Journal of the Ceramic Society of Japan 130 [8] 680-685 2022
el http:/doi.org/10.2109/jcersj2.22023

JJcs

FULL PAPER

Hydrothermal synthesis of near-monodisperse iron oxide nanoparticles
using an ammonia-treated Fe-oleate precursor
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This paper discusses the hydrothermal synthesis of monodisperse oleate-capped iron oxide nanoparticles from
an ammonia-treated Fe-oleate precursor solution. Nanoparticle samples synthesized at different temperatures
were characterized using a combination of X-ray diffraction, Fourier-transform infrared spectroscopy, transmis-
sion electron microscopy, dynamic light scattering, vibrating sample magnetometry, and thermogravimetry-
differential thermal analysis. This characterization revealed nanoparticles comprising inverse-spinel-type
crystals covered by an oleate double-layer, with the saturation magnetization of the nanoparticles increasing
with the temperature used for hydrothermal synthesis. Near-monodisperse nanoparticle distributions were

obtained with hydrothermal reactions conducted at 150 °C.
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1. Introduction

Because of their uniform size and magnetic properties,
monodisperse iron oxide nanoparticles are used as hyper-
thermia agents, drug delivery systems, data storage de-
vices, and biosensors. Here, a distribution is described as
monodisperse if its coefficient of variation (CV), calculat-
ed as the ratio of the standard deviation of the population’s
particle size to the average particle size, is lower than
10 %. Syntheses of monodisperse nanoparticles require
aggregation prevention (for example, by including a sur-
factant in the precursor solution or adjusting the pH of
the precursor solution), uniform nucleation, and crystal
growth. Monodisperse iron oxide nanoparticles are typi-
cally synthesized using thermal decomposition processes,
which require an Fe-organic complex, high-boiling-point
organic solvents, and additives such as oleic acid or
oleylamine."”” However, the development of processes
employing inorganic solvents is important for reducing the
negative environmental effects of nanoparticle synthesis.
Although the subcritical hydrothermal synthesis of nano-
particles from aqueous solutions is well-established,® iron
oxide nanoparticles produced using such techniques are
not strictly monodispersed. The polydispersity of the
resulting nanoparticle distribution is considered a result of
non-uniform particle growth, caused by the poor dispersal
of the Fe-organic precursor in aqueous solution. This paper
reports the successful synthesis of distributions of iron
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oxide nanoparticles with low CVs using a hydrothermal
method. This synthesis is enabled by the use of a hydro-
philic, alkali-treated Fe-oleate precursor. The temperature
at which the hydrothermal reaction is conducted affects
the crystallinity, crystal growth, and magnetic properties
of the nanoparticles, with higher temperatures leading to
improved crystallinity and magnetic properties and larger
nanoparticle sizes. Conversely, a lower temperature re-
duces the cost of nanoparticle synthesis. For instance, a
closed container is not required for reactions conducted at
80°C. Thus, the effect of hydrothermal temperature on the
CVs of distributions of iron oxide nanoparticles was inves-
tigated at 80-200 °C.

2. Experimental section

To prepare iron oxide nanoparticles using the hydro-
thermal method, 5 mmol of FeCl,-4H,0 (FUJIFILM Wako
Pure Chemical Co., Guaranteed reagent) was dissolved in
10 mL of distilled water, while 5 mmol of sodium oleate
(Nacalai Tesque, Inc., Extra pure reagent) was dissolved in
20 mL distilled water; this created an FeCl, solution and a
sodium oleate solution, respectively. The sodium oleate
solution was subsequently mixed into the FeCl, solution
under agitation to form a white-brown precipitate. Next,
the supernatant of this mixture was separated from the pre-
cipitate by suction filtration, conducted using a 10.0 um
polytetrafluoroethylene (PTFE) membrane. Following this,
the precipitate was washed three times with distilled water,
then removed from the wash solution via suction filtration
for 3 min. This washing process was employed to ensure
good reproducibility of synthesis. Under agitation, 5 mL
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of a 28 % aqueous ammonia solution (FUJIFILM Wako
Pure Chemical Co., Guaranteed reagent) was mixed with
the precipitate, and the separated supernatant was added
dropwise into the precipitate. The resulting mixture was
subsequently placed in a PTFE vessel within a stainless-
steel autoclave. Hydrothermal treatment was conducted for
6h at 200, 150, 100, or 80 °C in an electric oven. Incubat-
ed samples were subsequently centrifuged at 4500 rpm for
10 min, after which, the supernatant was removed, and
dried overnight at 60 °C. Following this, cyclohexane was
added to the dry sample. This mixture was then centri-
fuged at 4500 rpm for 20 min, and the resulting supernatant
was dried overnight at 20-22 °C. Nanoparticle samples
were labelled according to the temperature of the hydro-
thermal reaction (e.g., Mag200 refers to the sample ob-
tained for the reaction conducted at 200 °C). Some dried
nanoparticle samples were stored in cyclohexane, where
they exhibited good dispersion for several weeks after
synthesis.

Nanoparticle samples were characterized using a com-
bination of techniques. Powder X-ray diffraction (XRD)
for identifying the crystal structure of the samples was
performed with the Rigaku SmartLabXE, using CoKa
radiation. Fourier-transform infrared (FT-IR) spectroscopy
was conducted with a JASCO FT/IR-4600 spectrometer,
using the KBr plate method. Transmission electron mi-
croscopy (TEM) was performed using a JEOL JEM-2010
microscope for analyzing the size distributions of the
nanoparticles under dry conditions. Here, a liquid sample
of nanoparticles dispersed in cyclohexane was dropped
onto an elastic carbon-support film and dried. The number
and sizes of the particles in each sample were determined
from the resulting TEM images using Image] software.”)
Selected area electron diffraction (SAED) patterns for
additional analysis of the crystal structure of the iron oxide
samples were obtained from the TEM images using the
ReciPro software program. The size distribution of the
nanoparticles in solution was analyzed by dynamic light
scattering (DLS), performed with a Horiba LB-550 sys-
tem. The magnetization curves of the iron oxide nano-
particles were measured using vibrating sample magneto-
metry (VSM), performed with a BHV-50 magnetometer
(Riken Denshi Co., Ltd.). Thermogravimetry-differential
thermal analysis (TG-DTA) measurements were conduct-
ed under air flow at a heating rate of 10°C/s using the
Rigaku TG-DTA8122 tool.

3. Results

The crystal phases of the nanoparticle samples were
identified using XRD; the patterns obtained for the sam-
ples synthesized at each temperature are shown in Fig. 1.
The correspondence of these patterns to that of AMCSD
00-900-2673 suggests the synthesis of crystals of Fe;O4, or
similarly structured )-Fe,Os. Although determining the
exact iron oxide composition of the nanoparticles using
this information is difficult because of their small crystal-
lite sizes, Mossbauer spectroscopic measurements indicate
behavior different from that of bulk Fe;O4 (see Supporting
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Fig. 1.  XRD patterns of iron oxide nanoparticles synthesized at
different temperatures with the hydrothermal method.

Information). The XRD patterns indicate that the nano-
particles have an inverse-spinel-type structure. An FeOOH
phase was observed in the Magl00 and Mag80 samples.
The large peak at approximately 25° was attributed to the
glass holder. After fitting the patterns to a Gaussian curve,
the crystallite sizes of the samples were calculated based
on the sizes of their 311 peaks using the Debye—Scherrer
equation. Hence, the crystallite sizes of the Mag200,
Mag150, Magl100, and Mag80 samples were estimated to
be 5.9, 4.6, 3.9, and 3.8 nm, respectively.

The potential generation of Fe;O4 or y-Fe,Os, even
though only Fe>* was used as the source material, indi-
cates that the oxidation of Fe> occurs during the hydro-
thermal process. The Fe-oleate precursor turned brown
upon exposure to air during suction filtration. In contrast,
when protected from air, it remained white and brown,
suggesting that almost all Fe’* ions in this region were
maintained as Fe’*. The Fe-oleate precursor was modified
by the addition of the aqueous ammonia solution, with the
precipitate gradually changing color to green, then black,
and finally, brown. This sequence indicates that the inclu-
sion of the aqueous ammonia solution is the primary cause
of Fe’* oxidation. The color of the final product was
black, corresponding to the typical color of Fe;O4/y-
Fe,05 solutions. The samples showed good dispersibility
in the aqueous ammonia reaction solution.

Figure 2 shows the FT-IR spectrum of the Mag200
sample as a representative result of the spectroscopic anal-
ysis conducted to determine the organic content of the
nanoparticle samples. All other FT-IR spectra displayed
similar features. As oleate-capped iron oxide nanoparticles
have been characterized in previous studies,"®-101D the
results of our FT-IR analysis can be explained using obser-
vations from the literature. Here, the elevated baseline of
the curve is caused by the sample’s scattering of infrared
light. The broad band at 597 cm™~! corresponds to vibration
of the Fe-O bond,'? while the bands at 1456 and 1576
cm™! correspond respectively to the symmetric and asym-
metric stretching of COO~.® The sharp band at 1716 cm™!
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Fig. 2.  Representative FT-IR spectrum of a nanoparticle sample
(Mag200) for identifying organic content.

corresponds to the stretching vibration of the C=0 bond.'?
The band at 2400 cm™' corresponds to CO,, while the
stretching of methyl and methylene are responsible for the
sharp bands at 2853 and 2921 cm™, respectively.'® The
small band at 3005 cm™" corresponds to CH,, specifically,
the stretching vibration of the -CH=CH- double bond.'¥
Finally, the noise in the 3500—4000cm™! range corre-
sponds to H,O. The above results confirm the presence
of oleic acid and oleate groups in the iron oxide samples,
with the COO™ vibrations indicating the formation of the
oleate double-layer on the surfaces of the nanoparticles.'?

Figures 3 and 4 show TEM and SAED images of the
nanoparticle samples. Because of the hydrophobic nature
of the oleate ligands on their surfaces, the dispersibility
of the nanoparticles in cyclohexane was high for all the
samples. The TEM images depict spherical particles with
hexagonal faces, a geometry that is characteristic of that
of previously reported iron oxide nanoparticles."»> The
SAED patterns corresponding to these images were iden-
tical to that of an Fe;04 crystal, confirming the successful
synthesis of crystalline iron oxide nanoparticles. With this
hydrothermal synthesis technique, nanoparticle growth is
controlled by Ostwald ripening. The size distributions of
the samples were determined by collating the sizes of iso-
lated (i.e., not agglomerated and under 12nm in particle
size) nanoparticles in the associated high-magnification
TEM images. At least 500 particles were measured for
each sample. The average particle sizes estimated from the
TEM images are summarized in the graphs in Fig. 4, with
the standard deviation defined as the error. The average
sizes of the Mag200, Mag150, Mag100, and Mag80 sam-
ples were calculated to be 6.2, 5.2, 4.4, and 4.6 nm, respec-
tively, with the CVs estimated as 17.1, 15.7, 20.7, and
22.3 %, respectively. These results suggest that a treatment
temperature higher than 100°C is required to obtain a
distribution of nanoparticles with a low CV. The average
interparticle distance of the Magl50 sample (the sample
with the lowest CV) was calculated to be approximately
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Fig. 3. (Left column) Low-magnification (200,000x) TEM
images of iron oxide nanoparticles synthesized at different tem-
peratures. (Right column) High-magnification (600,000x) TEM
images of the iron oxide nanoparticles synthesized at different
temperatures.

3.7nm from the TEM images, while oleate groups are
2nm long. These results thus suggest the creation of an
oleate double-layer, in which the hydrophobic tails of the
molecules in the second oleic acid layer (which are
adsorbed on the iron oxide nanoparticles) penetrate the
free tails of the molecules in the first oleate layer.

The size distribution of the nanoparticles in the liquid
dispersion was measured using DLS, and the results
(including average particle size and standard deviation) are
shown in Fig. 5. Although, with this technique, the parti-
cle sizes obtained for each sample were larger than those
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Fig. 4. (Left column) Size distributions of the nanoparticle
samples obtained from the analysis of the high-magnification
TEM images. At least 500 particles were counted to determine
the particle size distribution of each sample. (Right column) The
SAED patterns for the corresponding TEM images.

estimated using the TEM images, the trend for DLS to
overestimate particle size in comparison to TEM measure-
ment has been reported in previous studies.”>!")

Figure 6 depicts the TG-DTA curve of the Mag200
sample as a representative result of the investigation of the
concentration of organic content in the nanoparticle dis-
persions. All TG-DTA curves exhibited similar features,
with two steps observed in each curve. The first step (at
approximately 250 °C) corresponds to oleate desorption
from Fe-oleate in the iron oxide nanoparticles and its sub-
sequent decomposition, while the second step (at approx-
imately 420°C) corresponds to free sodium oleate-like
organic decomposition. This analysis revealed that the
Mag200, Magl50, Magl00, and Mag80 samples con-
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Fig. 5. Size distributions of the iron oxide nanoparticles
synthesized at different temperatures, as obtained from DLS
measurements.
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Fig. 6. Representative TG-DTA curve of a nanoparticle sample
(Mag200) for determining its concentration of organic content.

tained organic contents of 72.72, 69.92, 77.21, and
76.80 %, respectively.

Figure 7 shows the room-temperature magnetization of
iron oxide nanoparticles obtained using the weights of the
samples without organic content, which were calculated
from the results of the TG-DTA analysis. The saturation
magnetizations of Mag200, Mag150, Mag100, and Mag80
were estimated to be 77.0, 62.0, 50.1, and 44.9 emu/g,
respectively. Here, it can be seen that the magnetization of
the nanoparticles increased with the temperature used in
hydrothermal processing. While these magnetization val-
ues are much smaller than those of bulk Fe;O4 (100
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Fig. 7. Room-temperature magnetization of iron oxide nano-
particles synthesized at different temperatures.

Fig. 8. Dispersions of (a) Fe-oleate and (b) ammonia-treated
Fe-oleate in water.

emu/g),'? saturation magnetization values within the 30—
80 emu/g range are consistent with those reported for iron
oxide nanoparticles in the literature.2-10-1D-13115-17)

4. Discussion

Figure 8 compares the dispersions of Fe-oleate and
ammonia-treated Fe-oleate in water. Although the Tyndall
phenomenon was exhibited weakly in the Fe-oleate sam-
ple, it was clearly observed in the ammonia-treated Fe-
oleate sample, indicating improved dispersion in the latter.
The successful formation of nanoparticles with a narrow
size distribution can thus be attributed to the uniform dis-
persion of their precursor in water. A detailed study focus-
ing on nanoparticle generation and growth in this solution
is required to clarify the exact mechanism through which
ammonia treatment affects size distribution.

5. Conclusion

In this study, iron oxide nanoparticles were synthesized
from an ammonia-treated Fe-oleate precursor using a
hydrothermal reaction performed at a range of temper-
atures. The nanoparticles had an inverse-spinel-type struc-
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ture and were capped with an oleate double-layer. The
organic content of all the samples was approximately
70 %, with the average particle size ranging from 4.5-
6.3 nm. The samples treated at 150 °C (Mag150) had the
lowest CVs (15.7 %), suggesting that a treatment temper-
ature of ~150°C is required for the synthesis of a sample
of monodisperse nanoparticles. The saturation magnet-
izations of all the nanoparticle samples were in the range
of 44.9-77.0 emu/g, with Mag200 and Mag150 exhibiting
the best magnetic performance.
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