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a b s t r a c t

Monodispersed magnetic MFe2O4 (M = Fe, Co) hollow spheres were synthesized by simple template free
solvothermal method in ethylene glycol (EG) solution. The hollow spheres were in the same size with
an average diameter of about 360 nm and the shells of these spheres were about 80 nm, consisted of
closely packed nanocrystallines due to Ostwald ripening. EG plays the key role in the synthesis of hollow
spheres in contrast with octahedral crystals synthesized in aqueous solution. The products synthesized

◦ ◦

eywords:
olvothermal
agnetism
ollow spheres
errites

in aqueous solution were calcined at 800 C and 1000 C. The amount of spinel ferrite products increased
monotonically with the increase of temperature and appeared as a single phase at 1000 ◦C. The satu-
ration magnetization (Ms), remanent magnetization (Mr) and coercivity (Hc) for Fe3O4 hollow spheres
was 74.47 emu/g, 2.59 emu/g and 32.503 Oe respectively whereas the reading of the same indicators for
CoFe2O4 hollow spheres was 69.07 emu/g, 14.46 emu/g and 242.79 Oe, respectively. The magnetic vari-
ation between Fe3O4 and CoFe2O4 hollow spheres was caused by the radius difference of Fe2+ (3d6) and

also
Co2+ (3d7) ions and it was

. Introduction

In recent years, hollow structure nanoparticles have evoked
mmense interest of numerous researchers due to their unique
hysical and chemical properties, such as having a large specific
urface area and low density which greatly exhibit potential appli-
ations in optics [1–3], photonic catalysis [4,5], fuel cells [6], lithium
on batteries [7], medicine release [8,9] and targeted drug delivery
10]. Many methods have been developed for preparing the hollow
pheres. For instance, composite spheres, oxide and hollow poly-
er with diameters at the micron level can be produced by aerosol

oute [11], chemical vapor deposition [12], microwave assisted syn-
hesis [13], ultrasound [14] etc. However, the main process for
he preparation of hollow spheres generally requires removable
emplates such as monodispersed silica, polystyrene latex spheres,

etal nanoparticles, gas bubbles and polymer spheres followed by
equential adsorption of magnetic nanoparticles on the templates
15–22]. The typical procedure is that the template is coated by

ither direct surface reaction utilizing special functional groups on
he core or controlled precipitation of inorganic precursors on the
urface of template to induce coating, followed by the removal of
emplate core through calcination or solvent dissolution [23–25].

∗ Corresponding author. Tel.: +86 10 68912448; fax: +86 10 68912448.
E-mail address: XiaojingQiaobit@163.com (X. Qiao).

925-8388/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2011.02.157
relevant with nanocrystal sizes of the spin disorder of crystal surface.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

Definitely, there are many disadvantages of above mentioned
methodologies and then the template-free methods have drawn
increasing attentions. Mazloumi et al. [26] prepared nanostructure
hollow microspheres through self-assembly of ZnO nanoparticles
by a moderate template-free hydrothermal route in a mixture
of ethanol (C2H5OH) and triethanolamine (TEA, C6H15NO3). Chen
et al. [27] prepared NiFe2O4 hollow nanospheres with diameter in
the range of 90–180 nm via direct hydrothermal decomposition of
a gel of Ni–Fe–EG (EG = ethylene glycol) in water solution. Chen and
co-workers [28] reported the synthesis of CoFe2O4 hollow spheres
with size ranging from 600 nm to 1 �m through hydrothermal
treatment of an aqueous solution containing glucose, ammonium
iron(II) sulfate hexahydrate [(NH4)2Fe(SO4)2·6H2O] and cobalt(II)
sulfate heptahydrate [CoSO4·7H2O], followed by calcination.

The purpose of our study is to synthesize monodispersed puri-
fied hollow ferrite spheres in low temperature from EG solution
with simple template free solvothermal method. Cobalt chloride
and ferric chloride were used as cation sources in the reaction
system. EG and PVP were used as solvent and surfactant respec-
tively. The diameter of prepared hollow spheres was in the range
of 340–390 nm with narrow size distribution.
2. Experimental

2.1. Sample preparation

All chemicals were of analytical grade and purchased from Sinopharm Chem-
ical Reagent Co., Ltd. without further purification. The starting materials for the

ghts reserved.

dx.doi.org/10.1016/j.jallcom.2011.02.157
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. XRD patterns of Fe3O4 (a) and CoFe2O4 (b) synthesized in EG solution.

resent study included: FeCl3·6H2O, CoCl2·6H2O, urea, EG and polyvinylpyrrolidone
PVP).

A typical synthesis was performed as follows: 10.81 g FeCl3·6H2O and 4.76 g
oCl2·6H2O were dissolved into 80 mL EG. About 5 g urea and 0.4 g PVP were added

nto the solution and stirred under room temperature to form a homogeneous
rown solution. The solvothermal synthesis was carried out in a 100 mL Teflon-lined
tainless-steel autoclave cell without any agitation for 20 h at 180 ◦C. The resultant
articles were washed by alcohol carefully, filtered and then dried at 60 ◦C overnight.

CoFe2O4 hollow spheres were synthesized as above-mentioned route while
e3O4 hollow spheres were prepared without CoCl2·6H2O added.

.2. Sample characterization

The X-ray diffraction (XRD) analysis of prepared and milled samples was car-
ied out by using a Rigaku D/max-2500 X-ray diffractometer with Cu K� radiation
� = 0.154178 nm). The average grain size was determined from the full-width at
alf maximum (FWHM) of the (2 0 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0) reflection
f the XRD patterns by using Scherrer’s formula. IR transmittance spectra of these
ollow ferrite powder samples were measured on Bruker Equinox 55 infrared spec-
rophotometer (KBr pellets) in the range of 4000–400 cm−1. Surface morphological
eatures of the prepared and milled samples were observed by using a field emission
canning electron microscope (FESEM, S-4700, Hitachi, Japan) which operated at an
ccelerating voltage of 15 kV as well as Hitachi H-7500 (Hitachi, Japan) transmission
lectron microscopy (TEM) operated at 160 kV. Magnetic studies were carried out
y using a HH-15 vibrating sample magnetometer (VSM) with fields up to 12000 Oe
t room temperature.

. Result and discussion

.1. X-ray diffraction analysis

X-ray diffraction (XRD) patterns of all samples show very broad
eaks, which indicating poor crystallinity and ultra-fine nature
f the particles. XRD patterns of samples Fe3O4 and CoFe2O4
ollow spheres are shown in Fig. 1(a) and (b). All the samples

erfectly match with the cubic spinel structure of Fe3O4 (JCPD
ard no. 88-0866) and CoFe2O4 (JCPD card no. 19-0629) with
o extra peak observed. To calculate the crystallite size, a slow
can of selected diffraction peaks (2 0 0), (3 1 1), (4 0 0), (5 1 1)
nd (4 4 0) were recorded. From the full width at half maximum

able 1
tructural parameters of Fe3O4 and CoFe2O4 crystallite.

Samples d (nm)

(2 0 0) (3 1 1) (4 0 0) (5 1 1) (4 4 0

Fe3O4 2.9625 2.5254 2.0927 1.6130 1.481
CoFe2O4 2.9491 2.5114 2.0992 1.6097 1.479
pounds 509 (2011) 6206–6211 6207

(FWHM) of peaks, the crystallite size was calculated by using the
Scherrer’s formula (D = K�/ˇcos�, K = 0.89 = � = 0.154178 nm). All
the structural parameters calculated from the peaks are listed in
Table 1.

The diffraction peaks of CoFe2O4 crystallite are found broader
than that of Fe3O4 as shown in Fig. 1. Most crystal faces of the
CoFe2O4 crystallite possess smaller d values excluding (4 0 0) face
if compared to Fe3O4 crystallite. Due to greater crystallite size and
d values of Fe3O4, it is also concluded that the Fe3O4 crystallite
grows faster than CoFe2O4 crystallite. Lattice parameter, a = 8.392 Å
for CoFe2O4 and a = 8.385 Å for Fe3O4 was calculated. This was
attributed to the differences in ionic radii of Co2+ (0.78 Å) and Fe2+

(0.65 Å).
The X-ray density or theoretical density was estimated by using

the relation [29],

X − ray density (DX) =
∑ A

N × V
(1)

Where, A is the sum of atomic weights of all atoms in the unit cell,
V is volume of the unit cell and N is the Avogadro’s constant.

Since each primitive unit cell of the spinel structure contains
eight molecules, the X-ray density of ferrites, “Dferrite” was deter-
mined by using the following relation [30]:

X-ray density (Dferrite) = 8M

N × a3
(2)

where, M is the molecular weight of particular ferrite, N is the Avo-
gadro’s constant and a3 is the volume of cubic unit cell. In fact,
apparent densities are much lower than the X-ray densities due to
the hollow spherical structure.

3.2. FTIR spectroscopic characterization

Theoretically, all AB2O4 types of normal and inverse spinel
oxides of transition metals have four infrared active modes. These
vibrations occur in the �1 (650–550 cm−1), �2 (525–390 cm−1), �3
(380–335 cm−1) and �4 (300–200 cm−1) regions [31].

The �1 and �2 bands are generated owing to intrinsic vibrations
of tetrahedral and octahedral coordination compounds. Absorp-
tion of �1 is caused by the bond stretching of tetrahedral metal
ions and oxygen, while �2 vibration is observed due to the vibra-
tion of oxygen in the direction perpendicular to the axis joining
the tetrahedral ions and oxygen; The �3 mode is obtained from
the Fe3+–O complexes at octahedral sites [32]. The frequency of �4
vibration depends on the mass of tetrahedral metal ion complexes,
which gives information about the vibration of ions occupying at
tetrahedral site.

IR spectrum recorded at 620 and 462 cm−1 as shown in Fig. 2(a)
indicates characteristic peaks of tetrahedral and octahedral Fe–O
stretching for Fe3O4 while 590 and 443 cm−1 for CoFe2O4 as shown
in Fig. 2(b). The values of the force constant KT and KO for the Td and

Oh sites were 279.33 dyn/cm and 155.10 dyn/cm for Fe3O4, whereas
for CoFe2O4 the readings were 252.83 dyn/cm and 142.54 dyn/cm
calculated according to the following relation [33].

K = 4�2c2�2m (3)

Crystallite size
(nm)

Lattice parameter
‘a’ (Å)

X-ray density
(g/cm3)

)

1 28.32 8.385 5.23
3 13.4 8.392 5.28
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ig. 2. IR spectrum of Fe3O4 (a) and CoFe2O4 (b) hollow spheres synthesized in EG
olution.

here, v is the vibration frequency of Td and Oh. c is the speed of
ight 2.99 × 108 m/s. m is the reduced mass for Fe3+ ions and the

2− ions (2.06 × 1023 g).
In addition to these vibrational modes, a broad hump due to

ntisymmetric stretching of –OH with maxima at about 3428 cm−1

nd bending mode at 1635 cm−1 are observed in the spectrum. The
roadness of stretching mode is attributed to the existence of EG
bsorbed on the surface of hollow spheres. Weak bands of C–H sym-
etric stretching and antisymmetric stretching of –CH2– groups

re recorded at 2854 and 2935 cm−1. The appearance of these peaks
n the spectrum confirmed the presence of PVP and adsorbed EG on
he surface of particles.

.3. TEM analysis

Fig. 3 reveals the TEM images of Fe3O4 (a) and CoFe2O4 (b)
ollow spheres. Uniform hollow spheres with monodispersed are
bserved in the low-magnification TEM image. It is clear that
he obtained samples are hollow structure and approximately in
he same size with an average diameter of about 360 nm. The
urface of the spheres shows a protrusive nanostructure with aver-
ge size of about 80 nm for Fe3O4 hollow spheres and 85 nm for

oFe2O4 hollow spheres observed in the high-magnification TEM

mage. The shells of the hollow spheres are packed with nanocrys-
allines revealing imperfect spherical morphology. According to
EM investigations, it can be concluded average diameter of
anocrystallines are in range of 10–30 nm which is to some
Fig. 3. TEM images of Fe3O4 (a) and CoFe2O4 (b) hollow spheres synthesized in EG
solution.

extent close to the average crystallite size calculated through XRD
analysis.

3.4. FESEM analysis

The morphologies of the hollow sphere products were also
investigated by FESEM measurement (Fig. 4). Most of the particles
are observed to be fully spherical. It can be seen that the diam-
eter of the hollow spheres are in the range of 340–390 nm with
average size of 360 nm in correspondence with the TEM images.
The shells of hollow ferrite spheres are consisted of closely packed
nanocrystallines with the size of 10–30 nm.

3.5. Solvent and PVP effects
EG plays the key role in the synthesis of hollow spheres. The fer-
rites were also synthesized in aqueous solution to explore the effect
of EG in the formation of hollow spheres. The method was the same
with preparation of hollow spheres except the substitution of EG
by water as solution. Fig. 5 indicates the size and morphology of
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ig. 4. FESEM images of Fe3O4 (a) and CoFe2O4 (b) hollow spheres synthesized in
G solution.

errite reacted in the water solution. In comparison with Figs. Fig. 4
nd 5(a) shows that the octahedral crystals were completely differ-
nt from the hollow spheres though some crystals with irregular
hapes were also obtained.

PVP affects the morphology and size of the aggregated parti-
les especially in the refinement of crystals. At first, PVP may arise
n the steric effect due to its long polyvinyl chain and prevent the
articles from aggregation when PVP was being absorbed on the
urface of MFe2O4 particles. Second, relative surface free energies
f the MFe2O4 crystal facets are changed because of PVP absorbed
n the crystal facets. It is also potential to block sites which are
ssential to the incorporation of new growth units into the crys-
al lattice. Consequently, these two effects may change the crystal
rowth kinetics and then influence on the size and morphology of
he particles.

In the present work, inorganic–organic hybrid Fe–Co–EG com-
lex was formed in the starting solution. As the temperature
nd pressure increased in the solvothermal route, OH− was
eleased gradually for urea decomposition and at the same
ime Fe3+/Co2+ was dissociated from Fe–Co–EG complex for EG

vaporation. Then the process of ferrite crystal nucleation took
lace as per Eq. (4). PVP as surfactant absorbed on the surface
f crystal nucleation restrained the growth of crystal nucleus.
ith the reaction continued, the hollow structure was formed
Fig. 5. FESEM images of CoFe2O4 synthesized in water solution: (a) precursor and
(b) CoFe2O4 calcined at 1000 ◦C for 2 h.

gradually due to the self-assembly of nanocrystals. Meanwhile,
the Fe–Co–EG complex would not form in the aqueous solu-
tion and the reaction of Eq. (4) happened directly in appropriate
temperature and pressure. Hence, the octahedral crystals were
synthesized and grew rapidly in aqueous solution as revealed
in Fig. 5(a).

2Fe3+ + Co2+ + 8OH−Solvothermal−→ CoFe2O4 + 4H2O (4)

The FESEM analysis was supplemented by XRD analysis to aid
further interpretation of the reaction processes. Fig. 6 shows the
XRD patterns of precursor and ferrite calcined at 800 ◦C and 1000 ◦C.
The XRD pattern of the precursor indicates that Fe2O3 (JCPD card
no. 39-0238) and CoCO3 (JCPD card no. 11-0692) were present as
major phases and CoFe2O4 (JCPD card no. 03-0864) existed as minor
phase. It is noteworthy that the presence of some weak peaks relat-
ing to CoFe2O4 in precursor diffractogram implies high thermal
energy was produced during the hydrothermal reaction. However,
unlike the reaction in EG, the single phase spinel ferrites was not
synthesized directly in aqueous solution. It was formed gradually
from some intermediate phases due to its complicated crystalline
CO2 in the air has led to the formation of CoCO3 during the drying
process. When the calcination temperature was increased to 800 ◦C,
CoCO3 decomposed and liberated Co2+ reacted with Fe2O3 to form
a small amount of ferrite CoFe2O4 as per Eq. (5). The amount of
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Fig. 6. XRD patterns of CoFe2O4 synthesized in water solution at various calcined
temperature.
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ig. 7. Room temperature hysteresis loops for Fe3O4 (a) and CoFe2O4 (b) hollow
pheres.

oFe2O4 increased monotonically with the increase of temperature
nd appeared as a single phase at 1000 ◦C.

e2O3 + CoO
800−1000◦C−→ CoFe2O4 (5)

.6. Magnetization measurement

VSM results (Fig. 7) show the saturation magnetization (Ms),
emanent magnetization (Mr), and coercivity (Hc) values of Fe3O4
nd CoFe2O4 hollow spheres were 74.47 emu/g and 69.07 emu/g,
.59 emu/g and 14.46 emu/g as well as 32.503 Oe and 242.79 Oe
espectively. The size and morphology of Fe3O4 and CoFe2O4 hol-
ow spheres were similar while the VSM results show very distinct
haracteristics. These plots show that the saturation magnetization
nd remanent magnetization of CoFe2O4 were lower than those of
e3O4 while coercivity was much higher than Fe3O4, which may be

2+ 2+
ue to the substitution of Fe ions by Co ions on the octahedral
ites.

Ferrimagnetism happens in spinel structure ferrite due to dou-
le exchange mechanism. In addition, the level of double exchange
echanism depends on the degree of overlap of electron orbits.
pounds 509 (2011) 6206–6211

Spinel structure ferrite contains an equal mixture of Fe2+ (Co2+)
and Fe3+ ions on octahedral sites, together with the same num-
ber of Fe3+ ions on tetrahedral sites. A double exchange interaction
ferromagnetically aligns the Fe2+ (Co2+) and Fe3+ ions on the octa-
hedral sites. The Fe3+ ions on the tetrahedral sites do not participate
in antiferromagnetic superexchange interaction. Thus the two sets
of Fe3+ ions cancel out, leaving a net moment due to the Fe2+ ions
alone.

The difference of magnetism between Fe3O4 and CoFe2O4 can
be explained by Heisenberg Hamilton Function as follows [34]:

H = −2
∑

i>j

JijSiSj (6)

where, Jij is the exchange integral between the spins situated at site
i and j. Si is the atomic spin of the magnetic ion located on i site. The
factor “2” in Eq. (5) arises from the fact that, when summing over
all possible pairs exchange interactions, we count each pair twice.

The exchange constant Jij strongly depends on the angle of the
M–O–M bond and radius of metal ions. Compared with the 0.65 Å
the radius of Fe2+ (3d6) ion, the radius of Co2+ (3d7) ion is 0.78 Å.

The d orbits can distort and split into eg and t2g as the result of
the Jahn–Teller effect. An extra electron in t2g orbits and a higher
degree of overlap between eg electron orbits of Fe3O4 due to smaller
radius of Fe2+ (3d6) explained the reason of higher saturation mag-
netization of Fe3O4 compared to CoFe2O4. The far higher remanent
magnetization and coercivity values of CoFe2O4 than Fe3O4 are also
probably related to the difference of radius.

Besides, the crystalline size has also intensively affected the
magnetism characteristics. From the XRD pattern, the crystalline
sizes of Fe3O4 and CoFe2O4 were found to be 28.32 nm and 13.4 nm.
Due to the decrease of the crystalline size, the spin disorder of
the crystal surface increases which strengthens the Second-Order
Tunneling effect. The saturation magnetization of Fe3O4 crystal is
higher than that of CoFe2O4 crystal because more atom magnetic
moment is in disordered state on CoFe2O4 crystal surface and this
also makes the difference of coercivity values.

4. Conclusions

The monodispersed purified hollow ferrite spheres were suc-
cessfully synthesized under low temperature through template free
solvothermal method. The narrow size distributed 340–390 nm
hollow spheres possessed 80 nm-wide shells which consisted of
closely packed 10–30 nm sized nanocrystallines as a result of Ost-
wald ripening. EG plays key role in the synthesis of hollow spheres
in contrast to octahedral crystals synthesized in the water solu-
tion. VSM results showed that the saturation magnetization (Ms),
remanent magnetization (Mr) and coercivity (Hc) values of Fe3O4
and CoFe2O4 hollow spheres were 74.47 emu/g and 69.07 emu/g,
2.59 emu/g and 14.46 emu/g as well as 32.503 Oe and 242.79 Oe,
respectively. The differences of magnetism between Fe3O4 and
CoFe2O4 hollow spheres owes to the radius difference of Co2+

(3d7) ion and Fe2+ (3d6) ion according to Heisenberg Hamilton
Function while the crystalline size variation has also caused the
difference.
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