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This study synthesizes iron(III) oxide magnetic nanoparticles (MNPs) using a facile and eco-friendly
microwave-assisted solvothermal method. The highly porous particles become stable after a 60-min
reaction when the temperature is fixed at 200 �C, in which the particle size is kept at 100–150 nm.
The magnetic properties, crystal structure, surface morphology, and microstructures of the prepared
MNPs are then analyzed. The microstructure analysis suggests that a MNP consists of numerous
small Fe3O4 particles with a size smaller than 10 nm; therefore, a large amount of microcracks
is observed between grains. Moreover, the orientations in these particles are very close, implying
that they grow toward the same direction that may be provided by the nuclei. The prepared MNPs
thus possess a highly porous structure and have a 3-times larger specific surface area than the
commercially-available MNPs. Finally, the growth mechanism of iron(III) oxide MNPs by the present
process is proposed.

Keywords: Fabrication, Magnetic, Fe3O4, Nanoparticles, Unidirectional Extension Pattern,
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1. INTRODUCTION
Nanoscience is one of the most essential fields among
modern sciences, which changes a great deal of our per-
ception of technology, even our life. Nanomaterials pos-
sess many advantages due to their unique size dimension
and physicochemical properties. Among the wide range
of nanomaterials, magnetic nanoparticles (MNPs) have
many special characteristics such as superparamaganetism,
large surface-to-volume ratio, high magnetic susceptibil-
ity, etc. These characteristics dramatically increase the
developed value of MNPs. MNPs have shown poten-
tial applications in several areas, including heterogeneous
catalysis,1�2 adsorption,3�4 ferrofluids,5�6 magnetic reso-
nance imaging (MRI),7–9 drug delivery,10�11 and cancer
therapy (hyperthermia).12–14 Hence, MNPs are regarded as

∗Author to whom correspondence should be addressed.

novel materials in nanoscience. Recently, much attention
has been attracted to and considerable efforts have been
spent on the development of MNPs. The versatility of
MNPs has spurred more and more clinical trials, advanced
applications, and fundamental research including synthetic
routes,15–34 surface modifications,11�14 property studies,35�36

and composite materials,1�37 which have been developed
during the past decades.
Among all the applications, the biomedical

field10–14�38–43 appears to be one of the most valued places,
because the unparalleled characteristics of MNPs are
difficult to be replaced by other known materials. Nano-
magnetite particles possess several advantages including
non-toxicity and excel bio-compatibility.38–40 Actually,
the safety of iron(III) oxide MNPs has been investigated
by Jain et al.39�41 The results of target drug delivery,10�11

hyperthermia,12–14 bio-label, and bio-sensing42�43 indicate
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that iron(III) oxide MNPs could improve current medical
techniques. Therefore, iron(III) oxide MNPs are regarded
as promising materials in medical treatment. Given the
importance and development of iron(III) oxide MNPs, it
is highly desired to build an effective and eco-friendly
synthesis method.
A few methods have been reported to synthe-

size MNPs such as co-precipitation,15�16 thermal
decomposition,17�18 microemulsion19�20 hydrothermal,21–23

and solvothermal.24�25 Other ways such as sol–gel,26�27

sonochemical,28–30 chemical vapor deposition, and ball
milling31�32 have been also demonstrated. Although MNPs
with a larger specific surface area could be obtained
using some common synthesis methods, low magnetic
performance and higher time consumptioin are the major
drawbacks among these methods.44–48 For example, the
hydrothermal method could synthesize MNPs with a
specific surface area of 150–160 m2/g at a particle size of
300 nm; however, the procedures take over 24 h.44�46�47

Moreover, MNPs with a specific surface area of about
285 m2/g were obtained from the co-precipitation method
at a particle size of 98 nm.45 Such two-step synthesis
processes with different reaction times and temperatures
make the fabrication too complicated and out of control.
From the practical perspective, a highly efficient way to
fabricate MNPs without losing surface area is very impor-
tant. It is known that microwave radiation is a great source
of heat energy that offers a clean and effective form of
heating. Thus, microwave was adopted to accelerate the
synthesis process in this work.33�34

This study combines the solvothermal and microwave
heating methods and calls it a microwave-assisted
solvothermal method. The advantages include not only the
saving of time and energy, but also benignancy to the
environment since the process was carried out in a closed
system and a strong acid/base was not involved in this
process. This research optimizes the synthesis process by
focusing on the effect of reaction time on the properties
of MNPs. The fracture-like structure of Fe3O4 particles
was observed. After comparing to commercially-available
Fe3O4 particles with similar particle size, the specific sur-
face area of our synthesized powders was about three times
larger than that of the commercial one. The results of this
study could offer a complete picture of the microwave-
assisted solvothermal method and help analyze the physic-
ochemical properties of the synthesized particles.

2. EXPERIMENTAL DETAILS
2.1. Materials
Iron(III) chloride (purity 97%) was supplied from Aldrich
(St. Louis, MI, U.S.A.). Sodium acetate (purity 98%)
was supplied from SHOWA Chemical Co. (Gyoda,
Saitama, Japan). Ethylene glycol (purity >99%) was pur-
chased from J.T. Baker (Corporate Parkway Center Val-
ley, PA, U.S.A.). Polyethylene glycol (molecular weight,

20,000 g/mol) was offered from Alfa Aesar (Ward Hill,
MA, U.S.A.). All chemicals were used as received with-
out further purification. Commercially-available magnetic
Fe3O4 nanoparticles with a particle size of 100–150 nm
were purchased from Nanostructured and Amorphous
Materials Inc. (Houston, TX, U.S.A.), which were also
adopted for comparison in this work.

2.2. Synthesis of Magnetic Fe3O4 Particles
In this work, iron(III) chloride was used as a precursor
to synthesize Fe3O4 MNPs, and ethylene glycol served as
a reductant. Iron(III) chloride (1.08 g) was dissolved into
40 ml ethylene glycol in an 80-ml sample vial. Sodium
acetate (4 g) and polyethylene glycol (1 g) were added into
the solution with vigorous stirring. Afterwards, the well-
mixed solution was put into the microwave reactor with
a magnetic bar. The microwave reactor provides a rapid
and uniform energy source to support the reaction, while
ethylene glycol is a great agent to energy adsorption with
a higher dielectric constant.
Experiments were conducted under varying reaction

times, which were set at 5, 10, 15, 20, 30, 45, 60, 75,
90, and 105 min, and the temperature was fixed at 200 �C
throughout the experiments. The result of this group shows
the effect of reaction time on the properties of MNPs.
After the reaction, the microwave system was cooled to
room temperature. When the solution was cooled, the pre-
cipitates formed. The Nd-Fe-B magnets were used to sep-
arate magnetic precipitates and the solution. The magnetic
precipitates were washed with ethanol and then dried at
65 �C. For those precipitates that are not attracted by the
magnets, they were filtrated and separated from the solu-
tion with a 0.45-�m membrane filter by suction. The pre-
cipitate was then dried at 65 �C, and the dried particles
were stored for further analysis and use.

2.3. Characteristics of Magnetic Fe3O4 Particles
The functional groups of the particles were characterized
through the Fourier transform infrared (FTIR) absorption
spectroscopy (PerkinElmer Spectrum 100, Massachusetts,
U.S.A.). Crystal structures of the powders were analyzed
by D2 PHASER X-ray diffractometer, XRD (Bruker, Ger-
many) with a scanning region of 2� from 10� to 70�.
Chemical composition and bonding energy were char-
acterized by the X-ray photoelectron spectroscopy, XPS
(JSM-2010, Tokyo, Japan). The magnetic properties of
the samples were measured by using a vibrating sample
magnetometer, VSM (DMS model 1660, ADE Technolo-
gies Inc., MA, U.S.A.). The surface morphology of the
MNPs prepared under various conditions was determined
by JEOL scanning electron microscope, SEM (JSM-7800F
Prime, Tokyo, Japan). The selected area electron diffrac-
tions (SAED) and microstructures of the powders were
observed by a JEOL transmission electron microscope,
TEM (JSM-2010, Tokyo, Japan) with accelerating voltage
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at 200 keV. The BET specific surface areas of the samples
were measured from the adsorption–desorption isotherms
of N2 at −196 �C using a porosimeter (ASAP2020,
Micromeritics Instrument Co., GA, U.S.A.). Prior to mea-
surement, the sample was dried overnight in an oven at
130 �C and then placed in the sample tube. After that, the
tube was heated to 230 �C and evacuated for 4 h until
the pressure was less than 1�3× 10−7 bar. The total pore
volumes of the MNPs were determined from the same
adsorption–desorption isotherms stated above, according
to the manufacturer’s software (based on the Kelvin equa-
tion), and the pore size distribution was derived from the
BJH theory.49

3. RESULTS AND DISCUSSION
3.1. Chemical Characteristics of the

Synthesized Fe3O4 MNPs
Figure 1 presents the pictures of the reaction process with
different reaction times. It is clear that the reaction seemed
to finish at 60 min, because the solution consequently
became more transparent and the color was black, which
is totally different to those shown in Figures 1(a)–(c).
The black particles precipitated and settled in the bot-
tle. In order to realize the macro magnetic behavior of
the synthetized particles, the Nd-Fe-B magnets were used
to attract the precipitated particles. Figure 2 presents a
picture of the MNPs (at 60 min) attracted by the Nd-
Fe-B magnets. Obviously, the MNPs were fully attracted
by the magnets, implying that the MNPs would be well
controlled by the applied magnetic field. The magnetic
properties of the MNPs were detected by VSM, and the
results are shown in Figure 3. As the reaction time is
less than 30 min, the powders present weak magnetism.
The inset shows superparamagnetic properties of MNPs at
5 and 30 min, respectively. The saturation magnetization
(Ms� is lower than 0.4 emu/g, suggesting that few MNPs
are formed during the reaction. When the reaction time
increased to 45 min, superparamagnetic MNPs with high
Ms were found. Further extending the time just enhances
Ms, implying that more MNPs are formed. It is noted that
the highest Ms (∼30 emu/g) was found at 60 min. The
reaction appears to stop after 60 min, becauseMs no longer
increased with reaction time.

Figure 1. The pictures of the reaction processes within (a) 5, (b) 20,
(c) 30, and (d) 60 min.

Figure 2. The picture of the MNPs attracted by the Nd-Fe-B magnets
(outside applied magnetic field).

The functional groups of the prepared MNPs were ana-
lyzed with FTIR operating in a transmission mode from
4000 to 450 cm−1. Figure 4 shows the FTIR spectra. The
absorption peaks at 1627 cm−1 and 3421 cm−1 are indi-
cated by the vibration of the OH group.11 These peaks are
attributed to water molecules in the air. In addition, the
peaks of C–H (2880 cm−1� and C–O (1050 cm−1� groups
are observed from the solution. However, Fe–O stretching
vibrations are detected at 627 cm−1.11 The Fe–O absorp-
tion peak is clearer with increasing reaction time, which
means that iron(III)-oxide magnetic particles form better
under a longer time frame.
The crystal structure and phase purity of the MNPs were

characterized by XRD measurements. Figure 5 shows the
XRD patterns. The spectra obtained for reaction times of
45, 60, 75, and 90 min suggested that the crystal struc-
ture of the MNPs is a cubic Fe3O4 phase, because the
peaks (220), (311), (400), (422), (511), and (440) are
observed at 2� values of 30.1�, 35.4�, 43.2�, 53.3�, 56.8�,
and 62.4�, respectively, which agree with JCPDS No. 82-
1533. Peaks with higher intensity obtained at more than
60 min suggest the existence of a more stable Fe3O4

Figure 3. The magnetic properties of the MNPs reacted at 200 �C with
different reaction times.
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Figure 4. FTIR spectra of the MNPs reacted at 200 �C with different
reaction times.

crystal phase. These results also suggested only a few
amounts of Fe3O4 powders were synthesized if the reac-
tion was shorter than 45 min. Moreover, according to the
XRD patterns, we observed the formation of sodium chlo-
ride (NaCl) peaks (200) and (220) at 2� values of 32�

and 45�, respectively, which are consistent with the JCPDS
No. 88-2300. This indicates that NaCl is formed in this
process when the reaction is incomplete. However, NaCl
peaks were not shown in the samples prepared at 45, 60,
75, and 90 min, because these MNPs were separated via an
external magnetic field after the reaction. In other words,
magnetic separation is an effective way to obtain pure
magnetic particles. In addition, the average crystallite size
(D� could be calculated using the Scherrer equation,11�50

D = K�/�	 cos��, where K is a constant (=0.89 for Cu-
K
), � is wavelength (=0.154 nm for Cu-K
), 	 is the
full width at half maximum, and � is the Bragg diffraction

Figure 5. XRD patterns of the MNPs reacted at 200 �C with different
reaction times.

angle. Therefore, we choose the case of the 60-min sample
as an example to calculate the crystallite size, which was
around 26.93 nm.
The XRD patterns of Fe3O4 and �-Fe2O3 are similar.

To further confirm the structures of these particles, X-ray
photoelectron spectra (XPS) analysis can provide decisive
evidence. The XPS spectra are shown in Figure 6. The
peaks of binding energy around 710 eV and 725 eV are
Fe 2p3/2 and Fe 2p1/2, respectively. The results match well
with the reported values of Fe3O4 in the literature.21�51 It is
known that the binding energy of element increases with
a greater valence state. The binding energy of Fe 2p3/2

is about 709 eV for Fe2+ and 711 eV for Fe3+. Figure 6
presents the XPS signals of the Fe 2p regions, and the
peak of Fe 2p3/2 is at around 710 eV, which indicates that
both Fe2+ and Fe3+ should exist showing the formation of
Fe3O4. The peak that shifts from 710.5 eV at 30 min to
711.2 eV at 60 min is evidence that the highly oxide Fe3O4

phase is obtained after increasing the reaction time. This
result confirms that the prepared particles are Fe3O4. It also
suggests that Fe3O4 was synthesized at 30 min, although
the XRD pattern does not show clear peaks of Fe3O4. This
outcome is due to the rare number of the particles, which
weakens the intensity of the peaks.
Figure 7 shows the SEM images of the synthesized

particles with reaction time ranging from 5 to 105 min.
From Figures 7(a) and (b), no particles are formed, but
many flakes are obtained. As the reaction time increased
to 30 min (see Fig. 7(c)), some particles with a size of
50 nm are deposited on the flakes, indicating the initial
formation of Fe3O4 nanoparticles. This result has also been
confirmed in the above magnetic hysteresis loop and XPS
spectra. Figure 7(d) presents that large amounts of Fe3O4

nanoparticles were formed at 45 min. The particles size
increases to about 200 nm. However, a few flakes were
still observed in this picture; obviously, more time is still
needed to finish the reaction. Further extending the reac-
tion time to over 60 min makes the reaction complete,
and the shape of the particles is much closer to the sphere

Figure 6. XPS spectra of the MNPs reacted at 200 �C within 30 and
60 min.
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Figure 7. Surface morphologies of the MNPs reacted at 200 �C with different reaction times, where the reaction time is (a) 5, (b) 20, (c) 30, (d) 45,
(e) 60, (f) 75, (g) 90, and (h) 105 min.

as shown in Figure 7(f). In this case, the flakes are no
longer found. The particles size is kept constant at 100–
150 nm as shown in Figures 7(g)–(h), even as the reaction
time reaches 105 min. Those pictures obviously show the
agglomeration of the particles, probably because the MNPs
possess high surface area and strong dipole–dipole inter-
actions. In general, the agglomeration of particles could
decrease the large surface energy.

The microstructure of the MNPs was examined by
TEM. Figures 8(a)–(f) show the bright field TEM images
of the Fe3O4 particles obtained at various stages of reac-
tion times. Figures 8(a)–(c) present the flake matrix struc-
tures, which are consistent with the SEM results, with
particles found on the flakes. As the reaction time is
longer than 45 min, the flake structures disappear and
the particles gradually take spherical shape as shown in
Figures 8(d)–(f). It is noted that numerous microcracks
appears at the particle surface in each stage. It is believed
that the large specific surface area will be obtained for
these powders, because the creaks may provide extra sur-
face area. Further extending the reaction time just makes
the particles stable. The insets in Figures 8(a)–(c) are the
corresponding electron diffraction patterns. The inverse
d-spacing of the spots in these patterns is calculated to
be 7.92, 9.52, 11.68, 12.34, and 13.50 nm−1, which corre-
spond to the Fe3O4 phases with (311), (400), (422), (511),
and (440) planes, respectively. These results are also con-
sistent with those reported in literature.52 The size of the
MNPs measured by TEM increases with reaction time. In
Figures 8(a)–(c), the size is about 50–60 nm when the
reaction is shorter than 45 min and rises to 100–150 nm
in Figures 8(d)–(f) when the reaction time is over 45 min.
The results fully agree with those in Figures 7(d)–(h) when
the reaction is longer than 45 min.

3.2. Magnetic Properties of the Synthesized
Fe3O4 MNPs

From the aforementioned results, it is concluded that
the reaction time can be longer than 45 min when the

temperature is at 200 �C during the microwave-assisted
solvothermal process. To compare the physicochemical
properties between the synthesized and commercially-
available MNPs, Fe3O4 particles with a particle size rang-
ing from 100–150 nm were purchased. Figure 9 presents
the hysteresis loop, crystal structure, surface morphology,
and microstructures of the purchased Fe3O4 nanoparti-
cles. In Figure 9(a), the commercial particles show typ-
ical superparamagnetic property, which is similar to our
synthesized ones. The inset in Figure 9(a) proves that the
commercial MNPs are also cubic Fe3O4 crystals, because
peaks (111), (220), (311), (400), (422), (511), and (440)
are observed at 2� values of 18.3�, 30.1�, 35.4�, 43.1�,
53.4�, 56.9�, and 62.5�, respectively. These findings agree
with the synthesized MNPs. However, the Ms value is
about 50 emu/g, increasing by 20 emu/g compared to
the MNPs prepared at 60 min. It should be noted that
the particle size of commercial Fe3O4 nanoparticles is
100–150 nm, and our synthesized MNPs at 60 min show
the same size. The Ms value is calculated from the total
magnetic moment (M� of a sample divided by the total
weight of a sample. These two types of Fe3O4 MNPs have
the same crystal structure, particle size distribution, and
total sample weight, but different Ms values—that is, they
both have different microstructures that affect the sample’s
total M .
The SEM picture (Fig. 9(b)) depicts that the commer-

cial Fe3O4 nanoparticles have a well crystalline structure.
The particles are crystalline with a cubic shape as shown
in the inset of Figure 9(b), which is an enlarged pic-
ture from the dash-square region in Figure 9(c). They are
typical cubic Fe3O4 crystal structures. The inner struc-
tures are obtained from the TEM measurements, and the
results are presented in Figures 9(c) and (d). The parti-
cle size is between 100–150 nm in Figure 9(a), and the
well crystalline can be identified by the clear defined grain
boundary in the inset picture magnified from the dash-
region in Figure 9(c). Although the commercial particles
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Figure 8. The bright-field TEM images of the MNPs reacted at 200 �C with different reaction times, where the reaction time is (a) 15, (b) 30, (c) 45,
(d) 60, (e) 90, and (f) 105 min. The insets in (a)–(c) are the corresponding selected electron diffraction patterns.

present similar size to the synthesized ones with a reac-
tion time larger than 45 min, the microstructures look
fully different. Figure 9(d) is the large magnified TEM
picture of one commercial Fe3O4 particle. Except for the
4 well defined boundaries, the inner structures in com-
mercial Fe3O4 particles are solid; on the contrary, porous
structures are observed in our prepared MNPs as shown
in Figures 8(d)–(f). Although both the commercial and

Figure 9. The (a) magnetic property, (b) surface morphology, (c) low
magnified TEM bright field image, and (d) high magnified TEM bright
field image of commercial Fe3O4 nanoparticles. The inset in (a) is the
XRD pattern of commercial Fe3O4 nanoparticles. The insets in (b) and
(c) are the enlarged pictures of dash square regions in (b and c).

synthesized Fe3O4 particles have the same crystal struc-
ture, particle size distribution, and total sample weight, the
porous structure contributes to a lower magnetic moment
than the solid structure. This may explain the lower Ms in
the present synthesized MNPs.

3.3. Porous Properties of the Synthesized Fe3O4 MNPs
Through the microwave-assisted solvothermal method, we
want to understand why highly porous Fe3O4 MNPs
are synthesized at a particle size of 100–150 nm. The
adsorption–desorption isotherms of N2 gas on both com-
mercial and synthesized Fe3O4 MNPs and the correspond-
ing pore size distributions are shown in Figure 10. The
isotherms for the prepared MNPs in this work are classi-
fied as type IV, which indicates the presence of mesopores.
In addition, the hysteresis loops obtained in these cases are
H3, which exhibit a narrow distribution associated with the
cylindrical pores. The isotherm for the commercial Fe3O4

particles lacks hysteresis behavior. Our synthesized pow-
ders have a more specific surface area than the commercial
one. The pore size distributions and pore sizes of com-
mercial and synthesized Fe3O4 particles are plotted as the
inset in Figure 10. It is clear that a narrow distribution at a
size smaller than 100 nm is presented for commercial par-
ticles. A wider distribution is obtained for the synthesized
particles, especially for the sample obtained at 45 min.
The specific surface area of MNPs was estimated by the

BET method demonstrated in the inset in Figure 11. In a
similar size scale, the surface area of commercial Fe3O4

particles is 9 m2/g, but those of the synthesized MNPs are
33, 30, 28, 26, and 21 m2/g at 45, 60, 75, 90, and 105 min,
respectively. The surface area of all synthesized MNPs is
larger than that of the commercial one, providing strong
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Figure 10. Adsorption–desorption isotherms of N2 on commercial and
synthesized MNPs with different reaction times. The inset is the pore size
distribution curves of commercial and synthesized MNPs with different
reaction times.

evidence toward the porous structure of the synthesized
Fe3O4 in this study. The difference in surface area can
explain why the TEM images demonstrate a porous sphere
rather than a smooth one.

3.4. Microstructures of the Synthesized Fe3O4 MNPs
To further analyze the porous microstructure of synthe-
sized Fe3O4 nanoparticles, the results of high resolu-
tion TEM analysis are presented in Figure 12. From
Figure 12(a), it is obvious that a big and single Fe3O4 par-
ticle consists of numerous small Fe3O4 particles. Each par-
ticle is usually small than 10 nm, and thus a large amount
of microcracks is observed between grains. The orienta-
tions in these particles are very close, implying that they

Figure 11. The BET specific surface area of commercial and synthe-
sized MNPs with different reaction times.

Figure 12. (a) High resolution TEM image and (b) lattice structure of
synthesized MNPs (The reaction time of this sample is 105 min).

grow toward the same direction, which may be provided
by the nuclei (the so-called unidirectional extension pat-
tern). These results are consistent with those in adsorption–
desorption isotherms of N2. Figure 12(b) shows the lattice
structures, which is the magnified image of the red square
region in Figure 12(a). This demonstrates that a big syn-
thesized Fe3O4 particle is well crystallized, which means
that the synthesized process in this study can obtain highly
crystallized MNPs. The Fe3O4 (220)-orient are found in
the grains; however, � = 2� between the (220) planes
reflects that these grains grow at any time. The big and
single Fe3O4 particle is truly constructed by stacking the
small Fe3O4 particles.
In order to highlight that many small Fe3O4 particles

can construct a big and single porous Fe3O4 particle, the
selected area electron diffractions (SAED) and TEM dark
field technology were used and the pictures are shown in
Figure 13. Figure 13(a) is the TEM bright field image
of the synthesized Fe3O4 MNPs at 60 min. The particles
are spherical, and the size is about 100–150 nm. The sur-
face of these particles is rough, indicating that there is a
porous structure inside them. The electron diffraction pat-
tern of Figure 13(a) is depicted in Figure 13(b). Here, the
(311), (400), (422), (511), and (440) crystal planes can be
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identified. The (400) and (440) planes’ diffraction spots are
selected as the electron beam sources to get the TEM dark
field images, as shown in Figures 13(c) and (d), respec-
tively. Obviously, there are many small light dots in these
two figures, proving that the particles truly have (400) and
(440) orientations in Figures 13(c) and (d), respectively.
These light particles are usually around 2 to 6 nm, and a
vast number of them are assembled together and integrated
to become a big Fe3O4 particle—that is, the large parti-
cles with a diameter of nearly 100–150 nm actually consist
of many nanoparticles. Moreover, small particles like to
crystallize in a similar direction. These results are in agree-
ment with those shown in Figure 12. The formation of
such a structure might be due to the tendency of reducing
surface energy among the particles. Hence, the nanopar-
ticles tend to congregate to lower their surface energy. It
was also found that every particle is almost formed as a
sphere structure, due to the fact that a sphere presents the
minimum surface energy. The nucleus stacked in different
planes on the surface of the nucleus is also confirmed from
SAED images. It is also evidence that a rough surface
and porous structure are formed for the synthesized Fe3O4

nanoparticles here. Therefore, they possess a notably high
specific surface area.
From the above results, the growth mechanism of

Fe3O4 nanoparticles by the present synthesis process was
schematically proposed in Figure 14. At the beginning,
the reductant ethylene glycol reduced the iron(III) chlo-
ride through absorbing the microwave energy. The Fe3O4

nucleus formed and got together in order to decrease the
high surface energy. However, due to different crystal

Figure 13. (a) The bright-field TEM images of the MNPs reacted at
200 �C for 60 min, (b) the electron diffraction pattern of the MNPs in (a).
(c and d) Are the dark-field TEM images of selective beam sources of
(400) and (440) in (b), respectively.

Figure 14. The sketch for the synthesis process and growth mechanism
of Fe3O4 MNPs.

planes in the surface of the nucleus, other nuclei were
stacked in the specific order decided by the planes in the
surface of the nucleus. Therefore, the TEM images show
the particles being demonstrated in a unidirectional exten-
sion and criss-cross crystal pattern. It is expected that such
highly porous Fe3O4 nanoparticles can be applied for mag-
netic resonance imaging and therapeutic applications.46

4. CONCLUSION
This work demonstrates a facile and eco-friendly
microwave-assisted solvothermal method to produce
highly porous Fe3O4 magnetic nanoparticles (MNPs) with
a unidirectional extension crystal pattern. The particles
become stable iron(III) oxide after a 60-min reaction when
the temperature is fixed at 200 �C. The Fe3O4 nanopar-
ticles usually show superparamagnetic properties, which
reache their highest saturation magnetization of 30 emu/g
for the sample prepared at 60 min. Except for XRD pat-
terns, the XPS results also confirm that the synthesized
particles are Fe3O4. The SEM images indicate that a reac-
tion time over 60 min makes the reaction complete and
the shape of the particles is much closer to being spheri-
cal with a particle size of 100–150 nm. The TEM bright
field images indicate that numerous microcracks appear at
the surface of the Fe3O4 particle, whereas the TEM dark
field images show that the microcracks are caused by the
agglomeration of many 2–6 nm Fe3O4 particles. These
MNPs grow toward the same direction, which may be pro-
vided by the nuclei. Hence, the synthesized MNPs present
porous microstructures, which yield 3 times larger surface
area than commercially-available products.
For the mechanism to fabricate porous Fe3O4 nanopar-

ticles, the reductant ethylene glycol reduces iron(III)
chloride through absorbing the microwave energy at the
beginning. The Fe3O4 nuclei are then formed and got-
ten together to decrease the surface energy. The nuclei
with different crystal planes are stacked in the specific
order decided by the planes in the surface of the nucleus.
Hence, the particles are presented in the form of micro-
cracks by TEM images. The present work unveils more
information in the fabrication of Fe3O4 nanoparticles with
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a comparatively high specific surface area. We hope that
this research is beneficial to further development and appli-
cations of Fe3O4 nanoparticles.
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