
Solvothermal synthesis and characterization of size-controlled
monodisperse Fe3O4 nanoparticles

Guanhua Gao • Rongrong Shi • Wenqing Qin •

Youguo Shi • Guofu Xu • Guanzhou Qiu • Xiaohe Liu

Received: 26 September 2009 / Accepted: 3 March 2010 / Published online: 2 April 2010

� Springer Science+Business Media, LLC 2010

Abstract Monodisperse Fe3O4 nanoparticles with narrow

size distribution could be successfully synthesized in large

quantities by a facile solvothermal synthetic method in the

presence of oleic acid and oleylamine. Well-defined

assembly of uniform nanoparticles with average sizes of

8 nm can be obtained without a further size-selection

process. The sizes of final products could be readily tuned

from 5 to 12 nm by adjusting the experimental parameters

such as reaction time, temperature, and surfactants. The

phase structures, morphologies, and magnetic properties

of the as-prepared products were investigated in detail by

X-ray diffraction, transmission electron microscopy,

selected area electron diffraction, high-resolution trans-

mission electron microscopy, and magnetometry with a

superconducting quantum interference device. The mag-

netic study reveals that the as-synthesized nanoparticles are

ferromagnetic at 2 K while they are superparamagnetic at

300 K.

Introduction

Magnetic materials have for many years been attracting

great attention and interest due to their technological and

fundamental scientific importance and their wide use in

several practical applications. Monodisperse magnetic

nanoparticles often exhibit very interesting electronic,

optical, and magnetic properties, which cannot be achieved

by their bulk counterparts. Over the past few decades,

much attention has been focused on the development of

monodisperse magnetite nanoparticles having uniform

sizes and narrow-size distributions [1–7]. Especially, the

synthesis of magnetic nanoparticles with controlled sizes

and shapes has been intensively pursued because of their

size- and shape-dependent functional properties in elec-

tricity, magnetism, and so on [8–14]. It is well known that

the monodisperse magnetic particles can be assembled into

highly ordered 2D or 3D structure, and may exhibit fasci-

nating physical and chemical properties conducive for the

potential applications in many fields such as magnetic

recording media, ferrofluids, and catalysts [15–17]. Prop-

erly coated or surface-modified magnetic nanoparticles

have been successfully used in biomedical fields, e.g.,

biological labeling, detection and separation, target-drug

delivery and magnetic resonance imaging, etc. [18–23]. So

far, various chemical methods have been applied to fabri-

cate magnetic nanoparticles, such as sol–gel technique [24,

25], co-precipitation process [26], reverse micelle method

[27], and hydrothermal/solvothermal treatment [28–36].

However, magnetic nanoparticles usually tend to aggregate

due to their intrinsic agglomerating properties. Therefore,

the aggregation of magnetic nanoparticles presents a puzzle

that needs to be resolved by materials scientists and

chemists. Recently, a significant breakthrough was

achieved in the synthesis of monodisperse magnetic
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nanoparticles using thermal decomposition method [37–

39]. Although this synthetic route is available for produc-

tion of monodisperse nanocrystals, it usually involves

complicated process and requires expensive apparatus.

In this study, we have developed a facile solvothermal

method to fabricate monodisperse magnetite (Fe3O4)

nanoparticles using iron acetylacetonate (Fe(acac)3) as

precursor, oleic acid, oleylamine, and Tri-n-octylphosphine

oxide (TOPO) as surfactants, and diethylene glycol as both

reductant and solvent. The sizes of final products could be

readily tuned from 5 to 12 nm through adjustment of the

experimental parameters such as reaction time, tempera-

ture, and surfactants. The analysis of their magnetic prop-

erties reveals that the as-synthesized nanoparticles are

ferromagnetic at 2 K while they are superparamagnetic at

300 K. Organic-phase synthetic methods have been widely

used to synthesize nanoparticles because of their many

advantages, such as the high crystallinity and good

monodispersity of the synthesized nanoparticles, and their

highly dispersible characteristic in organic solvents [4].

Moreover, this synthetic strategy presented in this article

may prove to be a promising potential suitable for appli-

cations in the future and provide an effective route for the

synthesis of other monodisperse nanostructural and func-

tional materials under appropriate conditions.

Experimental section

The chemicals used in this study, such as iron acetylace-

tonate (Fe(acac)3), diethylene glycol, n-hexane, and anhy-

drous ethanol were of analytical grade and put into use as

starting materials without further purification. Tri-n-octyl-

phosphine oxide (TOPO, 99%), oleic acid, and oleylamine

were purchased from ACROS.

Synthesis

In a typical procedure for fabrication of 8-nm Fe3O4

nanoparticles, 0.3532 g (1 mmol) Fe(acac)3 and 0.1935 g

(0.5 mmol) TOPO were dissolved in 20 mL diethylene

glycol solution containing 1.2 mL (4 mmol) oleic acid and

3.3 mL (10 mmol) oleylamine at room temperature; the

mixture was stirred for several minutes to form a homo-

geneous solution, and then was put into a Teflon-lined

stainless steel autoclave with a capacity of 40 mL. Before

sealing the autoclave, argon was bubbled into the solution

to remove the air. The autoclave was first maintained at

200 �C for 30 min and then heated further to raise the

temperature to be maintained at 260 �C for 2 h. After the

completion of the reaction, the autoclave was cooled to

room temperature in natural ambience. The product was

washed with hexane and anhydrous ethanol several times,

and finally dried in vacuum at 60 �C for 4 h. The amount

of TOPO, ratio of oleic acid to oleylamine, and the reaction

temperature and time were also described.

Characterization

The samples obtained were characterized on a D/max2550

VB ? X-ray powder diffraction (XRD) with Cu Ka radi-

ation (k = 1.54178 Å). The operating voltage and current

were kept at 40 kV and 40 mA, respectively. The size and

morphology of the as-prepared products were determined

at 160 kV by a JEM-200CX transmission electron micro-

scope (TEM) and a JEOL JEM-2010F high-resolution

transmission electron microscope (HRTEM). The magnetic

properties were measured with Quantum Design super-

conducting quantum interference device (SQUID).

Results and discussion

Transmission electron microscope (TEM) was employed to

characterize the morphology, size, and size distribution of

the as-prepared products. The low- and high-magnification

TEM images of Fe3O4 nanoparticles obtained at 260 �C for

2 h using 0.5 mmol TOPO with molar ratio of oleic acid to

oleylamine as 4:10 are shown in Fig. 1a and b. It can be

observed that monodisperse Fe3O4 nanoparticles with good

uniformity in large quantities were successfully achieved

under current experimental conditions. As shown in Fig. 1a

and b, most of these products display spherical shapes with

smooth surface and the mean diameter is about 8 nm. The

particle size histogram inserted in Fig. 1a shows a narrow

size distribution of the product. The corresponding selected

area electron diffraction (SAED) pattern inserted in Fig. 1b

reveals the satisfactory crystallinity of the sample, which

can be well indexed to the spinel structure of pure Fe3O4.

High-resolution transmission electron microscopy provides

further insight into the nanostructure of the as-prepared

Fe3O4 nanoparticles. Figure 1c shows the HRTEM image

of an individual Fe3O4 nanoparticle with a diameter of

about 8 nm. Adjacent fringe spacing was measured to be

0.297 nm, which is consistent with the interplanar spacing

of (220) planes of face-centered cubic. X-ray diffraction

(XRD) pattern is displayed in Fig. 1d. All diffraction peaks

can be readily indexed to the pure face-centered cubic

phase [space group: Fd3 m (227)] of Fe3O4 with cell

constants a = 8.393 Å
´

, which agrees well with the repor-

ted diffraction pattern (data from JCPDS file No. 85-1436).

No impurity peak was observed, indicating that the pure

Fe3O4 with spinel structure was successfully synthesized

under the experimental conditions of this study.

In order to arrive at a better understanding of the growth

process of Fe3O4 nanoparticles, a series of experiments
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under different reaction conditions were carried out. It is

found that the morphologies and sizes of final products

strongly depended on reaction conditions such as reaction

temperature, solvothermal time, and surfactants. Figure 2

displays TEM images of the as-prepared Fe3O4 nanopar-

ticles obtained with different reaction temperatures and

times. The as-prepared products obtained at 220 �C for 2 h

display irregular shapes and wide particle size distribution

(Fig. 2a). When the temperature was increased to 240 �C

for 2 h, the products show roughly spherical-shaped par-

ticles (Fig. 2b). The corresponding size distribution histo-

gram inserted in Fig. 2b shows that the product is about

6.5 nm with good monodispersity, and its size distribution

is concentrated in the range of 5–8 nm. The product

obtained and maintained at the temperature of 260 �C for

2 h is shown in Fig. 1a, wherein one can clearly see that

the size and morphology of product show the trend of a

more uniform and regular structure. We found that the

elevated temperature process produces more uniform

samples with relatively round particles. In the current

synthesis, as the optimal reaction temperature (260 �C) is

higher than the boiling point of diethylene glycol (245 �C),

the production of the more uniformly sized Fe3O4 particles

seems to indicate that high reaction temperature will be

necessary and favorable for the formation of homogeneous

magnetic nanoparticles. This phenomenon may be attrib-

uted to the fact that the high temperature of 260 �C allows

a sufficient reaction rate, while the low temperature

decreases the reaction rate and the diffusion of active

species which broadens the size distribution and induces

disproportionation and aggregation. The impact of reaction

time on the formation of size-controlled Fe3O4 nanoparti-

cles was significant in the synthesis. TEM images of the

nanoparticles obtained at 260 �C for different reaction

times are shown in Fig. 2c and d. The size of Fe3O4

nanoparticles gradually increased with the prolongation of

the reaction time. After prolonging the reaction time to 6 h,

monodisperse Fe3O4 nanoparticles with narrow size dis-

tribution were obtained, with the mean diameter increasing

to approximately 10.5 nm (Fig. 2c). On further prolonga-

tion of the reaction time to 12 h, the mean size of Fe3O4

nanoparticles was measured to be 12 nm (Fig. 2d). These

results indicate that the sizes of Fe3O4 nanoparticles line-

arly increase with increasing reaction temperature and

time.

The influence of surfactant TOPO on the morphology

and size distribution of the as-synthesized Fe3O4 nano-

particles was also investigated. We found that the amount

of TOPO plays a crucial role in the morphology of Fe3O4

nanoparticles under solvothermal conditions. Figure 3

shows the typical TEM images of the as-prepared Fe3O4

nanoparticles obtained by varying the amounts of TOPO

while keeping the other parameters constant. The product

obtained without TOPO is shown in Fig. 3a, which exhibits

Fig. 1 a Low- and b higher-

magnification TEM images of

the as-prepared Fe3O4

nanoparticles prepared at

260 �C for 2 h using 0.5 mmol

TOPO with molar ratio of oleic

acid to oleylamine as 4:10. The

inset of a shows the

corresponding particle size

distribution histogram. The inset
of b shows the selected area

electron diffraction (SAED)

pattern of the Fe3O4

nanoparticles acquired from

sample A. c HRTEM image

of an individual Fe3O4

nanoparticle. d XRD pattern

of the as-prepared Fe3O4

nanoparticles
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good uniformity in both particle size and morphology.

From the TEM image of Fig. 3b, we can see that the

product with 0.1 mmol TOPO displays a wide size distri-

bution. On further increasing the amount of TOPO from

0.1 to 0.3 mmol, the uniformity of particle sizes improved

indistinctively, and the particle size distribution inserted in

Fig. 3c was similar with that inserted in Fig. 3b. The

amount of TOPO was further increased to 0.5 mmol, the

product presents a uniformly ordered 2D structure in clo-

sely packed manner, implying that the uniform monodis-

perse Fe3O4 nanoparticles were obtained (Fig. 1a).

However, the uniformity of the product deteriorated and

irregular shaped particles resulted, when the amount of

TOPO was enhanced to 1 mmol (Fig. 3d). These results

reveal that TOPO is an effective surfactant in the solvo-

thermal process adopted in this study; however, its exces-

sive amount is disadvantageous for the uniformity of

monodisperse Fe3O4 nanoparticles. It is reported that

TOPO can be applied as a stabilizing surfactant in the

synthetic process of monodisperse Fe3O4 nanoparticles

[40]. However, the detailed nature of surfactant TOPO

serving as a capping agent or steric stabilizer has rarely

been reported in the literature. We believe that in this

experimental study, Fe in Fe(acac)3 has electronic empty

orbit, whereas O doubly bonded with P has redundant

electron in TOPO monomer. Under heat treatment,

Fe(acac)3 and TOPO synthesize a chelating ligand, then the

resulting small Fe3O4 crystals nucleate and grow. The

smaller nanoparticles dissolved and deposited on the bigger

nanoparticles. These results are consistent with the Ost-

wald’s ripening process [6] wherein large particles grow at

the expense of smaller ones.

In order to study the effect of oleic acid and oleylamine

on the products further, we designed two experiments for

comparison, one with the presence of only the oleic acid

and the other with the presence of only the oleylamine. The

corresponding results are shown in Fig. 4a and b, respec-

tively. The product without oleic acid displays bad dis-

persibility in the field of view (Fig. 4a). With the use of

oleic acid alone, the TEM image of the product as shown in

Fig. 4b, exhibits Fe3O4 nanoparticles with irregular shapes.

Inspired by the results mentioned above, the molar ratio of

oleic acid to oleylamine was changed in the experiments.

Figure 4c and d show the TEM images of Fe3O4 nano-

particles using different amounts of oleylamine while

keeping the amount of oleic acid fixed. The as-prepared

Fe3O4 nanoparticles with the molar ratio of oleic acid to

oleylamine as 4:4 were irregular and aggregated slightly

(Fig. 4c). Increasing the amount of oleylamine to 16 mmol,

one can see that some particles with similar diameters

congregated to form short chains, and the boundaries of

those particles were blurry (Fig. 4d). The inset of Fig. 4d

shows the mean diameter is about 5.3 nm, which is smaller

than that of Fe3O4 nanoparticles prepared with a

Fig. 2 The TEM images of

Fe3O4 nanoparticles prepared at

different reaction conditions.

a 220 �C, 2 h b 240 �C, 2 h

c 260 �C, 6 h d 260 �C, 12 h.

The insets are the corresponding

particle size distribution

histograms
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4:10 molar ratio. On the other hand, on reducing the

amount of oleic acid from 4 mmol to 1 mmol, we could get

a product with good monodispersity, but the size distribu-

tion was relatively broader (Fig. 4e). Furthermore, it was

found that the as-synthesized nanoparticles in Fig. 4f

aggregated intensively when the molar ratio was set as

10:10. This is probably caused by the excessive amount of

oleic acid, which increases the viscosity of the system and

prevents the diffusion of reactive species. Oleic acid, as

one of the commonly used capping agents in the synthesis

of monodisperse nanoparticles, shows a strong binding to

the surface sites and stabilizes the particle growth [5, 41].

In this study, the surface iron atoms of the nanoparticles

were in coordination with the carboxylic acid groups of

oleic acid ligands, forming a steric-stabilizing layer that

prevented nanoparticles’ aggregation and facilitated the

formation of monodisperse samples. In addition, oleyl-

amine is much more important for obtaining the smaller

nanoparticles. On comparison of the Fe3O4 nanoparticles

while synthesizing with different amounts of oleylamine,

we observe that the experimental results mentioned above

have proven this point. These results of surface modifica-

tion in the organic phase indicate that the carboxylic and

amino groups are capable of stabilizing the surface of

magnetite to produce smaller nanoparticles [28].

The exact mechanism leading to Fe3O4 in the reaction

under this study is not yet clear. However, for

homogeneous synthesis, the key to synthesizing monodis-

perse nanoparticles is to precisely control the nucleation

process and the growth process. Decomposition of pre-

cursors with cationic metal centers leads directly to the

corresponding metal oxides [17]. Thus, we speculate that

when the temperature is increased, the Fe(acac)3, the pre-

cursor, begins to decompose. The decomposition temper-

ature of Fe(acac)3 is about 190 �C. As soon as the

temperature reached *190 �C, Fe(acac)3 could be

decomposed to form Fe3O4 nuclei. Keeping the mixture at

200 �C for 30 min before it was heated to 260 �C ensured

the homogeneous nucleation, which facilitated the pro-

duction of monodisperse nanoparticles, since the processes

of the nucleation of Fe3O4 and the growth of the nuclei

under current conditions are not fast, which agreed with the

previous study in the literature [2]. Diffusion of growth

species through the highly viscous diethylene glycol–oleic

acid–oleylamine system to many growing crystallites

would be slow, thus limiting the Fe3O4 crystallite’s growth

and preventing them from aggregation. These conditions

are favorable for the formation of monodisperse particles.

The magnetic properties of monodisperse Fe3O4 nano-

particles prepared at 260 �C for 2 h using 0.5 mmol TOPO,

4 mmol oleic acid, and 10 mmol oleylamine were inves-

tigated through Quantum Design SQUID. Representative

hysteresis loops of the as-prepared Fe3O4 measured at 2

and 300 K are shown in Fig. 5. The magnetic study reveals

Fig. 3 The TEM images of

Fe3O4 nanoparticles obtained at

260 �C for 2 h with molar ratio

of oleic acid to oleylamine 4:10

by using different amount of

TOPO: a without TOPO

b 0.1 mmol c 0.3 mmol

d 1.0 mmol. The insets are the

corresponding particle size

distribution histograms
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that the as-synthesized nanoparticles are ferromagnetic at

2 K while they are superparamagnetic at 300 K. The sat-

uration magnetization (Ms) and coercivity (Hc) of the

product are 75.5 emu/g and 550 Oe at 2 K, respectively.

The saturation magnetization is 68.1 emu/g at 300 K. This

result shows the lower magnetization characteristics of

final products in comparison to that of the commercially

available Fe3O4 power (Ms = 83 emu/g). Nanoparticles

prepared by various methods usually possess different

surface coordinations, which exert a great influence on the

magnetic properties of the nanoparticles [17, 27]. In our

synthesis, Fe3O4 nanoparticles were synthesized in organic

phase in the presence of oleic acid and oleylamine, and the

surface of as-prepared nanoparticles may be covered by a

layer of organic molecules. Therefore, the existence of

surfactants on the surface of Fe3O4 nanoparticles most

likely contributes to the decrease of the saturation

magnetization.

Conclusions

In summary, we have successfully synthesized monodis-

perse Fe3O4 nanoparticles via a convenient solvothermal

synthetic route under mild conditions. The sizes of final

products could be effectively tuned from 5 to 12 nm

by altering several factors including reaction time, tem-

perature, and surfactants. The analysis of magnetic

Fig. 4 The TEM images of

Fe3O4 nanoparticles obtained at

260 �C for 2 h with 0.5 mmol

TOPO by using different molar

ratio of oleic acid to oleylamine:

a 10 mmol oleylamine without

oleic acid b 4 mmol oleic acid

without oleylamine c 4:4 d 4:16

e 1:10 f 10:10. The insets are the

corresponding particle size

distribution histograms
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characteristics reveals that the as-synthesized nanoparticles

are ferromagnetic at 2 K while they are superparamagnetic

at 300 K. It is expected that the monodisperse Fe3O4

nanoparticles exhibit many important applications in, e.g.,

magnetic recording media, ferrofluids, catalysis, biomedi-

cal fields, etc. It is worthy to note that this relatively safe

and convenient synthetic strategy may be applied to syn-

thesize other monodisperse nanostructural materials under

appropriate conditions, and provide good prospects for use

in future large-scale applications owing to its advantages,

such as high yield, simple design of the apparatus, and mild

conditions.
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