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a  b  s  t  r  a  c  t

The  CoFe2O4 (CFO)  starting  precursor  solutions  were  prepared  by  two sol–gel  methods.  The  XRD  results
show  that  the  second  sol–gel  method  is  a better  method  to  obtain  CFO  materials  with  high purity.  The  CFO
precursor  solutions  prepared  by the  second  sol–gel  method  were  spin-coated  onto  the  Pt/Ti/SiO2/Si sub-
strate to  obtain  CFO  films.  With  the  increase  of annealing  temperature,  the  relative  amounts  of  secondary
phases  in  CFO  films  are  decreased.  When  annealed  at 700 ◦C,  CFO  films  are  almost  composed  of  the  main
vailable online 24 September 2011
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phase  and  the  substrate  phase  without  secondary  phases.  The  CFO  film  is  crack-free  and  has  compact
structure  without  any  pore.  The  thickness  of CFO  film  is  about  49  nm.  The  starting  precursor  solution
with  the  concentration  of 0.15  mol  L−1 is  better  for  preparing  CFO  films.  The  CFO films  with  nano-scaled
film  thicknesses  have  better  magnetic  properties  than  the  CFO  powders.

© 2011 Elsevier B.V. All rights reserved.

agnetic properties

. Introduction

CoFe2O4 (CFO) is a ferrimagnetic spinel oxide structure with
igh magnetic anisotropy, high saturation magnetization, high
ear resistance and good chemical stability [1–3]. CFO in powder

nd film form has attracted considerable attention for its funda-
ental understanding and large scale technological applications

uch as transformer cores, recording heads, antenna rods, loading
oils, memory, microwave devices, catalyst, ferrofluids, magnetic
efrigeration, solar energy conversion applications and biomedical
ensors [4–7]. The CFO film can also be used as magneto-optical
aterials. The CFO films were mainly prepared by physical meth-

ds such as sputtering [8–11], ion-beam deposition [12] and pulsed
aser deposition [13]. These methods require expensive laboratory
quipment and high vacuum, critical control over processing con-
ition, high cost and long deposition time. However the sol–gel
ethod is a simple, time-saving, low cost method for preparing

ano-sized films [14–16].  This method is easy to control the com-
ositions and thickness of films. It has become an attractive method
or preparing films.

In this paper, CFO precursor solutions were prepared via two
ol–gel methods by selecting different chelators in order to deter-

ine the better preparation method. The CFO precursor solutions

repared by the better preparation method were spin-coated onto
he Pt/Ti/SiO2/Si substrate. Then, the gel films were annealed to

∗ Corresponding author. Fax: +86 551 2905383.
E-mail address: mrshimindou@hotmail.com (M.  Shi).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.057
obtain CFO films. The microstructure, phase constitution and mag-
netic properties of CFO films were investigated as a function of
annealing temperature by using scanning electronic microscopy
(SEM), an X-ray diffraction (XRD), and vibrating sample magne-
tometer (VSM).

2. Experimental

2.1. Preparation of CFO starting precursor solution

2.1.1. The first sol–gel method
Iron nitrate (Fe(NO3)3·9H2O) and cobalt acetate (Co(CH3CO2)2·4H2O)  were used

as  starting materials. Ethylene glycol monomethyl ether (C3H8O2·4H2O) was used
as  chelator. Ethanol (C2H5OH) was used as solvent. The appropriate portions of iron
nitrate, cobalt nitrate were dissolved in ethanol, respectively. Solution of iron nitrate
and  cobalt nitrate was first mixed together, then added ethylene glycol monomethyl
ether into above solution and stirred at 80 ◦C to form a CFO starting precursor solu-
tion. The molecule ratio of Co:Fe:C3H8O2 is 1:2:1.5. The starting precursor solution
was divided into several parts uniformly. They were successively dried at 120 ◦C to
obtain powders for analysis of differential scanning calorimetry and X-ray diffrac-
tion.

2.1.2. The second sol–gel method
Iron nitrate (Fe(NO3)3·9H2O) and cobalt acetate (Co(CH3CO2)2·4H2O)  were used

as  starting materials. Citrate (C6H8O7) was  used as chelator. Ethanol (C2H5OH) was
used as solvent. The appropriate portions of iron nitrate, cobalt nitrate and citric acid
were dissolved in ethanol, respectively. Solution of iron nitrate and cobalt nitrate

was  first mixed together, then added citric acid solution into above solution and
stirred at 80 ◦C to form a CFO starting precursor solution. The molecule ratio of
Co:Fe:C6H8O7 is 1:2:3. The starting precursor solution was  divided into several parts
uniformly. They were successively dried at 120 ◦C to obtain powders for analysis of
differential scanning calorimetry and X-ray diffraction.

dx.doi.org/10.1016/j.jallcom.2011.09.057
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mrshimindou@hotmail.com
dx.doi.org/10.1016/j.jallcom.2011.09.057
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Fig. 2. DSC curve of CFO powders synthesized by the second sol–gel method.
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.2.  Preparation of CoFe2O4 films

The starting precursor solutions were prepared by the second sol–gel methods.
toichiometric iron nitrate, cobalt nitrate and citrate were first dissolved in ethanol
o  form a mixed solution. Then, the ethanol was added to adjust concentration of the
olution to 0.15 mol  L−1 or 0.30 mol  L−1 to obtain two  precursor solutions. The above
recursor solutions were spin-coated on the Pt/Ti/SiO2/Si substrate a spinning rate
f  3500 rpm for 30 s. In order to obtain CFO films, the gel films were dried at 150 ◦C
or  5 min  and annealed at different temperatures for 10 min  in air and cooled slowly
n  the furnace.

.3. Characterization

The thermal effects of the CFO powders were analyzed by differential scan-
ing  calorimetry (DSC, NETZSCH 404C) at a heating rate of 5 ◦C min−1 in air. X-ray
iffraction (XRD, Rigaku D/max-RB) with CuK� radiation was used for phase anal-
sis of the powders and films. Cross-section and surface morphologies of CFO films
ere observed by using scanning electronic microscopy (SEM, FEI Sirion200). Mag-
etic behavior of the CFO powders and films was  characterized by vibration sample
agnetometer (VSM, Riken BHV-55).

. Results and discussion

.1. Characterization of starting precursor solution

The CFO starting precursor solutions were successively dried at
20 ◦C for 30 min, and then ball milled for 10 h. Thus CFO powders
ere finally obtained. The DSC curves of CFO powders prepared by

wo sol–gel methods are illustrated in Figs. 1 and 2, respectively.
rom Fig. 1, it is seen that, for the first sol–gel method, there is
n endothermic peak at about 400 ◦C, an exothermic peak at about
70 ◦C. The peak at about 400 ◦C may  be due to the decomposition of
itrates. The peaks at about 670 ◦C may  be attributed to the trans-

ormation of some intermediate phases to the main phase (CFO).
herefore the annealing temperatures should be above 670 ◦C in
rder to obtain CFO materials without secondary phases.

Fig. 2 shows that, for the second sol–gel method, there are two
ndothermic peaks at about 120 ◦C and 400 ◦C, a strong exothermic
eak at 600 ◦C. The peak at about 120 ◦C may  be due to evaporation
f solvent. The peak at about 400 ◦C may  be ascribed to the decom-
osition of citrate. The strong peak at 600 ◦C may  be attributed to
he transformation of some intermediate phases to the main phase
CFO). Therefore the annealing temperatures of precursors should
e above 600 ◦C in order to obtain CFO materials without secondary

hases. In order to determine the accurate annealing temperatures,
FO powders were characterized by XRD. Fig. 3 shows XRD patterns
f CFO powders prepared by the first sol–gel method, which were
hen annealed at different temperatures. It illustrates that powders

Fig. 1. DSC curve of CFO powders synthesized by the first sol–gel method.
Fig. 3. XRD patterns of CFO powders prepared by the first sol–gel method (annealed
at different temperatures for 2 h).

annealed at 600 ◦C contain a certain amount of secondary phases
(Fe2O3) except the main phase (CoFe2O4). With the further increase
of the annealing temperature, the fractions of secondary phases
decreased remarkably. This shows that the secondary phases have
transformed partly to the main phase. Nearly no secondary phases
can be detected when the annealing temperature reaches 800 ◦C.
Consequently, the lowest annealing temperature was chosen at
800 ◦C. The grain sizes of powders prepared by the first sol–gel

method and then annealed at different temperatures were calcu-
lated by Scherrer’s equation using XRD data. The results are shown
in Table 1. It is seen that the grain sizes increase with the increase

Table 1
The grain sizes of powders, prepared by the first sol–gel method and then annealed
at different temperatures.

Annealing temperature (◦C) 600 700 800
Grain size (nm) 72 87 99
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Fig. 4. XRD patterns of CFO powders prepared by the second sol–gel method
(annealed at different temperatures for 2 h).

Table 2
The grain sizes of powders, prepared by the second sol–gel method and then
annealed at different temperatures.
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Fig. 5. Hysteresis loops of CFO powders synthesized by different methods, which

media and be candidate for high-density recording media materials
[18,19].
Annealing temperature (◦C) 600 700 800
Grain size (nm) 68 74 85

f annealing temperatures and the grain sizes are smaller than
00 nm.

Fig. 4 shows XRD results of CFO powders prepared by the second
ol–gel method, which were then annealed at different tempera-
ures. It is seen that the powders annealed at 600 ◦C still contain a
ittle amount of secondary phase of Fe2O3 besides the main phase.
he relative amount of Fe2O3 is much smaller than that in powders
repared by the first sol–gel method at the same annealing temper-
ture. It is apparent that there is no other detectable impurity phase
r secondary phase when the annealing temperature is increased
o 700 ◦C. Therefore the lowest annealing temperature was cho-
en at 700 ◦C. On comparing Fig. 4 with Fig. 3, it is apparent that the
nnealing temperatures of powders prepared by the second sol–gel
ethod are 100 ◦C lower than those prepared by the first sol–gel
ethod. It can be inferred that the second sol–gel method is a better
ay to obtain CFO materials with higher purity. The grain sizes of
owders prepared by the second sol–gel method and then annealed
t different temperatures are listed in Table 2. It also shows that
he grain sizes increase with the increase of annealing tempera-
ures. Comparing Table 2 with Table 1, it is seen that, at the same
nnealing temperature, the grain sizes of powders prepared by the
econd sol–gel are smaller than those of powders prepared by the
rst sol–gel method.

Plots of magnetization (M)  as a function of applied field (H) for
owders prepared by the above-mentioned two  sol–gel methods
re shown in Fig. 5. It is seen that there exists a typical hysteresis

oop. The saturation magnetizations and coercivities of powders,
repared by two sol–gel methods and then annealed at 700 ◦C, can
e drawn from Fig. 5. The results are shown in Table 3. The satura-
ion magnetizations of powders prepared by two sol–gel method

able 3
he saturation magnetizations and coercivity of powders prepared by two sol–gel
ethods and then annealed at 700 ◦C.

Preparation method Saturation magnetizations
(emu g−1)

Coercivity (Oe)

The first sol–gel method 78.43 704
The  second sol–gel method 82.78 814
were then annealed at 700 ◦C for 2 h: (a) the first sol–gel method and (b) the second
sol–gel method.

are both greater than 62 emu  g−1, reported in reference [17]. It can
also be seen that, the coercivity of CFO powders prepared by the
second sol–gel method is greater than that of CFO powders pre-
pared by the second sol–gel method. For CFO powders prepared
by the first sol–gel method contain more secondary phase which
decreases the saturation magnetizations and coercivity, the satu-
ration magnetizations and coercivity of powders prepared by the
first sol–gel method are smaller. In short, CFO powders prepared by
the second sol–gel method possess greater saturation magnetiza-
tion and coercivity. They can meet needs of high-density recording
Fig. 6. XRD patterns of CFO films synthesized by the second sol–gel annealed at
different temperatures for 10 min. (a) 400 ◦C; (b) 500 ◦C; (c) 600 ◦C; and (d) 700 ◦C.
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Table 4
The grain sizes of films, prepared by the second sol–gel method and then annealed
at  different temperatures.

Annealing temperature (◦C) 600 700

F
(
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In view of purity and magnetism properties, it can be inferred
hat the second sol–gel method is a better way for preparing CFO

aterials than the first sol–gel method. Therefore, in this paper,
he CFO precursor solutions prepared by the second sol–gel method
ere spin-coated onto the Pt/Ti/SiO2/Si substrate. Then, the gel film
as annealed to obtain CFO films.

.2. Characterization of CFO films

Fig. 6 shows XRD patterns of CFO films on the Pt/Ti/SiO2/Si
ubstrate via the second sol–gel method, annealed at different tem-
eratures. When annealed at temperature below 600 ◦C, there are
nly small amount of main phases (CoFe2O4) existed in CFO films.
hen annealed at 700 ◦C, there are no peaks of secondary phase
part from CFO and substrate. This is in agreement with the XRD
esults of CFO powders. In light of the results of Figs. 4 and 6, the
owest annealing temperature of CFO films was chosen at 700 ◦C.
he grain sizes of films prepared by the second sol–gel and then

ig. 7. SEM images of surface of CFO films synthesized by the second sol–gel annealed at
e)  750 ◦C.
Grain size (nm) 51 62

annealed at two temperatures are shown in Table 4. It is seen that
the grain sizes increase with the increase of annealing tempera-
tures.

Fig. 7 shows SEM images of surfaces of CFO films annealed at dif-
ferent temperatures. When CFO film is annealed at 400 ◦C, there are
no obvious grains which can be seen. When annealing temperature
of CFO film is 500 ◦C or above, grains can be seen. With the increase
of annealing temperature, the density and grain size of CFO film

◦
are increased. When annealed at 700 C, the CFO film is crack-free
and has compact structure without any pore. The grain size of CFO
film is about 50 nm.  When annealed at 750 ◦C, there are obvious

 different temperatures for 10 min. (a) 400 ◦C; (b) 500 ◦C; (c) 600 ◦C; (d) 700 ◦C; and
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Fig. 8. SEM image of cross-section of CFO films synthesized by the second sol–gel
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Fig. 10. Magnetic hysteresis loop of CFO film synthesized by the second sol–gel
annealed at 700 ◦C for 10 min.

Table 5
The saturation magnetizations and coercivity of CFO films annealed at 700 ◦C.

Saturation magnetizations (emu/cm3) coercivity (Oe)
nnealed at 700 C for 10 min (concentration of starting precursor solution is
.15 mol  L−1).

ores distributed unevenly in CFO films. This shows that the best
nnealing temperature of CFO films can be chose at 700 ◦C.

Fig. 8 shows SEM image of cross-section of CFO film annealed at
00 ◦C. It displays clear layered nanostructure. The average thick-
ess of CFO film is about 49 nm.  The surface of CFO film is relative
at.

In order to investigate the impact of the concentration of starting
recursor solution on the morphologies of CFO film, the concen-
ration was changed. Fig. 9 shows SEM image of cross-section of
FO film prepared by the second sol–gel method (concentration of
he starting precursor solution is 0.30 mol  L−1). It is seen that the
urface of CFO film is bumpy and cross-sectional micrographs do
ot display the layered nanostructure when concentration of start-

ng precursor solution is 0.30 mol  L−1. This can be explained by the
arge stress in films during annealing process when the concentra-
ion of CFO starting precursor solution was high. For the surface
f CFO film is much rougher and the film thickness in surface of
FO film is uneven, therefore the magnetic properties of CFO will
e influenced. Compared with Fig. 8, it is clear that starting pre-
ursor solution with the concentration of 0.15 mol  L−1 is better for
reparing CFO films with better morphologies.

From above results it can be concluded that the CFO films
xhibit relatively better morphologies and the layered structure

f films are more clearly visible compared with some other corre-
ponding results. Except sol–gel process there are other methods
sed to prepare CFO films such as pulsed laser deposition (PLD).

ig. 9. SEM image of cross-section of CFO film synthesized by the second sol–gel
nnealed at 700 ◦C for 10 min  (concentration of the starting precursor solution is
.30  mol  L−1).
358.45 1092.36

Single-crystal CFO films were prepared with much better mor-
phologies by using PLD process, respectively [13]. But the PLD
process is very expensive and not helpful to cost savings compared
with sol–gel process.

Plots of magnetization (M)  as a function of applied field (H)
for CFO film prepared by the second sol–gel method are shown in
Fig. 10.  It is also seen that there exist a typical hysteresis loop. The
saturation magnetizations and coercivities of CFO films are shown
in Table 5. From Tables 3 and 5, it is seen that the coercivities of
CFO films are greater than those of CFO powders. C.N. Chinnasamy
[20] pointed that the relationship between Hc (coercivity) and d
(grain size) exhibited a maximum at 40 nm,  corresponding to crit-
ical size of a single domain. When the grain sizes are greater than
the critical size of a single domain, the coercivity is determined by
magnetic displacement, so the value of coercivity is decreased with
the increase of grain sizes. Comparing Table 2 with Table 4, it can
be seen that the grain sizes of CFO films are smaller than that of CFO
powders. Therefore the value of coercivity of CFO films is greater. In
short, the CFO films have better magnetic properties than the CFO
powders.

4. Conclusions

The CFO starting precursor solutions were synthesized by two
sol–gel methods. The CFO precursor solutions prepared by the
second sol–gel method were spin-coated onto the Pt/Ti/SiO2/Si sub-
strate in order to obtain CFO films. When annealed at 700 ◦C, CFO
films are almost composed of the main phase and the substrate
phase without secondary phases. With the increase of the anneal-
ing temperature, the density and grain size of CFO films and are
increased. When annealed at 700 ◦C, the CFO film is crack-free and
has compact structure without any pore. The thickness of CFO film
is about 49 nm.  The starting precursor solution with the concen-

−1
tration of 0.15 mol  L is better for preparing CFO films than that
with the concentration of 0.30 mol  L−1. The CFO films have better
magnetic properties than the CFO powders.
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