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Facile microwave synthesis 
of various‑shaped magnetite/ 
reduced graphene oxide 
heterostructures and their 
magnetization properties
Abdallah F. Zedan 1,2*, Sherif Moussa 2 & M. Samy El‑Shall 2

Heterostructures of magnetite (Fe3O4) nanoparticles and reduced graphene oxide (RGO) sheets are 
very common composite materials for different applications such as catalysis, energy storage, and 
biomedicine. Developing methods for the facile control of the size and shape of both freestanding 
Fe3O4 nanoparticles and those anchored onto RGO sheets is in demand. Herein, we report on the 
rapid and facile microwave synthesis (MWS) of Fe3O4 nanoparticles and Fe3O4/RGO with various sizes 
and shapes using the oleylamine (OAm)/oleic acid (OAc) ligand pair. The solvothermal synthesis using 
microwave irradiation (MWI) resulted in the concurrent conversion of graphene oxide (GO) into RGO 
and the in-situ formation of various-shaped Fe3O4 on RGO sheets. Freestanding Fe3O4 nanoparticles of 
various shapes were prepared using MWS for comparison. The morphological, structural, and surface 
properties of the samples were studied using different characterization techniques. The magnetization 
properties of the prepared samples were determined using a vibrating sample magnetometer. Various-
shaped standalone and RGO-supported Fe3O4 nanoparticles including nanospheres, nanocubes, 
and nanotriangles were synthesized via MWI at 1000 W for 20 min by changing the ratios of the iron 
precursor and the OAm/OAc ligand pair. Interestingly, the MWI using OAm/OAc ligand pair of a molar 
ratio of 3:4 resulted in the in-situ formation of large hexagonal Fe3O4/RGO. The X-ray diffraction (XRD) 
and X-ray photoelectron spectroscopy (XPS) results confirm the crystallinity and spinel structure of 
the prepared Fe3O4 samples and prove the concurrent conversion of GO into RGO with assemblies of 
Fe3O4 nanoparticles. The magnetization measurements further emphasized the role of size and shape 
in affecting the magnetic properties of Fe3O4 and Fe3O4/RGO heterostructures. The results identify the 
qualities of the prepared samples and prove the MWS as a facile one-pot method for the preparation 
of Fe3O4 and Fe3O4/RGO heterostructures.
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Graphene is a two-dimensional (2D) carbon material with carbon atoms packed in a hexagonal lattice forming an 
atom-thick basal plane1. The oxidized derivative of graphene (graphene oxide, GO) is the most widely common 
starting precursor to fabricate graphene, conventionally known as reduced graphene oxide (RGO)2. The oxygen-
containing functional moieties (e.g. hydroxyl, epoxy, and carboxyl groups) present at basal planes and edges of 
the GO sheets permit GO to interact covalently and non-covalently with various compounds. Such interactions 
have permitted the synthesis and development of a plethora of new functional and composite nanomaterials with 
tailored properties and different applications3,4. Given the colloidal stability of GO sheets in many solvents, the 
chemical reduction of the oxygen-containing functional groups can convert GO into reduced graphene oxide 
(RGO)2. RGO exhibits intriguing features including 2D topology, large specific surface area, high mechanical 
strength, thermal stability, and graphitized basal plane4,5. RGO-based composite materials have shown great suc-
cess in widespread applications in various fields such as catalysis, energy storage, chemical sensing, biosensing, 
electronics, and environmental remediation6.
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The impressive interest in the ferrimagnetic Fe3O4 (magnetite) nanoparticles has revealed a significant role 
in the formation of several new ferrimagnetic composites7,8. Although Fe3O4 is a widely used magnetic material 
with a half-metallic character and strong spin polarization at room temperature, it suffers from limited satura-
tion magnetization9. Nevertheless, the control of the morphological and size properties of ferrimagnetic Fe3O4 
could be accompanied by enhanced magnetization and saturation magnetization10. Furthermore, the grafting 
of Fe3O4 onto carbon materials such as RGO could form functional composite materials with improved mag-
netic and other properties9. Owing to the qualities of Fe3O4/RGO magnetic nanocomposites, they have been 
longstanding of interest for application in diverse fields such as energy storage, magnetic fluids, electromagnetic 
coating materials, environmental remediation, magnetic separation, catalysis, and nanodevices11–14. For example, 
Qi et. al. reported the development of a hybrid Fe3O4/RGO structure with improved performance for lithium 
storage15. Patel and co-workers described the efficient use of Fe3O4/RGO composite for enzyme immobilization 
application16. Also, Wang et. al developed a porous hybrid structure of Fe3O4/RGO that caused higher activity 
for glucose sensing17. Li et. al.18, Saba et. al.19, and Chenchen et. al.20 reported that Fe3O4/RGO hybrid structures 
could serve as efficient microwave absorption materials for electromagnetic interference shielding and military 
security applications. Similarly, Tayebi Pak et. al. reported the high microwave absorption performance of Fe3O4/
RGO composite powders prepared by the solution combustion method13. Pryadko and co-workers reported 
that a composite filler of Fe3O4/RGO enhanced the average fiber diameters, ductility, and mechanical strength 
of some reinforced hybrid scaffolds. In addition, the Fe3O4–RGO imparted high saturation magnetization to the 
scaffolds12. Qi and co-workers reported the high sensitivity of the Fe3O4/RGO nanocomposite for the chemi-
cal sensing of chloramphenicol compounds21. Similarly, Niranjana et al. reported the efficient electrochemical 
sensing of ascorbic acid using a Fe3O4/RGO multi-layered structure22. Moreover, nanocomposites based on 
functional Fe3O4 and RGO sheets have been shown to express improved electrochemical performance for energy 
storage applications23. Also, coupling Fe3O4 and RGO led to improved electrochemical behavior of the hybrid 
platform, as reported by Zhao et. al.5. Ran et. al. studied the activation of calcium peroxide by Fe3O4/RGO as 
a synergistic catalyst for the remediation of perchloroethylene in groundwater24. Along this side, Pryadko and 
co-workers found that the magnetic Fe3O4/RGO nanocomposite was effective at the removal of heavy arsenic 
from water with excellent uptake25. All these applications of Fe3O4/RGO have encouraged the continuous effort 
for the development of synthetic strategies to prepare RGO-supported Fe3O4 nanoparticles with various sizes 
and shapes and obtain desirable magnetization and nanocomposite properties26.

A wide array of synthesis techniques has been developed including aerosol synthesis, laser pyrolysis, and solu-
tion phase synthesis such as co-precipitation, ultrasound irradiation, high-temperature thermal decomposition, 
hydrothermal, solvothermal, sol–gel, and microwave synthesis (MWS) methods26,27. MWS constitutes a power-
ful synthetic chemistry approach, yet in a simple and rapid fashion. The rapid and uniform heating leads to an 
instantaneous rise of temperature and heat energy transfer resulting in high effective reaction temperatures and 
fast nucleation and growth. MWS has been one of the most successful in producing nanostructures of controlled 
size, shape, and properties including Fe3O4 and RGO.28 Although a variety of shapes of Fe3O4 have been recently 
reported,27,29,30 it remains desirable to develop economic methods to control the shape of RGO-supported Fe3O4 
(e.g. by using MWS chemistry and controlling the type or concertation of reactants or surfactants).

In this work, a rapid MWS method for the facile preparation of various-shaped freestanding Fe3O4 nano-
particles, RGO, and Fe3O4/RGO heterostructures is demonstrated. The MWS method enabled the concurrent 
reduction of GO into RGO and the in-situ formation of various-shaped Fe3O4 nanoparticles on RGO sheets in a 
one-pot synthesis. Under appropriate microwave irradiation (MWI) conditions, Fe3O4 nanoparticles including 
nanospheres, nanocubes, nanotriangles, and hexagons were synthesized by varying the ratio of the ligand pair of 
oleylamine (OAm) and oleic acid (OAc). Further to the facile MWS of various-shaped Fe3O4/RGO, magnetiza-
tion properties of the synthesized Fe3O4 and Fe3O4/RGO of different size and shapes were studied. The results 
identify the qualities of the prepared Fe3O4 and Fe3O4/RGO heterostructures and prove the MWS as a facile 
one-pot method for the preparation and grafting of magnetic Fe3O4 onto RGO sheets.

Materials and methods
Materials
Chemicals were used as received including natural graphite (∼200 mesh, 99.9%, Alfa Aesar), sulfuric acid (H2SO4, 
certified ACS, Fisher Scientific), potassium permanganate (KMnO4, analytical reagent, Mallinckrodt), hydrogen 
peroxide (H2O2, 30%, KMG), Iron (III) acetylacetonate (Fe(acac)3, Aldrich, 99.95%), oleic acid (OAc, Aldrich, 
tech 90%), oleylamine (OAm, Aldrich, tech), benzyl ether (BE, ACS 99.9%, Aldrich), and dimethyl sulfoxide 
(DMSO, ACS 99.9%, Alfa Aesar).

Preparation of graphene oxide (GO)
Graphene oxide (GO) was synthesized via the oxidative treatment of high-purity natural graphite following a 
previous report in the literature2. In a typical synthesis, 6 g of KMnO4 was added to a mixture of 2 g of graphite 
powder and 46 ml of H2SO4 in an ice bath. The reaction mixture was stirred for 5 h while maintaining the tem-
perature of the mixture at 30 ± 5 °C. Afterwards, 5 ml of 30% H2O2 and 280 ml of deionized water were added 
to the reaction mixture. Then, the obtained GO sheets were vacuum-filtered, repeatedly rinsed with water, and 
finally dried in air. Finally, an aqueous stock solution of GO nanosheets with a solution density of 0.2 mg/ml 
was prepared by using ultrasonication.

Microwave synthesis of Fe3O4 and Fe3O4/RGO Heterostructures
For the microwave synthesis (MWS) of various-shaped Fe3O4 nanoparticles, a mixture of 280 µmol of iron (III) 
acetylacetonate (Fe(acac)3 in 105 mmol benzyl ether was prepared by vigorous stirring/sonication until complete 
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dissolution. Then, specific volumes of the oleylamine (OAm)/ oleic acid (OAc) ligand pair were added to the 
mixture under continuous stirring. Afterward, the reaction mixture was transferred to a microwave oven and 
irradiated with a 15-s on/off cycle for 20 min at a microwave power of 1000 W translating to a reaction tempera-
ture of 280 °C. Upon completion, the reaction mixture was cooled down to room temperature. The products 
were separated using a centrifuge and washed with a hexane/ethanol mixture three times. The synthesis of Fe3O4 
nanospheres, nanocubes, and nanotriangles was realized via the addition of 4.2 mmol, 4.2 mmol, and 2.1 mmol 
of OAm, compared to 11.2 mmol, 2.8 mmol, and 2.8 mmol of OAc, respectively.

For the MWS of different Fe3O4/RGO heterostructures, a similar mixture of 280 µmol of Fe(acac)3, 105 
mmol benzyl ether, 4.2 mmol of OAm, and 5.6 mmol OAc was prepared by vigorous stirring/sonication. Then, 
a non-aqueous solution of GO in DMSO (1 mg/ml) was added to the above mixture. The temperature of the 
reaction mixture was brought to 280 °C by MWI at 1000 W for 20 min. The final products were separated using 
a centrifuge and washed multiple times with a hexane/ethanol mixture. Table S1 lists the microwave-synthesized 
Fe3O4 and Fe3O4/RGO heterostructures of different shapes and the corresponding ratios of the precursor and 
surfactant materials.

Characterization
The prepared samples were characterized by using), a transmission electron microscope (TEM), scanning 
electron microscope (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and magnetic 
characterization using a vibrating sample magnetometer (VSM). TEM images were acquired using a JEM-1230 
electron microscope (Jeol, Japan) equipped with a Gatan UltraScan 4000SP 4K x 4K CCD camera and operated 
at 120 kV. Samples for TEM were prepared using Formvar carbon-coated copper grids (300-mesh, Ted Pella). 
SEM images were collected using a Quantum DS-130S dual-stage electron microscope. XRD measurements were 
carried out at room temperature by using an X’Pert Philips Materials Research diffractometer equipped with a 
Cu Kα1 radiation source. XPS measurements were performed using an Escalab 250 (Thermo Fisher Scientific) 
spectrometer equipped with an Al X-ray source. Magnetic measurements were performed using Versalab VSM 
(Quantum Design, USA).

Results and discussion
The Fe3O4 and Fe3O4/RGO heterostructures of different shapes were synthesized from the Fe(acac)3 by MWI in 
benzyl ether using the OAm/OAc ligand pair. The MWS of freestanding Fe3O4 nanoparticles was performed first 
to better understand the effect of experimental conditions on the size and shape of growing particles. Table S1 lists 
the microwave-synthesized Fe3O4 and Fe3O4/RGO heterostructures of different shapes and the corresponding 
ratios of precursor and ligand pair (OAm/OAc) materials. Figure 1 displays the TEM images of different-shaped 
Fe3O4 nanoparticles including nanospheres, cubes, and triangles synthesized by MWI of a mixture of Fe(acac)3 
(28 mmol) and benzyl ether (105 mmol) for 20 min at 1000 W/ 280 °C using varying molar ratios of OAm/OAc 
ligand pair. As can be seen in Fig. 1a–d, the use of 4.2 mmol OAm, 3.2 mmol OAc, or 4.2 mmol OAm mixed with 
either 5.6 or 11.2 mmol OAc led to the formation of spherical Fe3O4 nanoparticles with different average sizes. The 
estimated average sizes of the spherical Fe3O4 nanoparticles obtained using the aforementioned OAm/OAc ratios 

Fig. 1.   TEM images of various-shaped Fe3O4 nanoparticles synthesized by MWI of a mixture of Fe(acac)3 and 
benzyl ether for 20 min at 1000 W (280 °C) employing (a) 4.2 mmol OAc, (b) 3.2 mmol OAm), (c) 4.2 mmol 
OAm/ 5.6 mmol OAc, (d) 4.2 mmol OAm/ 11.2 mmol OAc, (e,f) 4.2 mmol OAm/ 2.8 mmol OAc, and (g-h) 2.1 
OAm/ 2.8 mmol OAc.
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are 3–4 nm (Fig. 1a), 4–5 nm (Fig. 1b), 10 ± 2 nm (Fig. 1c), and 13 ± 2 nm (Fig. 1d), respectively. The spherical 
Fe3O4 nanoparticles synthesized by MWI using OAm and OAc independently possess smaller sizes compared 
to those prepared using mixtures of OAm and OAc. This can be related to the relatively higher degree of surface 
passivation exerted by the self-assembly of the fatty chains of either OAm or OAc forming micellar structures. 
The micellar structures where Fe3O4 nuclei form could provide a further restriction on the growth of particles31. 
Also, the formation of smaller spheres using either OAm or OAc might be aided by the presence of benzyl ether 
favoring micellar formation. Interestingly, the interplay between the OAm and OAc was further employed to 
prepare Fe3O4 nanocubes and nanotriangles. When the relative concentration of OAc was decreased to 2.8 mmol 
while maintaining a 4.2 mmol OAm, well-defined Fe3O4 nanocubes of uniform size and shape with an average 
edge length of 15 ± 2 nm were obtained, as shown in Fig. 1e,f. On the other hand, maintaining the OAc fraction 
at 2.8 mmol while decreasing the OAm fraction to 2.1 mmol led to shape transformation into mostly Fe3O4 
nanotriangles with 28 ± 2 nm edges and a few polyhedral nanoparticles, as can be seen in Fig. 1g,h. These TEM 
results suggest that the fine-tuning of the ratios of OAm and OAc co-surfactants can feasibly allow the micro-
wave synthesis (MWS) of Fe3O4 nanoparticles with controllable size and shape under similar MWI conditions.

The MWS of various-shaped Fe3O4/RGO heterostructures was realized using a one-pot synthetic approach as 
described earlier32. For the MWS of Fe3O4/RGO, the aforementioned synthesis of freestanding Fe3O4 was adapted 
and combined with the feasible MWI-assisted approach for co-reduction of GO into RGO in DMSO described 
earlier32. Figure 2 and Figs. S1-S2 present the TEM and STEM images of freestanding RGO and spherical Fe3O4/
RGO heterostructures prepared by MWI of a mixture of Fe(acac)3/benzyl ether and GO/DMSO at 1000 W for 
20 min employing different ratios of the OAm and OAc co-surfactants. The TEM images of freestanding RGO 
prepared by MWI of GO in DMSO shown in Fig. 2a,b reveal the typical wrinkled topology of the 2D RGO sheets. 
As can be seen in the TEM images shown in Fig. 2c–f, a mixture of 4.2 mmol OAm and 5.6 mmol OAc led to the 
formation of spherical Fe3O4 with an average size of 10–13 nm supported on the RGO sheets. The STEM images 
shown in Fig. S1 further reveal the dispersion of the spherical Fe3O4 nanoparticles and the evident decoration of 
the RGO sheets. When the OAc fraction was further increased to 11.2 mmol, the in-situ formed Fe3O4 nanopar-
ticles retained the spherical shape but slightly larger-sized particles were observed with an average size of 15–20 
nm (Fig. S2). The MWI of a mixture of Fe(acac)3/benzyl ether and OAm/OAc co-surfactants, in the presence 
of GO/DMSO, enabled the concurrent chemical reduction of GO into RGO and in-situ formation of spherical 
Fe3O4 nanoparticles on RGO sheets. Even though the RGO sheets are dense-decorated by spherical Fe3O4 nano-
particles, the TEM and STEM results still show uniform size, shape, and particle distribution (Figs. 2e,f, and S1).

Further, the effect of the relative concentrations of Fe- precursor, OAm, and OAc on the shape of Fe3O4 pre-
pared in the presence of GO/DMSO was investigated. Figure 3 displays the TEM images of various-shaped Fe3O4/
RGO heterostructures prepared by MWI of a mixture of Fe(acac)3/benzyl ether and GO/DMSO at 1000 W for 
20 min employing different ratios of Fe-precursor and co-surfactants. The MWI of a reaction mixture involving 
0.28 mmol Fe, 2.1 mmol OAm, and 2.8 mmol OAc resulted in the formation of mostly triangle Fe3O4/RGO and 

Fig. 2.   TEM images of (a,b) freestanding RGO prepared by MWI of GO in DMSO, and (c–f) spherical Fe3O4/
RGO heterostructures prepared by MWI of a mixture of Fe(acac)3/benzyl ether and GO/DMSO at 1000 W 
(280 °C) for 20 min employing 4.2 mmol OAm and 5.6 mmol OAc.
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other small hexagonal particles (Fig. 3a,b). Upon increasing the OAm fraction to 4.2 mmol while keeping Fe 
and OAc the same, Fe3O4 cubes were formed on the surface of RGO sheets (Fig. 3c). An increase of the Fe from 
0.28 mmol to 0.56 mmol while maintaining the OAm and OAc at 4.2 mmol and 2.8 mmol, respectively, led to 
the formation of a mixture of a cube and hexagonal Fe3O4/RGO sheets (Fig. 3-d) with average edge lengths of 
28 ± 5 nm. Furthermore, the MWI of a mixture of 0.56 mmol, 2.1 mmol, and 5.6 mmol of Fe- precursor, OAm, 
and OAc, respectively, resulted in the formation of a mixture of cube and triangle Fe3O4/RGO sheets with aver-
age edge lengths of 9–11 nm (Fig. 3e,f). The TEM images shown in Fig. 3 mostly show good decoration of the 
2D RGO sheets with various-shaped Fe3O4 nanoparticles including triangles, cubes, and hexagons, although 
mixtures of shapes and some irregular morphologies could also be observed. This suggests the presence of GO/
DMSO did not alter the feasibility of the MWS of various-shape Fe3O4 and findings similar to those in the absence 
of GO sheets could still be observed. Of particular interest, the MWS using OAm and OAc with a molar ratio 
of 0.75 in the presence of GO/DMSO resulted in the formation of large hexagonal Fe3O4 particles upon MWI 
at 1000 W for 20 min. The TEM and STEM images of the large hexagonal Fe3O4/RGO sheets are displayed in 
Figs. 4,5. The TEM images shown in Fig. 4 display large hexagonal Fe3O4 particles with an average edge length 
of ~ 0.9 µm that are formed on RGO sheets along with spherical Fe3O4 nanoparticles. The dark- and bright-field 
STEM images (Fig. 5) further reveal the wrapping of the hexagonal Fe3O4 by the RGO sheets decorated with 
small spherical Fe3O4 nanoparticles.

The above results indicate the power of coupling the ligand pair of OAm/OAc of a high-boiling point (≥ 350 
°C) and the MWI for the controlled synthesis of diverse-shaped Fe3O4 and Fe3O4/RGO heterostructures. The 
MWI of a mixture of Fe(acac)3 and OAm/OAc pair in a benzyl ether solvent can cause an instantaneous rise in 
temperature leading to the decomposition of the Fe(acac)3 precursor, supersaturation, and burst of nucleation. 
During the MWI for 20 min, the nuclei further grow and Fe3O4 nanoparticles with isotropic or anisotropic shapes 
are formed due to the favorable growth provided by the preferential adsorption of the OAm/OAc ligand pair33. 
Even though the linear molecular structures of the ligand pair of OAm (cisCH3(CH2)7CH = CH)-(CH2)8NH2) 
and OAc (cisCH3(CH2)7CH = CH)-(CH2)7COOH) have nearly the same length for their alkyl chains, they pos-
sess different binding strengths or modes and exhibit distinct reducing abilities which have enabled the synthesis 
of metal and metal oxides of various anisotropic shapes34. The OAm/OAc pair can serve as an efficient surface 
capping agent offering surface functionalization and anisotropic growth of nanoparticles35. The rationale behind 
our facile preparation of Fe3O4 and Fe3O4/RGO heterostructures of controlled size and shape in benzyl ether 
solvent using MWI lies in the interplay of some physicochemical properties related to the OAm/OAc pair. For 
example, the different functional groups and binding abilities between OAm and OAc could result in the forma-
tion of diverse nanoparticle morphologies, depending on their relative molar ratios34. The oxophilicity of OAc 
is higher than that of OAm, and thus OAc might have a stronger passivation effect by coordination with surface 
atoms of nanoparticles36. The OAm might act as an activating agent for the decomposition of Fe(acac)3 to Fe3O4 
and not as a stabilizing agent since amine cannot efficiently stabilize Fe3O4.37 The ratio of the OAm/OAc pair 
is known to influence the growth of Fe3O4 nanoparticles via terminating or slowing growth rate, for instance 

Fig. 3.   TEM images of (a,b) triangle/hexagonal-, (c) cube-, (d) cube/hexagonal-, and (e,f) cube/triangle-shaped 
Fe3O4/RGO heterostructures prepared by MWI of a mixture of Fe(acac)3/benzyl ether and GO/DMSO at 1000 
W for 20 min employing different ratios of Fe-precursor and co-surfactants.
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Fig. 4.   TEM images of large hexagonal Fe3O4 formed along with the spherical Fe3O4/RGO by MWI of a 
reaction mixture of 0.28 mmol Fe(acac)3, 4.2 mmol OAm, 5.6 mmol OAc in the presence of GO/DMSO at 1000 
W for 20 min.

Fig. 5.   (a–c) Dark-field and (d–i) bright-field STEM images of large hexagonal Fe3O4/RGO prepared by MWI 
of Fe-(acac)3/benzyl ether in the presence of GO/DMSO at 1000 W for 20 min.
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at the {100} facets. The favorable growth along the {111} facets with terminated {100} planes could break the 
growth symmetry and result in the formation of cube or triangle Fe3O4 nanoparticles38. Because of the abundant 
oxygen-containing functional groups on the surface, GO is readily dispersed in DMSO and transformed into 
RGO upon MWI32. In the presence of GO/DMSO, the heterogeneous nucleation of Fe3O4 nanoparticles takes 
place concurrently with the in-situ chemical conversion of GO to RGO. The shape and size of the free-standing 
Fe3O4 and Fe3O4/RGO sheets depend on the experimental conditions that influence the degree of supersatu-
ration, the nucleation rate, and the growth kinetics of the nanocrystal phase. For the MWS, these conditions 
include the decomposition rate of the Fe(acac)3 precursor, the effective reaction temperature during the MWI 
process, the air oxidation process, the reaction time, and the rates of adsorption of the OAm/OAc ligand pair 
onto the nanoparticle surfaces. The relative binding energies of the OAm/OAc pair to the precursor molecules 
and the newly formed nanoparticles also affect the nucleation rate39. In general, ligands that bind weakly to the 
precursors increase the nucleation rate while ligands that bind weakly to the newly formed nanocrystals enhance 
the growth rate. The competitive adsorption of OAm and OAc can effectively inhibit nanoparticle growth in 
all but the favorable crystallographic plane where the growth is significantly enhanced. The OAm binds on the 
surface of the ferrite nanoparticles weaker than OAc. A weakly binding ligand allows for further growth of the 
nanoparticles since the ligand can reversibly coordinate with the newly grown nanoparticles. This also allows for 
nanoparticle growth via the Ostwald ripening process where large nanoparticles grow even larger at the expense 
of smaller ones40. In the absence or presence of GO, both OAm and OAc are thus essential for the control of the 
size, growth rate, and shape of the Fe3O4 nanoparticles.

The structural phase of selected Fe3O4 and Fe3O4/RGO samples was confirmed using X-ray diffraction (XRD) 
measurements. Figure 6 shows the XRD patterns of spherical freestanding Fe3O4, spherical Fe3O4 /RGO, and 
hexagonal Fe3O4/RGO sheets prepared by MWI at 1000 W for 20 min using OAm/OAc ligand pair. The diffrac-
tion patterns of the three different samples are similar and match the profile of Fe3O4 with an inverse cubic spinel 
structure (JCPDS: PDF No. 01–075-0449). The main XRD peaks centered around 30.1°, 35.5°, 38.2°, 43.2°, 53.66°, 
57.1°, 62.7°, and 74.7° can be assigned to the (220), (311), (222), (400), (422), (511), (440), and (533) planes of 
spinel Fe3O4.3,25,41 The selected area electron diffraction (SAED) diffraction patterns of spherical and hexagonal 
Fe3O4 particles (Fig. S3) further confirm the crystallinity and characteristics of the spinel structure of Fe3O4.42

X-ray photoelectron spectroscopy (XPS) measurements were conducted to reveal the surface properties of 
selected Fe3O4 and Fe3O4/RGO samples prepared by MWS. Fig. S4 and Fig. 7 display the XPS profiles of low-
resolution survey scans and high-resolution scan spectra of C 1s, O 1s, and Fe 2p elements for spherical Fe3O4, 
spherical Fe3O4 /RGO, and hexagonal Fe3O4/RGO. The survey XPS scans (Fig. S4) show the prominent presence 
of the main elements of C, O, and Fe in the cases of both freestanding and RGO-supported Fe3O4 nanoparticles. 
The XPS peaks of indium (In 3d) originate from the indium foil used as a substrate for sample preparation. As 
outlined earlier, the solvothermal synthesis under MWI could lead to the concurrent conversion of GO into RGO 
and in-situ synthesis of Fe3O4 nanoparticles. The deconvoluted XPS peaks of C 1s (Fig. S4) show typical character-
istics of carbon-containing bonding in both passivated Fe3O4 and Fe3O4/RGO. The main peak centered at about 
284.8 in the cases spherical Fe3O4, spherical Fe3O4 /RGO, and hexagonal Fe3O4/RGO is assigned to the C = C of 
the C 1s43. The C 1s peaks observed higher binding energy in the cases of the three samples are attributed to the 
C–C and C-O bonding. The peak observed at 283.6 eV in the case of hexagonal Fe3O4/RGO can be assigned to 
the C–C bond as reported in a similar study44. For the O 1s (Fig. S4), the deconvoluted XPS spectra show a main 
at around 530 eV and should peak at slightly higher binding energy. The XPS peak at 530 eV is attributed to the 
O 1s bonding of lattice oxygen species whereas the higher-binding energy peaks (531.4–531.8 eV) correspond to 
adsorbed oxygen species45. The high-resolution XPS scans shown in Fig. 7 show typical XPS features of Fe 2p in 
the cases of spherical Fe3O4, spherical Fe3O4 /RGO, and hexagonal Fe3O4/RGO. The main XPS peaks at around 

Fig. 6.   XRD patterns of (a) spherical Fe3O4, (b) spherical Fe3O4 /RGO, and (c) hexagonal Fe3O4/RGO sheets 
prepared by MWI at 1000 W for 20 min using OAm/OAc ligand pair.



8

Vol:.(1234567890)

Scientific Reports |        (2024) 14:22008  | https://doi.org/10.1038/s41598-024-71537-6

www.nature.com/scientificreports/

710.6 eV and 724.6 with a binding energy separation of 14 eV and their satellite peals are identical features of 
the Fe 2p3/2 and Fe 2p1/2 of Fe3O4 comprised of FeO (II) and Fe2O3 (III) subunits46.

The magnetic properties of the prepared samples were studied by using vibrating sample magnetometer 
(VSM) measurements. The magnetic hysteresis of the microwave-synthesized freestanding Fe3O4 and Fe3O4/
RGO heterostructures were recorded at room temperature. Figure 8 displays the hysteresis curves of different 
samples collected using an applied field in the range of − 30 to 30 kOe. The hysteresis loops of different sam-
ples reveal magnetic behavior with some superparamagnetic component at room temperature with nearly zero 
coercivity and low remnant magnetization values, as listed in Table S2. The low or zero remnant magnetiza-
tion when the external magnetic field is removed matches the nearly superparamagnetic behavior reported for 
graphene sheets coated with Fe3O4 nanoparticles47. The average size of the microwave-synthesized freestanding 
and RGO-supported Fe3O4 nanoparticles is less than the critical size of single domain particles, which is 54 
nm for magnetite48. This could result in distinct magnetic properties compared to bulk counterparts and the 
appearance of partial superparamagnetic components for the various-shaped Fe3O4. The shrinkage in size makes 
the magnetic anisotropic energy (KV), where K is the magnetic anisotropy constant and V is the volume of the 
particle, comparable to the thermal energy (kT), leading to randomization of magnetic moments and giving rise 
to some extent of superparamagnetism. It is generally accepted that the degree of saturation magnetization (Ms) 
increases with increasing size or crystallinity48. Table S2 lists the magnitudes of saturation magnetization (Ms), 

Fig. 7.   High-resolution XPS spectra of Fe 2p for (a)spherical Fe3O4, (b) spherical Fe3O4 /RGO, and (c) 
hexagonal Fe3O4/RGO prepared by MWI at 1000 W for 20 min.

Fig. 8.   Room-temperature hysteresis curves of various-shaped Fe3O4 and Fe3O4/RGO heterostructures 
prepared by MWS at 1000 W for 20 min.
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remnant magnetization (Mr), and coercivity (Hc) for the various-shaped Fe3O4 and Fe3O4/RGO heterostructures. 
The microwaved synthesized samples show Ms values that are smaller than that of bulk magnetite grains (93 
emu/g)49. The decreased particle size, the increased surface defects, and the adsorption of surfactants onto the 
surface might result in structural disorders causing non-collinear spin structure, spin canting, and magnetic 
moment reduction42. The magnetization results shown in Table S2 and Fig. 7 indicate that with the change of 
the particle morphology from isotropic to anisotropic shape, generally the saturation magnetization increases, 
partly due to magnetocrystalline anisotropy-related factors50. The change of the particles shape from spheres to 
triangles or cubes results in an increase in saturation magnetization to 62 emu/g for triangles and 51 emu/g for 
cubes, compared to 36 emu/g in case of spherical Fe3O4, in agreement with previous reports on hollow spheres,49 
cubes,42 octahedrons,50 and hexapods50 with Ms values of 56–65, 60.3, 72.5 and 96.2 emu/g, respectively. The 
freestanding triangle Fe3O4 nanoparticles possess saturation magnetization larger than that of triangle Fe3O4/
RGO sheets. Although magnitudes of Ms for spherical Fe3O4 and Fe3O4/RGO prepared by MWS are smaller than 
those of anisotropic-shaped Fe3O4, they still exhibit larger Ms higher than those reported for spherical magnetite 
(17.96 emu/g) and spherical magnetite supported on graphene (10.23 emu/g)51. The magnetization measurements 
show the effects of size and shape control on the magnetic properties of the microwave-synthesized Fe3O4 and 
Fe3O4/RGO heterostructures.

Conclusions.
Magnetite (Fe3O4) and Fe3O4/RGO heterostructures are important nanocomposites for various catalysis, 

energy storage, and biological applications. Developing synthetic strategies for the rapid synthesis and feasible 
control of the size and shape of both freestanding Fe3O4 nanoparticles and those anchored onto RGO sheets is 
in demand. In this paper, a rapid and facile microwave synthesis (MWS) of Fe3O4 nanoparticles and Fe3O4/RGO 
with various sizes and shapes using the oleylamine (OAm)/oleic acid (OAc) ligand pair is described. Freestand-
ing Fe3O4 nanoparticles were also prepared using for comparison. The magnetization properties of the different 
prepared samples were investigated using vibrating sample magnetometry. Fe3O4 nanospheres, nanocubes, and 
nanotriangles were formed standalone and anchored onto RGO by employing various ratios of the iron precur-
sor and OAm/OAc ligand pair under MWI. Interestingly, the in-situ formation of large hexagonal Fe3O4/RGO 
was evident. The results confirm the crystallinity and spinel structure of the Fe3O4 samples and prove the simul-
taneous reduction of GO into RGO and grafting of Fe3O4 nanoparticles. Overall, the qualities of the prepared 
samples and the power of the MWS as a facile one-pot method for the preparation of Fe3O4 and Fe3O4/RGO 
heterostructures are evident.

Data availability
We declare that all research data generated and/or analyzed during this study are included in the paper and its 
Supplementary Information file. Should any raw data files be needed in another format they are available from 
the corresponding author upon reasonable request.
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