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Magnetic ﬂuid based on cobalt ferrite nanoparticles was obtained using a hydrothermal treatment added
to the Massart procedure. This treatment increases the average size of the nanoparticles from 11.9 to
18.7 nm and also improves the dispersity and crystallinity of the cobalt ferrite particles. The nanoparticles
obtained after the hydrothermal treatment were dispersed in aqueous solvent by the classical procedure
for ionic magnetic ﬂuids. The ferroﬂuid thus obtained is stable at pH 7 and may be useful for hyperthermia
applications.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
There is continuing interest in magnetic nanoparticles, especially because of their applications in the ﬁelds of imaging and
therapy [1]. Among these applications, the treatment of tumors by
hyperthermia has been recognized as very promising, and the
efﬁciency of cobalt ferrite, CoFe2O4, nanoparticles has been established [2–4]. For such an application, control of the particle size and
shape is very important. It is therefore of interest to propose
synthesis procedures allowing easy control of the particle size
without introducing any chemicals that could be left in the ﬁnal
formulation. The synthesis of cobalt ferrite nanoparticles has been
intensively investigated in the past because of the potential
applications of these nanoparticles for high-density magnetic
recording [5]. Several processes have been proposed, such as the
sol–gel method [6], chemical coprecipitation [7–9], spraying
coprecipitation [10], forced hydrolysis in a polyol medium [11],
synthesis in oil-in-water micelles [12], synthesis in reverse
micelles [13] or thermal decomposition of a mixed Co2 + –Fe3 +
oleate complex [14].
The hydrothermal preparation (i.e., synthesis in an autoclave at
temperatures around 200 1C) of ultraﬁne ferrite was described long
time ago [15]; however, the particles were obtained by a sintering
step at high temperature and the particle size increased from the
nano- to the micrometer range. Hydrothermal synthesis has also
been described for ferrite nanoparticles: barium ferrite nanoparticles [16], manganese ferrite [17], magnetite [18], maghemite [19],
Zn-doped nickel ferrite [20] or cobalt ferrite nanocrystals [21]. For
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these, the synthesis is achieved in the presence of a surfactant
(cetyltrimethylammonium bromide) and the particle size was of
the order of 40 nm.
We report here the hydrothermal synthesis of cobalt ferrite
ferroﬂuid based on nanoparticles with an average diameter in the
order of 11.9 and 18.7 nm by varying the temperature and the
incubation time. We also describe the dispersion of such particles
in water at pH 7 to obtain an ionic magnetic ﬂuid.

2. Experiment
2.1. Synthesis
In a typical experimental procedure, stoichiometric aqueous
mixtures of cobalt(II) nitrate (Co(NO3)2) and iron(III) nitrate
(Fe(NO3)3) were prepared with a total concentration of 10  1 mol L  1.
Sodium hydroxide (NaOH, 10 mol L  1) was added to increase the pH
to 13 under vigorous stirring [22]. The mixture was stirred for 1 h at
room temperature and then transferred in the Teﬂon vessel of an
autoclave (also called a ‘‘bomb’’, purchased from Parr Instrument Co.).
The autoclave was then introduced to an oven at 100 or 200 1C.
The oven was heated during variable incubation times ranging from 2
to 120 h. The precipitate obtained after the temperature of the
suspension naturally fell to room temperature was isolated, then
dispersed in an aqueous solution of hydrochloric acid (10 min,
(HCl)¼0.2 mol L  1). Citrate ions were then added as described in a
previous study [23]. At the end of this process, the precipitate was
washed several times with acetone and ether and ﬁnally dispersed in
distilled water, producing a colloidal dispersion of nanoparticles
stable at pH 7.
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2.2. Characterization
Information on all the samples is presented in Table 1. They were
characterized by X-ray diffraction (XRD) using a Appareil with monochromatic high-intensity Cu Ka radiation (l ¼ 1.5418 Å), transmission electronic microscopy (TEM) and magnetization measurements.
The average particle size DRX was determined by Scherrer’s formula
using the halfwidth of the (3 1 1) XRD line. Particle size was also
determined from TEM images obtained in a JEOL 100 CX2 apparatus.
TEM images of the cobalt ferrite particles obtained using the
process described by Massart et al. (alkaline coprecipitation of a
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stoichiometric mixture of Fe(III) and Co(II)) was compared with the
particles obtained by the hydrothermal process as a function of
temperature and maturation time (Fig. 1).

3. Results and discussion
3.1. Particle morphology
When the temperature of the oven was set close to the
temperature used in Massart’s synthesis (100 1C, sample B), the

Table 1
Characteristic size of cobalt ferrite nanoparticles.
Hydrothermal step
Sample
Sample
Sample
Sample
Sample
Sample

A
B
C
D
E
F

100 1C,
200 1C,
200 1C,
200 1C,
200 1C,

2h
2h
24 h
120 h
24 h, with citrate ions

Drx (nm)

Dtem (nm)

stem

dLF (nm)

D0 (nm)

s

9.2
10.0

11.9
12.9
14.4
17.6
18.7
15.2

0.26
0.22
0.19
0.18
–
0.24

15
13.3
–
18.6
–
–

7.01
6.79
–
–
–
–

0.41
0.39
–
–
–
–

11.2
13.3
12.6

Fig. 1. TEM pictures and corresponding histograms. (A) Sample A: classical heating at 100 1C for 1 h; (B) sample B: hydrothermal treatment at 100 1C for 1 h; (C) sample C:
hydrothermal treatment at 200 1C for 1 h; (D) sample D: hydrothermal treatment at 200 1C for 24 h; (E) sample E: hydrothermal treatment at 200 1C for 120 h and (F) sample F:
hydrothermal treatment at 200 1C for 24 h in the presence of citrate ions (5%).
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particle morphology did not seem to change compared to the
classical particles (sample A). However the size increased and
polydispersity was slightly improved by the hydrothermal process.
When the temperature of the oven was increased to 200 1C, the
polydispersity decreased, especially for short maturation times, as
can be seen in Fig. 1 (sample C). The nanoparticles obtained with
the autoclave treatment are more spherical than the nanoparticles
obtained without the hydrothermal treatment, which are usually
described as rock like (Fig. 1, sample A). The mean size of the
particles obtained after the hydrothermal treatment was around
17 nm, which is slightly larger than the mean diameter of the
particles obtained with the usual coprecipitation process. This
behaviour is probably due to the Oswald ripening process [24].
When the hydrothermal step is longer (120 h, sample E), the
cobalt ferrite particles become more and more cubic. This shape is
the most stable product, as Bao et al. [25] discussed.
The crystal structure of the cobalt ferrite nanoparticles was
characterized by powder XRD (Fig. 2). All the peaks can be indexed
to the spinel structure of CoFe2O4 (JCPDS N1 22–1086). The X-ray
powder diffraction patterns of the samples proved their crystalline
nature [26].
The presence of species such as citrate ions in the synthesis
mixture decreases the particle size, as observed in Massart’s
procedure (Fig. 1F) [21].

Fig. 3. Magnetization vs. magnetic ﬁeld curves measured at room temperature for
cobalt ferrite nanoparticles prepared at 100 1C (samples A and B) and obtained after
hydrothermal treatment at 200 1C for 24 h (sample D).

3.2. Magnetic properties
The magnetic properties of the cobalt ferrite magnetic ﬂuid
were measured either by a SQUID system or by a vibrating sample
magnetometer at room temperature (Figs. 3 and 4).
The room temperature magnetization vs. ﬁeld curves, measured
up to m0H 1 T and normalized by the sample volume fraction
magnetization, are shown in Fig. 3 for samples A, B and D. They are
reversible (no hysteresis), as expected for superparamagnetic
nanoparticles, except for sample D, which shows a slight hysteretic
behavior limited to the moderate ﬁeld region (500 Go m0Ho4000 G)

Fig. 2. XRD pattern of the cobalt ferrite nanoparticles. (A) Sample A: classical
heating at 100 1C for 1 h; (B) sample B: hydrothermal treatment at 100 1C for 1 h;
(C) sample C: hydrothermal treatment at 200 1C for 1 h; (D) sample D: hydrothermal
treatment at 200 1C for 24 h; (E) sample E: hydrothermal treatment at 200 1C for
58 h and (F) sample F: hydrothermal treatment at 200 1C for 120 h.

Fig. 4. Hysteresis loops measured at 5 K for cobalt ferrite nanoparticles prepared at
100 1C (samples A and B) and obtained after hydrothermal treatment at 200 1C for
24 h (sample D).

attributed to a probable reversible ﬁeld-induced texturing
(chaining) [27]. Moreover, for cobalt ferrite nanoparticles obtained
after hydrothermal treatment at 200 1C (sample D), the magnetization reaches its maximum sooner than for particles prepared at
100 1C, in agreement with an increase in the particle size. In order to
extract quantitative information about the particles size from the
magnetization curves, we tried to ﬁt our data with a size distribution weighted magnetization using a log-normal size distribution
function [28]. This analysis gave good results for samples A and B
(d0  7 nm, sigma 0.4) but failed for sample D, the quality of the
ﬁtting being pretty bad especially in the shoulder region. To
overcome this difﬁculty we limited our analysis to the low ﬁeld
region (m0Ho60 G) and extracted an averaged low ﬁeld diameter
dLF ¼( od6 4/od3 4)1/3 from the slope of the magnetization
curves. The values are listed in Table 1 and indeed conﬁrm a larger
size for sample D compared to samples A and B.
To investigate the coercivity of our particles, we performed
hysteresis loop M(H) measurements on a commercial Quantum
Design MPMS5S SQUID at 5 K. The results (normalized by
maximum magnetization) are shown in Fig. 4 for the same three
samples as discussed before. A slight increase in the coercive
ﬁeld (Hc ¼10.5 kOe compared with 7 kOe) may be due to an
interplay between a size enhanced magnetic anisotropy energy
and a modiﬁcation of the crystallinity is observed for cobalt
ferrite nanoparticles obtained after hydrothermal treatment at
200 1C [29].
Finally, as ferrite nanoparticles are interesting for their magneto-optical properties, we investigated their birefringence
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Fig. 5. Birefringence vs. magnetic ﬁeld curves measured at room temperature for
cobalt ferrite nanoparticles prepared at 100 1C (samples A and B) and obtained after
hydrothermal treatment at 200 1C for 24 h (sample D).

properties using a home-made setup [30]. The results (birefringence normalized by the maximum birefringence) are shown in
Fig. 5. As in the case of magnetization measurements, the birefringence of sample D reaches saturation sooner that of sample A. This
is certainly due to an enhanced coupling of the sample D particles
with the magnetic ﬁeld either because of their larger size or
because of a possible chaining of the particles indeed expected
for large particles [31].

4. Conclusions
In conclusion, adding a hydrothermal treatment to Massart’s
procedure enables cobalt ferrite-based ionic magnetic ﬂuid to be
obtained with nanoparticles characterized by an increased size and
an improved dispersity. The increase in the particle size is smaller
for the cobalt ferrite nanoparticles than for the maghemite particles. In
all cases, the nanoparticles obtained after hydrothermal treatment may
be dispersed in aqueous solvent by the classical procedure for ionic
magnetic ﬂuids.

Acknowledgement
The authors are indebted to Patricia Beaunier from the SIARE
service for access to the JEOL microscope.
References
[1] J. Gao, H. Gu, B. Xu, Multifunctional magnetic nanoparticles: design, synthesis
and biomedical applications, Acc. Chem. Res. 42 (8) (2009) 1097–1107.
[2] J.P. Fortin, C. Wilhelm, J. Servais, C. Menager, J.C. Bacri, F. Gazeau, Size-sorted
anionic iron oxide nanomagnets as colloidal mediators for magnetic
hyperthermia, J. Am. Chem. Soc. 129 (2007) 2628–2635.
[3] D.H. Kim, D.E. Nikles, D.T. Johnson, C.S. Brazel, Heat generation of aqueously
dispersed CoFe2O4 nanoparticles as heating agents for magnetically activated
drug delivery and hyperthermia, J. Magn. Magn. Mater. 320 (2008) 2390–2396.
[4] M. Levy, C. Wilhem, J.M. Siaugue, O. Horner, J.C. Bacri, F. Gazeau, Magnetically
induced hyperthermia: size-dependent heating power of g-Fe0O3 nanoparticles, J. Phys.: Condens. Matter 129 (2008) 204133.

1241

[5] H. Shenker, Magnetic anisotropy of cobalt ferrite (Co1.01Fe2.00O3.62) and nickel
cobalt ferrite (Ni0.72Fe0.20Co0.08Fe2O4), Phys. Rev. 107 (1957) 1246.
[6] F. Cheng, Z. Peng, C. Liao, Z. Xu, S. Gao, C. Yan, D. Wang, J. Wang, Chemical
synthesis and magnetic study of nanocrystalline thin ﬁlms of cobalt spinel
ferrites, Solid State Commun. 107 (9) (1998) 471–476.
[7] F.A. Tourinho, R. Franck, R. Massart, R. Perzynski, Synthesis and magnetic
properties of manganese and cobalt ferrite ferrite ferroﬂuids, Prog. Colloid
Polym. Sci. 79 (1989) 128.
[8] S.W. Charles, R. Chandrasekhar, K.O. Grady, M. Walker, Remanence curves of
cobalt ferrite powders obtained by fractionation of a suspension through a
silica gel column, J. Appl. Phys. 64 (10) (1988) 5840–5842.
[9] P.C. Morais, V.K. Garg, A.C. Oliveira, L.P. Silva, R.B. Azevedo, A.M.L. Silva,
E.C.D. Lima, Synthesis and characterization of size-controlled cobalt–ferritebased ionic ferroﬂuids, J. Magn. Magn. Mater. 225 (2001) 37–40.
[10] Z. Jiao, X. Geng, M. Wu, Y. Jiang, B. Zhao, Preparation of CoFe2O4 nanoparticles
by spraying co-precipitation and structure characterization, Colloids Surf. A:
Physicochem. Eng. Aspects 313-314 (2008) 31–34.
[11] M. Artus, S. Ammar, L. Sicard, J.Y. Piquemal, F. Herbst, M.J. Vaulay, F. Fievet,
V. Richard, Synthesis and magnetic properties of ferrimagnetic CoFe2O4
nanoparticles embedded in an antiferromagnetic NiO matrix, Chem. Mater.
20 (2008) 4861–4872.
[12] N. Moumen, M.P. Pileni, New syntheses of cobalt ferrite particles in the range
2.5 nm: comparison of the magnetic properties of the nanosized particles in
dispersed ﬂuid or in powder form, Chem. Mater. 8 (1996) 1128–1134.
[13] P. Tartaj, M. Del Puerto Morales, S. Veintemillas–Verdaguer, T. Gonzales–Carreno,
C.J. Serna, The preparation of magnetic nanoparticles for applications in
biomedicine, J. Phys. D: Appl. Phys. 13 (2003) R182.
[14] N. Bao, L. Shen, P. Padhan, A. Gupta, Self-assembly and magnetic properties of
shape-controlled monodispersed CoFe2O4 nanocrystals, Appl. Phys. Lett. 92
(2009) 173101.
[15] S. Komarneni, E. Fregeau, E. Breval, R. Roy, Hydrothermal preparation of
ultraﬁne ferrites and their sintering, J. Am. Ceram. Soc. 71 (1988) C-26–C-28.
[16] X. Liu, J. Wang, et al., Improving the magnetic properties of hydrothermally
synthesized barium ferrite, J. Magn. Magn. Mater. 195 (1999) 452–459.
[17] C. Rath, K. Sahu, et al., Preparation and characterization of nanosize Mn–Zn
ferrite, J. Magn. Magn. Mater. 202 (1999) 77–84.
[18] T.J. Daou, G. Pourroy, Hydrothermal synthesis of monodisperse magnetite
nanoparticles, Chem. Mater. 18 (2006) 4399–4404.
[19] O. Horner, S. Neveu, S. De Montredon, J.M. Siaugue, V. Cabuil, Hydrothermal
synthesis of large maghemite nanoparticles: inﬂuence of the pH on the particle
size, J. Nanopart. Res. 11 (2009) 1247–1250.
[20] M. Sertkol, Y. Köseoglu, A. Baykal, H. Kavas, A.C. Basaran, Synthesis and
magnetic characterization of Zn0.6Ni0.4Fe2O4 nanoparticles via a polyethylene
glycol-assisted hydrothermal route, J. Magn. Magn. Mater. 321 (2009)
157–162.
[21] L. Zhao, H. Zhang, Y. Xing, S. Song, S. Yu, W. Shi, X. Guo, J. Yang, Y. Lei, F. Caot al.,
Studies on the magnetism of cobalt ferrite nanocrystals synthesized by
hydrothermal method, J. Solid State Chem. 181 (2008) 245–252.
[22] F.A. Tourinho, R. Frank, R. Massart, Aqueous ferroﬂuids based on manganese
and cobalt ferrites, J. Mater. Sci. 25 (1990) 3249–3254.
[23] S. Neveu, A. Bee, Size-selective chemical synthesis of tartrate stabilized cobalt
ferrite ionic magnetic ﬂuid., J. Colloid Interface Sci. 255 (2) (2002) 293–298.
[24] L. Ratke, P.W. Voorhees, Growth and Coarsening: Ripening in Materials
Processing, Springer Verlag, 2002.
[25] N. Bao, L. Shen, W. An, P. Padhan, C.H. Turner, A. Gupta, Formation mechanism
and shape control of monodisperse magnetic CoFe2O4 nanocrystals, Chem.
Mater. 21 (2009) 3458–3468.
[26] T. Hyeon, S. Seong Lee, J. Park, Y. Chung, H. Bin Na, Synthesis of highly
crystalline and monodisperse maghemite nanocrystallite without a sizeselective process, J. Am. Chem. Soc. 123 (2001) 12798–129801.
[27] K. Skeff Neto, A.F. Bakuzis, P.C. Morais, A.R. Pereira, R.B. Azevedo, L.M. Lacava,
Z.G.M. Lacava, The inﬂuence of aggregates and relative permeability on the
magnetic birefringence ionic magnetic ﬂuids, J. Appl. Phys. 89 (2001) 3362.
[28] J.C. Bacri, R. Perzynski, D. Salin, V. Cabuil, R. Massart, Magnetic colloidal
properties of ionic liquids, J. Magn. Magn. Mater. 62 (1986) 36–46.
[29] We observed on other samples a systematic increase in the coercive ﬁeld with
increasing duration of the hydrothermal treatment (data not shown).
[30] E. Hasmonay, E. Dubois, J.-C. Bacri, R. Perzynski, Yu.L. Raikher and V.I. Stepanov,
Static magneto-optical birefringence of size-sorted nanoparticles, Eur. Phys.
J. B 5, 859–867.
[31] P.G. de Gennes, P.A. Pincus, Pair correlations in a ferromagnetic colloid, Zeit.
Phys. B Condens. Matter 11 (1970) 189–198.

