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Synthesis and Characterization of CoFe2O4 Hollow Spheres

Yongde Meng,[a] Dairong Chen,*[a] and Xiuling Jiao[a]

Keywords: Nanostructures / Template synthesis / Magnetic materials / Mesoporous materials

CoFe2O4 hollow spheres with sizes ranging from 600 nm to
1 µm were prepared through hydrothermal treatment of an
aqueous solution containing glucose, ammonium iron(II) sul-
fate hexahydrate [(NH4)2Fe(SO4)2·6H2O], and cobalt(II) sul-
fate heptahydrate [CoSO4·7H2O], followed by calcination.
The wall of the CoFe2O4 hollow spheres is composed of Co-
Fe2O4 spinel nanoparticles with a size of ca. 30 nm and wall

Introduction
Owing to their low density, large specific surface area,

hollow structure, and nanostructured wall, hollow spheres
with nanometer or micrometer size often exhibit special
physical and chemical properties different from solid par-
ticles. Hollow spheres have potential applications in many
areas, such as optics, electrics, magnetics, medicine-release
capsules, drug delivery, light-weight filler, selective adsorp-
tion, and catalysis.[1–4] Therefore, there has been great inter-
est in preparing hollow structures with different composi-
tions in recent years. In previous reports, the hollow spheres
with nanocrystalline or amorphous shells were prepared
through a variety of routes, among which the template
routes including hard template and soft template methods
were frequently applied. In the hard template process, a
coating is formed first on the template (core) by controlled
surface precipitation, and then the core is removed by ther-
mal or chemical means to form hollow spheres. A variety of
colloid particles such as silica particles, polystyrene spheres,
carbon spheres, an so on have been used as hard templates
to fabricate hollow spheres.[5–9] The hard template method
has many advantages in the fabrication of hollow spheres:
hollow spheres with different sizes can be achieved by the
use of colloid particles of a given size, and the wall thick-
ness and composition of hollow spheres can be controlled
by adjusting reaction parameters. In the soft template tech-
nology, vesicles, micelles, and emulsions formed from am-
phiphilic molecules through self-assembly are often used as
templates.[10–14] Soft templates are often in the nanometer-
size range, and hollow spheres with nanometer sizes can
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thickness of ca. 150 nm. Magnetic characterization indicates
high coercivity and low saturation magnetization, which
indicate potential applications as high-density magnetic re-
cording materials and drug carriers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

be prepared through the soft template route. However, this
approach has been limited because of the difficulty in con-
trolling the size of the templates and the relatively harsh
conditions required to form vesicles, micelles, and emul-
sions. Thus, there are more reports on the preparation of
hollow spheres by the hard template method, in which car-
bon spheres are often used as a template to fabricate hollow
spheres as a result of the rich functional groups on the sur-
face. A large number of hollow spheres have been prepared
by using carbon spheres as a template, mainly including ox-
ides[15] and metal,[16] and the hydrothermal carbonization
route has also been applied in the synthesis of metal/carbon
nanocables and metal nanoparticles/carbon nanofiber com-
posites.[17–19] However, there are few reports on hollow
spheres composed of ternary metal oxides, because it is dif-
ficult to form a uniform coating of ternary oxides on the
surface of the template. Here, CoFe2O4 core/shell precursor
spheres are hydrothermally synthesized from a solution of
metal oxide precursors and glucose, followed by calcination
to form crystalline CoFe2O4 hollow spheres. In comparison
with the two-step preparation of core/shell precursors in
most reports, the CoFe2O4 core/shell precursor spheres are
obtained through a one-pot synthesis. In addition, the for-
mation mechanism of CoFe2O4 hollow spheres is proposed
on the basis of experiments, and the magnetic properties
were also investigated. As an important magnetic material,
CoFe2O4 has high saturation magnetization, high coerciv-
ity, good mechanical hardness, and excellent chemical sta-
bility. In particular, its nanostructure has potential applica-
tions in many areas, including high-density magnetic re-
cording, magnetic response imaging, and drug delivery
among others.[20–24] Thus, it has attracted much interest in
recent years and much research has focused on its prepara-
tion and magnetic properties. In previous reports, mono-
dispersed CoFe2O4 nanoparticles[25–27] and CoFe2O4

nanowires[28,29] have been successfully prepared. However,
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the preparation of magnetic hollow spheres mainly focused
on Fe3O4 and α-Fe2O3.[30,31] In comparison, a magnetic ter-
nary oxide such as CoFe2O4 exhibits relatively high thermal
and chemical stability, which shows potential applications
in many fields. Herein, CoFe2O4 hollow spheres were syn-
thesized by the hydrothermal method. The objective of the
present investigation is to prepare ternary oxide hollow
spheres, which might exhibit novel or improved physical
and chemical properties.

Results and Discussion

The product was obtained by hydrothermally treating an
aqueous solution of glucose/cobalt sulfate/ammonium/
iron(II) sulfate, followed by calcination. After hydrothermal
treatment, the product was characterized by XRD. Upon
examination of the XRD pattern, no crystalline peak can
be observed, indicating that the hydrothermal sample is
amorphous. After calcination, the XRD pattern of the
product shows peaks at 2θ = 30.0, 35.4, 43.2, 53.4, 57.1,
62.6, 74.0, and all the diffraction peaks can be indexed to
spinel CoFe2O4 (Figure 1; JCPDS No. 22–1086). The sharp
diffraction peaks indicate the high crystallinity of the prod-
uct. On the basis of on the (311) reflection, the lattice pa-
rameter is calculated to be a = 0.8404 nm, which is close to
that of the bulk CoFe2O4 (a = 0.8395 nm). By using the
Scherrer equation, the average size of the CoFe2O4 nano-
particles composing the hollow spheres is estimated to be
ca.35 nm from the breadth of the (311) reflection. Due to
the hollow structure of the product, X-rays can penetrate
the sample and reach the glass sample holder during the
XRD determination, and the amorphous scattering peak of

Figure 1. XRD pattern of CoFe2O4 hollow spheres.

Figure 3. SEM (a), TEM (b), and HRTEM (c, d) images of CoFe2O4 hollow spheres; the inset in b is the SAED pattern of one CoFe2O4

hollow sphere.
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Figure 2. EDS of CoFe2O4 hollow spheres.

the glass appears on the pattern. Then, a wide and low peak
centered at ca. 23° can be observed excepting the sharp
peaks of crystalline CoFe2O4. Energy dispersive X-ray spec-
troscopic (EDS) analysis shows that there are elements of
Fe, Co, and O in the sample (Figure 2), and the atom ratio
of cobalt to iron is 0.49, which is close to that of CoFe2O4.
All the above analyses confirm that the sample is spinel
CoFe2O4 without any impurities.

SEM and TEM images of the samples confirm their hol-
low structure. Both broken and unbroken hollow spheres
can be observed (Figure 3a,b). The size of the CoFe2O4 hol-
low spheres ranges from 600 nm to 1 µm with a wall thick-
ness of ca. 150 nm. The selected area electron diffraction
(SAED) pattern shows a ring pattern, indicating that the
nanocrystals comprised the cobalt ferrite hollow spheres
aggregated disorderly, which is consistent with the HRTEM
observation (Figure 3c). On the basis of the HRTEM
image, the planar space of lattice fringes is about 0.48 nm,
corresponding to the (111) plane of spinel CoFe2O4. On the
basis of the HRTEM observation, the average size of the
nanoparticles is ca. 30 nm, which is similar to that calcu-
lated from the XRD pattern (35 nm), and the slight differ-
ence may be because only a part of the particles could be
observed during the HRTEM characterization. From the
HRTEM image, pores can also be observed on the walls of
the hollow spheres (denoted by the arrow in the Figure 3d),
which is formed from the interparticle spacing of the nano-
crystals. In addition, during the removal of carbon spheres
by calcination, a large amount of carbon dioxide was re-
leased, also leading to pores in the shell.[32]

The N2 adsorption–desorption curve shows a hysteresis
loop in the relative pressure (P/P0) range of 0.1–0.95 (Fig-
ure S1, Supporting Information) with a BET surface area
of 74 m2/g, indicating the presence of mesopores with a
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broad pore size distribution in CoFe2O4 hollow spheres.
This agrees well with the HRTEM observation.

The IR spectrum of the hydrothermal sample shows ab-
sorptions at 3397, 2915, 1695, 1616, 1300, 1107, 1013, 792,
and 617 cm–1 (Figure S2, Supporting Information). The
bands at 1616 and 3397 cm–1 are due to the adsorbed water.
The absorptions at 2915 and 1107 cm–1 are attributed to the
C–H and C–O vibrations from organic residues. The weak
adsorptions at 1013, 792, and 617 cm–1 are attributed to
SO4

2–. The IR spectrum confirms the presence of sulfate,
organics, and water in the hydrothermal sample. After calci-
nation, the broad adsorption band at 581 cm–1 is attributed
to the Fe–O vibration,[33] and the Co–O vibration cannot
be observed due to the relatively low absorption wave-
numbers. The absorption peaks at 2940 and 1105 cm–1 are
attributed to the C–H and C–O vibrations from organic
residues. The bands at 1622 and 3575 cm–1 are due to the
adsorbed water. According to the relative intensity of the
absorptions, it can be concluded that the hollow sphere is
composed of CoFe2O4 with trace amounts of water and or-
ganics.

The TG curve of the hydrothermal sample exhibits a
three-step weight loss from room temperature to 800 °C
(Figure S3, Supporting Information). The first weight loss
of 7.4% below 100 °C is attributed to the removal of the
physically adsorbed water, and the second loss of ca. 2.6%
from 100 to 280 °C results from the removal of the chemi-
cally adsorbed water. The main weight loss of 84.5% is at-
tributed to the elimination of organic residue and the oxi-
dation of the carbon templates between 280 and 480 °C.
Further increasing the temperature to 800 °C, no other
weight loss is detected, although the IR spectrum shows
that there is a small amount of sulfate in the core/shell pre-
cursor. This discrepancy may be due to the fact that the
amount of sulfate in the hydrothermal sample is too small
to be detected by TG analysis. On the basis of TG analysis,
the calcination temperature is set at 550 °C.

The XPS spectrum of CoFe2O4 hollow spheres shows
signals for Co, Fe, and O in addition to the signal for the
carbon reference. The O1s signal is located at 530.94 eV,
and no other O1s level can be detected, which evidences the
absence of impurities in the product. A Co2p3/2 signal ap-
pears at 781.39 eV with a satellite peak at 786.65 eV; the
peak at 796.89 eV is ascribed to the Co2p1/2 level. The Fe2p
level with binding energies of 711.61 and 725.04 eV is as-
signed to Fe2p3/2 and Fe2p1/2, respectively. The XPS result
is in good agreement with the previous report,[34] and no
obvious broadening can be observed for all the XPS
peaks, indicating the phase-pure nature of the product
(Figure 4).

In previous reports,[35] carbon spheres were often used as
the template to synthesize hollow spheres. The process usu-
ally includes four steps: (1) preparation of the carbon
spheres by hydrothermal carbonization, (2) separation of
the carbon spheres from the mixture, (3) formation of the
carbon/metal salt core–shell composite, and (4) removal of
the carbon cores to form the hollow spheres. The group of
Thomas prepared metal oxide hollow spheres by hydrother-
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Figure 4. XPS spectra of O (a), Fe (b), and Co (c) in CoFe2O4

hollow spheres.

mal treatment of a glucose/metal salt mixture. After calci-
nation, metal oxide hollow spheres were obtained. Their
process is very simple.[36] In this paper, CoFe2O4 hollow
sphere was prepared by hydrothermal treatment of a glu-
cose/cobalt sulfate/ammonium iron(II) sulfate mixed solu-
tion. First, the carbon spheres were formed by a hydrother-
mal process. Due to the abundant number of hydroxy
groups on the surface of the carbon spheres, the Co2+ and
Fe2+ cations could be adsorbed onto them, thus forming an
amorphous composite shell rather than a crystalline coating
from heterogeneous nucleation, which was confirmed by
XRD analysis. In the subsequent calcination process, the
adsorbed water and organics as well as the carbon core
were removed, and the crystalline CoFe2O4 hollow spheres
were formed.

The magnetization curve of cobalt ferrite hollow spheres
tested at 300 K is shown in Figure 5. A hysteresis loop can
be observed, indicating that cobalt ferrite hollow spheres
are ferromagnetic. With an increase in the external mag-
netic field to 15000 Oe, a saturation magnetization of
54 emu/g is achieved, which is less than that of the bulk
cobalt ferrite (72 emu/g).[37] This reduction is due to surface
effect and small particle size effect.[20–24] When the external
magnetic field is gradually reduced to zero, due to the do-
main wall pinning effect, the orientation of magnetic do-
mains remains the same and the residual magnetization is
maintained, which is 18 emu/g, but it gradually decreases to
zero with an increasing reverse magnetic field. In the pres-
ent experiment, the coercivity of the CoFe2O4 hollow
sphere is 860 Oe, which is close to that of the bulk cobalt
ferrite (980 Oe).[38] In comparison to the monodispersed
nanocrystals of similar size,[39] the CoFe2O4 hollow spheres
show a relatively high coercivity. This is mainly due to the
interaction between the nanoparticles composing the hol-



Y. Meng, D. Chen, X. JiaoFULL PAPER
low structure.[40] Hollow spheres with such high coercivity
have potential applications in such areas as drug carriers,
magnetic recording, and catalysis.

Figure 5. The hysteresis curve of CoFe2O4 hollow spheres.

Conclusions

CoFe2O4 hollow spheres with a size of 600 nm – 1 µm
were synthesized by simple hydrothermal treatment and
subsequent calcination. The so-prepared CoFe2O4 hollow
spheres are composed of nanocrystals with an average size
of ca. 30 nm. The magnetic properties show that CoFe2O4

hollow spheres have high coercivity and low saturation
magnetization, which might arise from the interaction be-
tween the nanocrystals. It is expected that CoFe2O4 hollow
spheres have potential applications in the areas of high-den-
sity magnetic recording materials and as drug carriers.

Experimental Section
General: All reagents were analytical grade and used as raw materi-
als without further purification.

Synthesis of the Hollow Spheres: Glucose (15.0 g) was dissolved in
deionized water (80.0 mL) and ammonium iron(II) sulfate hexahy-
drate [(NH4)2Fe(SO4)2·6H2O] (7.5 mmol) and cobalt(II) sulfate
heptahydrate [CoSO4·7H2O] (3.75 mmol) were dissolved in deion-
ized water (10.0 mL), respectively. Then the three solutions were
mixed and placed in a Teflon-lined stainless steel autoclave with a
capacity of 15.0 mL, which was hydrothermally treated at 160 °C
for 24 h. After cooling to room temperature, the precipitate was
separated by centrifugation and washed with deionized water. The
obtained precipitate was heated to 550 °C with a heating rate of
1.0 °C/min and held at that temperature for 2 h in a muffle oven to
remove the carbon cores and to obtain the hollow spheres.

Spectroscopic Characterization: XRD patterns were recorded with
an X-ray diffractometer (Rigaku D/Max 2200PC) with a graphite
monochromator and Cu-Kα radiation (λ = 0.15418 nm). A field
emission scanning electron microscope (FE-SEM, JSM-6700F), a
transmission electron microscope (TEM, model H-800), and a
high-resolution transmission electron microscope (HR-TEM,
JEOL-2010) were used to observe the morphology and microstruc-
ture of the samples. Infrared (IR) spectra were measured with a
Fourier transform infrared spectrometer (Nicolet 5DX FTIR) by
using KBr pellets. The TG curve was obtained with a SDTQ600
V8.0 Build95 thermogravimetric analyzer with a heating rate of
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10.0 °C/min in an air atmosphere. N2 adsorption–desorption data
were measured with a QuadraSorb SI apparatus at liquid N2 tem-
perature (T = –196 °C), surface area was determined by the BET
(Brunauer-Emmett-Teller) method. The XPS spectrum was re-
corded with a PHI-5300 ESCA spectrometer (Perkin–Elmer) with
its energy analyzer working in the pass energy mode at 35.75 eV,
and the Al-Kα line was used as the excitation source. The binding
energy reference was taken at 284.7 eV for the C1s peak arising
from surface hydrocarbons. The magnetic properties were studied
by Quantum Design (MPMSXL-7).

Supporting Information (see footnote on the first page of this arti-
cle): The N2 adsorption–desorption, FTIR, and TG curves of the
CoFe2O4 hollow spheres.
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