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Abstract
The solvothermal method is a way to obtain magnetite nanoparticles with uniformity in shape and size, good dispers-
ibility and functionalized surface. These properties are desirable in many applications in materials science and medical 
area. Although methods for obtaining nanoparticles with these properties are reported, the most their use several 
reagents to act as solvent, surfactant and reducing agent, which makes the synthesis process more difficult and expen-
sive. In this paper, we introduced a simple method for the preparation of magnetite nanoparticles using only iron (III) 
acetylacetonate as metal precursor and oleic acid for all the other functions. This is possible due the constant liberation 
of the acetylacetone formed in the reaction, which favors the formation of the oleate, the responsible for the conditions 
required to obtain magnetite nanoparticles smaller than 20 nm. By this method, nanoparticles were obtained with an 
average size of 17 nm in a narrow size distribution, uniformity of morphology, high crystallinity and functionalized sur-
face. The organic capping layer allows the preparation of stable colloidal solutions in organic solvents and facilitates the 
posterior use of nanoparticles in films, ferrofluids and nanocomposite preparation.

Keywords  Iron oxide · Magnetic oxide · Functionalized surface · Thermal decomposition · Colloidal solution · Oleic acid-
coated nanoparticles

1  Introduction

The search for simple and effective methods for the syn-
thesis of the materials with desired and modulating prop-
erties is constant. Since the beginning of the studies with 
nanomaterials, conditions of synthesis with lower cost and 
enhanced properties are sought. The synthesis via colloi-
dal process is widely studied due to the control of size 
and shape caused by compounds chemically or physically 
adsorbed in the surface of particles, besides the possibility 
of surface functionalization [1, 2].

Magnetite nanoparticles have interesting properties, 
such as low toxicity, eco-friendliness and superparamag-
netism [3]. These properties allow their use as ferrofluids 

[4, 5], in catalysis [6, 7], as pigments [8], in nanocomposite 
preparation [9, 10] and in medical diagnostics [11] and 
treatment [12, 13]. Typically, the nanoparticles are syn-
thetized by sol–gel method [14, 15], coprecipitation or 
precipitation [16, 17], electrodeposition [18], hydrothermal 
route [19], and solvothermal route [20, 21].

In the solvothermal route, the use of an organic sol-
vent is a way to stabilize the nanostructures, because the 
organic molecules remain bound in crystal surface and 
cause a steric impediment. In addition, the presence of 
molecules transfers the solubility to the nanoparticles, 
resulting in a stable colloidal solution [22]. The use of this 
synthesis method is interesting for scientific and tech-
nological fields, such as in the medical area where the 
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most problems are related with surface coatings [23, 24]. 
Besides that, most applications of magnetite require par-
ticles smaller than 20 nm in a narrow size distribution for 
the uniform and improved physical and chemical proper-
ties [25].

Many methods are reported for the synthesis of mag-
netite nanoparticles smaller than 20 nm by solvothermal 
route. However, these methods using only a metal pre-
cursor and another chemical compound for the func-
tions of solvent, reducing agent and stabilizer to obtain 
nanoparticles smaller than 20 nm, with uniformity of size 
and shape and functionalized surface are not reported. 
Most of the related methods use different agents for each 
function. Sun and Zeng [25] used phenyl ether, oleic acid, 
oleylamine and 1-2-hexadecanediol to obtain 4 nm nano-
particles and for obtaining larger particles (12 and 16 nm) 
they used a seed-mediated growth method. Haddad et al. 
[26] and Pereira et al. [27] used benzyl ether, oleic acid and 
oleylamine to obtain nanoparticles smaller than 20 nm. 
Hou et al. [20] used ethylene glycol, hydrazine and differ-
ent stabilizers to obtain nanoparticles with average sizes 
between 8 and 11 nm, depending on the surfactant.

Here we described a simple method to produce mag-
netite nanoparticles with size smaller than 20 nm, in a 
narrow size distribution, with acid oleic-coated surface 
by solvothermal method using Fe(acac)3 as metal precur-
sor and oleic acid for all other functions (solvent, reducing 
agent and surfactant). A large morphological and chemical 
characterization by X-ray diffraction (XRD), transmission 
electron microscopy (TEM) and Fourier-transform infrared 
spectroscopy (FTIR) was made to determine the nanopar-
ticles properties.

2 � Experimental procedure

2.1 � Synthesis of magnetite nanoparticles

A solution 0.3  mol  L−1 of iron (III) acetylacetonate 
[Fe(acac)3] using oleic acid (Synth P.A.) as solvent was pre-
pared in a glass recipient, and transferred to a stainless 
steel reactor. The system was heated to 300 °C and hold 
for 24 h under magnetic stirred in this temperature. The 
vapor formed in the reaction was constantly released and 
the pressure of the system has not exceeded 1.5 bar. After 
cooling to room temperature, acetone was added in the 
same volume as reaction suspension and the precipitate 
formed was centrifuged twice with acetone to remove the 
excess oleic acid and other byproducts (3500 rpm, 30 min). 
The solid obtained was dispersed in organic solvents, such 
as chloroform and toluene (Synth P.A.), resulting in a mag-
netic colloidal solution.

2.2 � Characterization of magnetite nanoparticles

2.2.1 � X‑ray diffraction (XRD)

The crystallinity and the average size of nanocrystals were 
evaluated by XRD. It was used a diffractometer Rigaku 
MiniFlex 600 equipped with copper anode emitter CuKα 
radiation (λ = 0.154 nm) operated at 40 kV and 15 mA using 
a detector D/teX Ultra, using scan speed 3 (deg/min).

2.2.2 � Fourier‑transform infrared spectroscopy (FTIR)

For the evaluation of oleic acid bonded at nanoparticles 
surfaces, the solvent was evaporated, and the magnetite 
powder were analyzed in a spectrometer Agilent Technolo-
gies Cary 360 with attenuated total reflection accessory 
(ATR).

2.2.3 � Transmission electron microscopy (TEM)

The structural, morphological and chemical composition 
by scanning transmission electron microscopy (STEM) and 
energy dispersive X-ray spectroscopy (EDX) were evalu-
ated by transmission electron microscopy using a FEI Titan 
Cubed Themis, with double correction and voltage accel-
eration of 200 kV.

3 � Results and discussion

The structural information of synthetized nanoparticles 
indicates that was obtained magnetite in a pure phase, 
with high crystallinity, according XRD pattern (Fig. 1). The 
crystallite size was 17 nm, calculated by the Scherrer equa-
tion [28].

Fig. 1   Diffractogram of iron oxide nanoparticles synthesized indi-
cating the magnetite crystalline phase (the peaks were indexed 
from PDF #19-629)
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TEM images (Fig. 2a) shows the uniformity of size and 
shape of synthesized nanoparticles and the dispersibil-
ity. The graph of size distribution (Fig. 2b) shows that the 
average size is 16.84 nm, the same value estimated from 
XRD by Scherrer equations, as mentioned. Moreover, from 
the image and standard deviation it is observed a narrow 
size distribution. Therefore, the nanoparticles dispersed in 
solution has potential to the magnetite applications where 
narrow size distribution are required.

Energy dispersive X-ray spectroscopy in scanning 
transmission electron microscope (EDX-STEM) was used 
to analyze sample composition and dispersion of iron 
and oxygen in the sample. The nanoparticles with high 
crystallinity have iron and oxygen uniformly distributed, 
as shows in Fig. 3.

Characterization, structural and morphological, indi-
cates the successful in the synthesis methods using only 
precursor acetylacetonate and oleic acid. Besides that, 
literature indicates the use of additional components to 
control the growth and other components to promotes 
reduction of iron, then obtain controlled narrow size dis-
tribution and well crystalline magnetite nanoparticles. 
The proposed method in this synthesis protocol can be 
considered as a simple method to obtain controlled nan-
oparticles. Details about methods were analyzed con-
sidering each component as described in next section.

3.1 � Rule of chemical components

Uniformity in size and shape of nanoparticles are associ-
ated with solvothermal synthesis method and the ligand 

Fig. 2   NCs size distribution from TEM image. a TEM of magnetite nanoparticles synthesized by solvothermal method; b Graph size distribu-
tion obtained from counts in TEM image

Fig. 3   EDX-STEMimage of magnetite nanocrystals, were the identified elements are indicated in the spectrum. a STEM image of nanocrys-
tals; b Iron map image; c Oxygen map image
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agent used to control the growth. These effects can be 
considered separated or together [29]. From approach 
used in this work, during reaction the nanoparticles are 
functionalized with organic molecules of solvent, that act 
as ligand over nanoparticle surface, besides the presence 
of the oleic acid being essential for the process of partial 
reduction of the Fe3+ ion to Fe2+, to compose particles of 
magnetite with a correct relation between these ions. So, 
the conversion of the Fe(acac)3 into Fe3O4 nanoparticles 
can be divided in five steps, as will be described in the 
following sections and schematically presented in Fig. 4.

3.2 � Formation equilibrium of the reaction 
intermediate

3.2.1 � Oleic acid as a solvent

In the first step, the precursor Fe(acac)3 is solubilized in oleic 
acid and reacts with it. During this process, an exchange 
occurs between the acetylacetonate ion and the oleate ion 
formed by the deprotonation of the oleic acid. The Fe(acac)3 
is converted to iron oleate, soluble in the reaction media, 
and the acetylacetonate ion is then converted to acetylace-
tone (Hacac). In fact, the system establishes a chemical equi-
librium between oleate and acetylacetonate as described 
by Eq. (1). In a closed system, under pressure, the equilib-
rium will be dislocated to left, once that acetylacetonate is a 
bidentate ligand resulting in six members chelate ring while 
oleate is a monodentate ligand. So, it is important to release 
the gas formed in the reaction to promote the formation 
of the iron oleate in bigger quantity. For this, in reactional 
conditions, the pressure must be kept lower than 2 bar to 
eliminate acetylacetone. Besides that, the oleic acid is pre-
sent in large quantities because it is the solvent, which does 
not limit the reaction.

(1)

Considering the chemical equilibrium and synthesis 
conditions, it is possible to synthesize shape controlled 
crystalline magnetite nanoparticles, under adequate con-
ditions. As mentioned in the introduction, the majority 
synthesis protocol describes a significant complex system 
using different reducing agents, surfactant and solvents, 
if compared a synthesis involving only oleic acid and iron 
acetylacetonate. Also, a quick and indiscriminate release of 
acetylacetone from reactional system, promotes the rapid 
conversion of the oleate, resulting in hematite or requires 
additional chemical components to obtain magnetite. On 
the other hand, if the reaction was processed in a closed 
system, with pressures eluted acetylacetone, would lead to 
the formation of wustite phase (FeO).

3.2.2 � Oleic acid as a reducing agent in the formation 
of the mixed oxide

In the second step, occurs the partial reduction of the Fe3+ 
ions. This step can occur simultaneously with the first step. 
As mentioned, the presence of a reducing agent is neces-
sary for the Fe3+ reduction to obtain Fe2+, and the oleic 
acid can be used to this function, as described by Kwon 
and collaborators [30] and after by Kemp and collabora-
tors [31]. The formation of Fe2+ is initiated at approximately 
180 °C and completed at 320 °C by two main mechanisms: 
the oxidative decarboxylation and the 1-octadecene oxi-
dation. The first is based in an oxidative decarboxylation 
of a metallic carboxylate via homolytic cleavage of the 
metal-oxygen bond, which forms the reduced metal and 
the carboxylic radical. This mechanism was evidenced by 
the detection of by-products of the redox reaction, such 
as alkanes C8-C12 and alkenes. The other mechanism is 
the 1-octadecene oxidation and was studied by these 
groups concluding that this process is also responsible for 
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the formation of Fe2+. In this work, as only oleic acid was 
used with potential reducing agent, the first mechanism 
of reduction was presented.

3.2.3 � Oleic acid as a surfactant agent

The third step is the formation of the Fe3O4 clusters by 
the thermal decomposition of the iron oleate. The clus-
ters are aggregated until they have enough ΔG, what 
makes the process irreversible. The clusters that do not 
reach this level are solubilized again. The formation and 
the growing of the nanoparticles are the fourth and the 

fifth steps, respectively. In the fourth step, the oleic acid 
acts as a surfactant, once that the compound prevents the 
approximation of the other particles, which would lead 
to the formation of aggregates. Figure 5 shows the FTIR 
spectra of the nanoparticles synthetized. As observed, 
similar vibrational modes are present in oleic acid and 
in the nanoparticles sample, indicating that the oleate 
group keeps bounded on the nanoparticle surface after 
synthesis. Ligands over nanoparticles are bonded from 
carboxylate group as evidenced: in oleic acid the presence 
of carboxylic bonds (1722 cm−1 region) is intense and it is 
reduced when compared with spectra from nanoparticle. 
Furthermore, a dislocation of vibration region in the sur-
face (1710 cm−1) indicating the coordination of carbox-
ylic group on magnetite surface. The vibration of 580 cm−1 
region refers to the Fe-O bond in the crystal interior [32]. 
Therefore, the oleate presence is the factor responsible for 
stabilization of nanoparticles in their synthesis to obtain 
uniformity and good dispersibility, as observed in Fig. 2. 
In addition, the presence of the oleic acid transfers the 
solubility to the nanoparticles, which results in colloidal 
solutions after washed and dispersion in organic solvents 
such as toluene and chloroform.

The action of the oleic acid as surfactant is also evi-
denced in the analysis of crystallinity and morphology. 
These details were analyzed by scanning transmission 
electron microscope (STEM). Figure 6 presents a high 
magnification of a nanoparticle with typical facets in the 
crystal surface, as that the energy in facets promotes the 
crystal shape. The oleate ligand promotes the control in 

Fig. 4   Scheme representative 
of mechanism of synthesis and 
growth of magnetite function-
alized nanoparticles

Fig. 5   FTIR spectra from oleic acid and magnetite NP, where simi-
lar vibrational modes area observed in predominates peaks in both 
spectra associated the presence of oleate group acting as ligand 
over NPs surface
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the growth process of the size and shape. Different ligands 
can be used to control the growth to conduct different 
shapes. When the same ligand and solvent are present, the 
ligand desorption and adsorption rate will be low, due the 
excess of oleic acid, once that it is the solvent. During the 
reaction, an exchange occurs between the acetylacetonate 
ion and the oleate ion formed by the deprotonation of 
the oleic acid. The acetylacetonate ion is then converted 
to acetylacetone and leaves the system in gaseous form. 
Thus, the exchange of the acetylacetonate by the oleate 
is favored and the impediment to the action of the oleate 
ion is reduced, facilitating its action in stabilizing the shape 

and size of the magnetite. Therefore, the ligand present on 
the surface controls the crystal growth in low rate result-
ing in high crystalline nanocrystals and to oleic acid with 
facets almost regular to resulting in a faceted tetra dodeca-
hedron [29].

Indexation of crystal lattice were realized from a HRTEM 
images, as presented in Fig. 7. In the images, a nanocrys-
tal oriented in zone axis <5, − 1, 2>, determined from 
HRTEM Fast Fourier Transform (FFT) and index using CIF 
of magnetite, with spots associated with crystalline plane, 
as indicated in Fig. 7b associated CIF (crystallographic 
Information File to Fe3O4 – PDF #19-629). HRTEM and 

Fig. 6   STEM of magnetite 
nanocrystal. a low magnifi-
cation where lines indicate 
facets in the crystal; b High 
magnification of nanocrystals 
presenting the atomic columns 
in crystals

Fig. 7   HRTEM images and 
simulated images for Fe3O4. a 
HRTEM of nanocrystal; b FFT 
from image a; c HRTEM and 
correspondent crystal lattice 
in zone axis <5, − 1, 2> from 
CIF information. Iron—red, 
Oxygen—yellow; d unit cell of 
magnetite in zone axis used to 
represent atomic positions in c 
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representation of lattice from CIF, are presented in Fig. 7c 
and d, match HRTEM image with atomic positions in rep-
resented crystalline lattice in zone axis, as indicated in the 
Figure.

Hence, the nanoparticles obtained under these con-
ditions have characteristics that allow their applica-
tion without any additional chemical modification. The 
hydrophobic nature of the nanoparticle surface allows 
an improvement in the compatibilization between the 
nanoparticle and organic matrices. Another possibility to 
be studied is the exchange of surface ligands by hydro-
philic groups, which would facilitate dispersion in aqueous 
media for biological studies and applications.

4 � Conclusion

In this work we presented a simple method for synthesis 
of magnetite nanoparticles with size smaller than 20 nm 
using only two reagents: Fe(acac)3 and oleic acid. This 
was possible due the constant liberation of the acetylac-
etone formed in the conversion of Fe(acac)3 into iron (III) 
oleate, which promotes displacement of the equilibrium 
to obtain greater quantities of the reaction intermediate. 
Furthermore, iron oleate acts in the reduction of Fe3+ to 
Fe2+ and in the control of the nucleation and growing 
of the nanoparticles. The techniques of chemical and 
morphological characterization showed the uniformity 
in size and shape of the nanoparticles, high crystallin-
ity, narrow size distribution and good dispersibility in 
organic solvents, due the presence of organic capping 
layer in the nanoparticle surface after the synthesis 
process. These properties obtained by these conditions 
make possible the use of the nanoparticles in different 
applications, such as medical area, nanocomposite prep-
aration, film deposition, among others.
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