)acetate 1.5 : 1 89.23
4 Fe(II)acetate 3 : 1 95.85
5 Fe(II)acetate 1.5 : 1 98.45
6 Fe(II)acetate 3 : 1 99.05

5232 | RSC Adv., 2014, 4, 5228–5235
unique reaction procedure, which included changing the time
and temperature over which the reaction occurred. Table 1
shows that sample 6 contains particles that were 9.2� 0.7 nm in
diameter. The results of these experiments demonstrate that
using our reaction conditions produces different results at the
same molar ratio that they used.
mples. Average particle size is derived from 265 particles with a one-

(%) Average OSC (m moles ;O2/g) Average particle size (nm)

9226 15.3 � 3.6
9684 4.1 � 0.8
9228 3.5 � 1.0
9006 4.1 � 0.5
9129 5.2 � 0.9
9080 9.2 � 0.7

This journal is © The Royal Society of Chemistry 2014



Fig. 4 X-ray diffraction analysis of iron oxide powder sample 3 depicts the crystalline nature of the particles and compares the composition of
sample 3 with database values for the maghemite (g-Fe2O3) iron phase. The number in parentheses are the Miller indices for maghemite.

Fig. 5 Comparison of X-ray diffraction of samples 1, 2, 3, 5, and 6
shows that each sample is of the Maghemite (g-Fe2O3) iron phase.
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We found that the iron source, solvent choice, and reaction
time appear to be major determinates in the physical quality of
the nanoparticles. Iron(II) acetate produces a stable solution of
iron oxide nanoparticles in high yield, even aer centrifuging
the sample at 1550 RPM. In addition, X-ray diffraction
conrmed that the particles in sample 3 are crystalline in nature
and match database values for the maghemite (g-Fe2O3) iron
phase (Fig. 4). Fig. 5 presents a comparison of the XRD results
for ve of our samples.

It is also important to note that high resolution TEM analysis
of sample 6 conrmed that the particles are single crystalline
(Fig. 3f). This suggests that our reaction procedure and 1.5 to 1
molar ratio of oleic acid to iron(II) acetate produces particles
that are of a single crystal phase, and not a mixture of phases
like many other research groups produced. For example, Redl
and coworkers produced particles 3–4 nm in diameter using the
same 1.5 to 1 molar ratio, but they achieved a mixture of FeO
and Fe3O4 iron phases in their product.7 Our unique procedure
yields a product with well dispersed and highly crystalline
particles of less than 4 nm in size. These results hold particular
promise in the efficacy of this method of preparation.

Organic-phase synthetic methods have been widely used to
synthesize nanoparticles because of their many advantages,
such as the high crystallinity and monodispersity of the
synthesized nanoparticles and their high dispersion ability in
organic solvents.5 In Fig. 2c, these physical characteristics are
clearly demonstrated in sample 3, and it would therefore be a
promising candidate to scale up and test its efficiency in a diesel
engine.

Another advantage of our procedure and our choice of iron
material is the high oxygen storage capacity associated with iron
oxide nanoparticles. The quantitative measure of a material's
This journal is © The Royal Society of Chemistry 2014
ability to release and take up oxygen is characterized by its
oxygen storage capacity. A high OSC is advantageous for the
combustion catalyst application due to the fact that the
conversion process of NOx and soot into N2 and CO2 is activated
by oxygen. Therefore, it is important to incorporate a material
that is readily able to release, and take up, atomic oxygen. This
ability can be estimated by the degree of cyclability of the
RSC Adv., 2014, 4, 5228–5235 | 5233



Fig. 6 Graphical results for the analysis of sample 1 powder by a TA Instruments Q500 TGA.
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material. Fig. 6 shows the TGA results of sample 1, from which
we can mathematically derive the oxygen storage capacity of the
material. This graph shows the high degree of cyclability of
sample 1. All other samples produced TGA graphs similar to
that of sample 1. It is clear that the high OSC in our materials is
largely determined by the iron phase; since the OSC value of our
samples has a range of 9200–9700 m moles O2/g. Doping
nanoparticles with an effective iron source proves to be an
important aspect in the efficiency of combustion catalysts in
diesel engines.

Although a simple, one-vessel procedure to develop iron
oxide nanoparticles that serve as efficient combustion catalysts
has been provided through our work in this paper, there are still
many areas in our method that could be improved upon. Future
researchmight focus on synthesizing a solution that has a lower
range of dispersion in nanoparticle size and a higher percent
yield of iron oxide material. For instance, Fig. 2e demonstrates
that particle size ranges from 2 to 6.5 nm in sample 2 and the
percent yield for sample 3 is slightly below 90% (Table 1). This
could affect the efficiency of the nanoparticles in solution.
Therefore, a particle size variation of less than 25%, and a yield
of greater than 90% would be ideal. This could possibly be
achieved by manipulating the reaction procedure slightly in
order to control for the synthesis of particles that are of the
same diameter. Future improvements may also result from
changes in mole ratio, temperature, or the type of stabilizer,
solvent and iron source used.

In addition, nding an iron source that is readily available,
cost effective, and that produces the ideal physical properties of
5234 | RSC Adv., 2014, 4, 5228–5235
an efficient automotive catalyst, could be another future direc-
tion to pursue.
4. Conclusions

Iron oxide nanoparticles made with iron(II) acetate offer several
advantages when compared to other types of metal oxide
nanoparticles. By using organic materials, our product is readily
miscible with Kensol-50H (Aluminum Rolling Oil or Gas Oil)
through drop-wise addition and stirring. This creates a ready-
made product that can be directly introduced into the auto-
motive fuel reservoir, and involves no waste in materials or
subsequent chemical work-up, a procedure which is both time
and cost effective. In addition, the one-vessel preparation
method using a 1.5 : 1 molar ratio of oleic : iron(II) acetate with
oleic acid and 1-octadecene, produces a stable colloid, with a
near 90% yield. This means that our product has a long shelf-
life, where iron oxide particles will not agglomerate or settle out
over an extended period of time.

In summary, our goal was to develop a novel, facile
procedure that yields monodisperse, crystalline iron oxide
nanoparticles. Through the systematic manipulation of reac-
tion conditions, we developed a reaction procedure unique
from the work of other nanotechnology research scientists. A
thermodynamically stable suspension of un-agglomerated
monodisperse maghemite (g-Fe2O3) nanoparticles that are
highly crystalline and 3 nm to 3.5 nm in diameter was
produced.
This journal is © The Royal Society of Chemistry 2014
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