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a  b  s  t  r  a  c  t

Strontium  ferrite  (SrFe12O19) particles  were  prepared  by  co-precipitation  method.  The ferrite  precursors
were  produced  from  aqueous  mixtures  of  ferric  chloride  and  strontium  nitrate  by  co-precipitation,  using
3 mol/L  sodium  hydroxide  aqueous  solutions  as  precipitant.  Three  surfactants  sodium  dodecyl  sulfate
(SDS),  polyethylene  glycol  6000  (PEG-6000),  cetyltrimethylammonium  bromide  (CTAB),  were  applied
and  the  influence  of  surfactants  on the  properties  of  the  strontium  ferrite  particles  was  studied.  The
ferrite  precursors  were  first  precalcined  in  a muffle  furnace  at 400 ◦C  and then  mixed  with  KCl  and
NaCl  using  a planetary  milling  machine  in  order  to  lower  the  calcination  temperature.  Subsequently
o-precipitation
urfactant

the  mixtures  were  calcined  at various  temperatures.  Structure  and  magnetic  properties  of the  particles
were  characterized  by  X-ray  powder  diffraction,  transmission  electron  microscopy  and  vibrating  sample
magnetometer.  In  this  paper,  effects  of  Fe3+/Sr2+ mole  ratio  were  first verified  and  annealing  temperatures
were  then  discussed.  The  results  show  the strontium  ferrite  phase  begins  to form  at  650 ◦C and  complete
at  800 ◦C  after  calcination,  and  the  particles  prepared  using  CTAB  exhibit  the  best  properties  with  respect
to  particle  size  and  dispersibility.
. Introduction

Nanoparticles have received increasing attention recently due to
heir unusual properties, while the interest in hard magnetic mate-
ials is growing because of the various technological applications
n microwave devices, high-density magnetic recording, electronic
evices and medical instruments [1–4]. The remanence Mr for per-
anent magnet application is a strong function to both physical

nd chemical properties of ferrite itself while the coercivity mainly
riginates from its high magnetocrystalline anisotropy and relies
n particle microstructure. The properties of this magnetic mate-
ial depend on the purity, size and morphology of the precursor
owder [5].  Thus obtaining fine, high chemical homogeneity and
onodispersed particles is the most important process in material
anufacturing.
A variety of techniques have been used to prepare stron-

ium ferrite (SrFe12O19) of nano-scale including co-precipitation
ethod [6–10], sol–gel process [11–13],  glass crystallization
14], the mechanical alloying method [15–17],  self-propagation
18,19], microemulsion [20], microwave [21–23],  hydrothermal
24] and ultrasound-assisted synthesis [25]. Among them, the co-
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precipitation is one of the conventional and inexpensive methods
to synthesize the strontium ferrite. During co-precipitation, pre-
cipitates are generated simultaneously and uniformly dispersed
throughout the solution. To obtain the ferrite powder, the pre-
cursor must be calcined at high temperatures (≥600 ◦C) which
might lead to some disadvantages including chemical inhomo-
geneity, coarser particle size and agglomeration. To prevent the
above disadvantages, generally surfactants are employed. Although
many researchers have investigated the influence of surfactants
on the properties of nanoparticles [26–31],  studies on preparation
of strontium ferrite particles using co-precipitation method have
been rarely seen.

In this study, strontium ferrite particles were prepared by co-
precipitation. The precursor was  precalcined at 400 ◦C and the
molten salt method was  applied. Using anionic surfactant (SDS),
nonionic surfactant (PEG-6000) and cationic surfactant (CTAB), the
influence of surfactants on the properties of the particles were
investigated.

2. Experimental procedure

2.1. Materials
Analytical grade ferric chloride (FeCl3·6H2O), strontium nitrate (Sr(NO3)2),
sodium hydroxide (NaOH), polyethylene glycol 6000 (PEG-6000), sodium dode-
cyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB), ethanol and other
materials were used as starting materials. 3 mol/L sodium hydroxide aqueous
solutions were used as precipitant. Deionized water was used throughout the
experiments.

dx.doi.org/10.1016/j.jallcom.2011.08.058
http://www.sciencedirect.com/science/journal/09258388
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.2.  Particle preparation

The co-precipitation method was applied for the preparation of nano-strontium
errite (SrFe12O19). FeCl3·6H2O and Sr(NO3)2 were dissolved in 50 ml  of deionized
ater with a molar ratio of 1:9.23, which was proposed by Hessien et al. [10] as the

est ratio. Different kinds of surfactants of 1 wt%  amount were added into the above
aline mixture solution to avoid agglomeration during calcination. Such solution
as  added dropwise into the sodium hydroxide aqueous to form the homogeneous
recursor. Meanwhile, in order to maintain the pH of the reaction solution (pH 11),
xtra  sodium hydroxide aqueous with same concentration was  added to compensate
he  consumed one. The whole reaction was carried out under vigorous stirring at
0 ◦C in a water bath. The aqueous suspension was  stirred gently for another 30 min
nd  then cooled in water under room temperature immediately. Reddish brown
o-precipitate was  washed by deionized water for 5 times and ethanol for 3 times,
espectively. The co-precipitant was centrifuged for 10 min  to remove ethanol, and
hen dried at 100 ◦C overnight. The as-dried particles were precalcined in air at
00 ◦C for 2 h.

The obtained oxide mixtures were then mixed with an equimolar mixture of
aCl  and KCl, using alcohol as medium. The mixture was  milled with a planetary
illing machine operating at the speed of 40 rpm for 2 h and dried later. The mixed

ample was calcined in a muffle furnace at various temperatures from 600 to 1000 ◦C
or  2 h in air, and then cooled to room temperature. The product was washed several
imes with deionized water and alcohol to remove the impurities, and centrifuged,
hen dried in an oven at 100 ◦C.

.3. Characterization

The size of the strontium ferrite nanoparticles was  determined from trans-
ission electron microscopy (TEM) images using H-600-II transmission electron
icroscope (Hitachi, Japan) and from analysis of the broadened major peak of XRD

pectra. Magnetic properties of strontium ferrite nanoparticles were measured using
 BHV-55 vibrating sample magnetometer (VSM).

. Results and discussion

Different kinds of dispersants such as anionic surfactant (SDS),
ationic surfactant (CTAB) and nonionic surfactant (PEG-6000)
ere used to reduce the size of the aggregates and improve the
ispersibility of the strontium ferrite nanoparticles. Three sam-
les named as S1, S2 and S3 were prepared using surfactants SDS,
TAB, PEG-6000 respectively while sample S0 represented the one
ithout surfactant.

.1. XRD analysis of strontium ferrite particles

To monitor the formation of the crystalline phase with increas-
ng calcination temperature, the as-dried precursors obtained by

o-precipitation were calcined for 2 h in air at different tempera-
ures, up to 1000 ◦C. Then the phase transformation is analyzed by
omparing XRD patterns. Fig. 1 shows the X-ray diffraction patterns
f sample S0 derived from co-precipitation at various temperatures

ig. 1. XRD patterns of sample S0 annealed at temperatures from 600 to 1000 ◦C for
 h.
Fig. 2. XRD patterns of sample S0 annealed at different Fe3+/Sr2+ ratio under 800 ◦C.

ranging from 600 to 1000 ◦C for annealing time 2 h. It is found that
heating the precursor at a rate of 10 ◦C/min to 600 ◦C resulted in a
remained amorphous state. While calcined at temperature 650 ◦C,
small amount of SrFe12O19 crystal phase transitions are identified,
which is indicated by the appearance of (1 0 7) and (1 1 4) peaks
at 2� angles of 32.343◦ and 34.191◦, respectively. It is evident that
particles calcined below 700 ◦C contain some peaks of impurity (�-
Fe2O3 phase), which may  be probably due to the occurrence of local
calcination. As the calcination temperature increases, the identified
peaks of strontium phase appear while the peaks of �-Fe2O3 phase
disappear. It is worth noting that the peaks of �-Fe2O3 phase are
weak because of the small amount, tiny particle size and homo-
geneity of the precursor and the employ of molten salt method.

When the temperature reaches 800 ◦C, a well-crystallized pure
strontium ferrite phase is formed. The sample gives sharp XRD
peaks, and all the prominent peaks (1 1 0), (1 0 8), (1 0 7), (1 1 4),
(2 0 0), (2 0 1), (1 0 8), (2 0 3), (1 1 6), (2 0 5), (2 0 6), (1 0 1 1), (2 0 9),
(3 0 0), (2 0 1 0), (2 1 7), (3 0 4), (2 0 1 1) and (2 2 0) are observed at
the corresponding angles in the peak positions, which is in excellent
accordance with the powder data of index card JCPDS-ICDD num-
ber 84-1531. When the annealing temperature exceeds 900 ◦C, the
crystalline of SrFe12O19 is further enhanced as expected while the
particle size would increase due to agglomeration. The comparison
of several experiments using different ratios of metal ions after cal-
cination at 800 ◦C is displayed in Fig. 2, demonstrating the reliability
of the work of Hessien et al. [10].

The X-ray diffraction patterns of sample S0–S4 annealed at
800 ◦C for 2 h are shown in Fig. 3, which indicates the fact that sur-
factant can be used to improve the dispersibility and enhance the
formation of single phase ferrite at low calcination temperature.
The crystallite sizes, as shown in Table 1, are calculated using the
X-ray broadening of the (1 1 4) diffraction peak by the well-known

Scherrer equation: D = 0.9�/(ˇcos�), where D is the particle size in
nm,  � the wavelength of the X-ray (0.15405 nm for Cu-Ka),  ̌ the
corrected full width at half maximum and � is the diffraction angle.

Table 1
Comparison of crystallite sizes obtained by XRD and TEM measurement.

Sample XRD (nm) TEM (nm)

S0 40 45
S1 38 50
S2  30 35
S3 37 40
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Fig. 3. XRD patterns of samples S0–S4 annealed at 800 ◦C for 2 h.

.2. TEM analysis of strontium ferrite particles

The micrographs of S0, S1, S2 and S3 (annealed at 800 ◦C) are
hown in Fig. 4(a)–(d), respectively. Severe aggregation of sample
0 with particle size of about 45 nm is shown in Fig. 4(a) while in
ig. 4(b)–(d), particles with very slight aggregation can be observed,
hich are composed of irregular fine particles. The average size of

articles is about 50, 35 and 40 nm,  respectively, which is accor-
ance with the XRD analysis. Table 1 lists the results from XRD
nd TEM analysis. From the table, it is clear that the particles sizes
bserved from TEM micrographs are larger than that calculated

Fig. 4. TEM images of SrFe12O16 powders: (a) without surfactant, (b) SD
pounds 509 (2011) 10127– 10131 10129

from XRD analysis and the sample with more serious aggregation
leads generally to larger difference between XRD and TEM mea-
surements.

According to the comparison in Table 1, it is clear that the addi-
tion of surfactants leads generally to smaller size particles, which
is due to the stabilization properties and steric hindrance of surfac-
tants. The surfactants are absorbed on the surface of the precipitant
to prevent agglomeration of the hydroxide precipitation by bridg-
ing bond of hydroxyl. As a result of addition of different kinds
of surfactants during the co-precipitation, the obtained particles
exhibit different degree aggregation. The size of particles prepared
with CTAB surfactant is the smallest, PEG-6000 is moderate and SDS
is the poorest among three, which may  be attributed to different
kinds of charge possessed by surfactants. The precipitates possess
negative charge with the excess of hydroxyl at the aqueous solu-
tion (pH 11), therefore those cationic surfactants such as CTAB can
be absorbed on the surface of the precipitate particles much easier
and form a molecular film on the surface of the particles to keep
them away from aggregation. Macromolecular surfactants (such as
PEG) can play a certain steric hindrance effect. There are two kinds
of hydrophilic groups (hydroxyl group and ether linkage) in PEG
molecule, so the PEG is a good water soluble surfactant. In aqueous
solution, the molecule of PEG looks like a snake, so it can easily be
adsorbed on the surface of the particles to form a macromolecule
protection layer. Due to the dimensional hindrance effect of PEG,
precipitate particles with smaller size can be obtained. For anionic
surfactant SDS, the repulsive force leads to poor absorption and
aggregation.
3.3. VSM analysis of strontium ferrite particles

The magnetic properties of the strontium ferrite nanoparticles
are measured by VSM. Results of which are shown in Fig. 5, (a)

S as surfactant, (c) CTAB as surfactant, (d) PEG-6000 as surfactant.
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Fig. 5. Magnetic hysteresis of SrFe12O16 annealed at 800 ◦C: (a) without surfactan

Table  2
Intrinsic coercive force (Hc) and the saturation magnetization (Ms).

Sample Hc (Oe) Ms (emu/g)

S0 6031 58.9
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Organic Synthesis of Jiangsu Prov., R&D Foundation of Nanjing Med-
S1 2966 51.0
S2 4099 46.5
S3 3411 56.9

trontium ferrite particles without surfactant, (b) SDS, (c) CTAB,
d) PEG-6000. The intrinsic coercive force (Hc) and the saturation

agnetization (Ms) are shown in Table 2. From Table 2 and Fig. 5,
t is clear that adding surfactants may  lead to the decrease of Hc

nd Ms, which can be attributed to surface effects such as magnet-
cally inactive layer containing spins that were not collinear with
he magnetic field [32,33]. From four magnetic hysteresis curves, it
an be found that particles prepared with CTAB exhibit the maxi-
um  Hc compared to the samples with SDS and PEG. From Table 2,

t is found that the Ms of the sample S2 is smaller than that of S1
nd S3. This result can be ascribed to the fact that the particle of S2
s smaller than S1 and S3.

. Conclusions
Using strontium nitrate (Sr(NO3)2), ferric chloride (FeCl3·6H2O),
odium hydroxide (NaOH), polyethylene glycol 6000 (PEG-6000),
odium dodecyl sulfate (SDS), cetyltrimethylammonium bromide
CTAB), and ethanol as the starting materials, well dispersed
t, (b) SDS as surfactant, (c) CTAB as surfactant (d) PEG-6000 as surfactant.

strontium ferrite powders have been synthesized successfully by
co-precipitation. Results show that the application of surfactants
and molten salt method decrease the calcination temperature. The
strontium ferrite phase begins to form at 650 ◦C and complete at
800 ◦C after annealing time 2 h. Different kinds of surfactants such
as anionic surfactant (SDS), nonionic surfactant (PEG-6000) and
cationic surfactant (CTAB) are employed to reduce the size and
improve the dispersibility of strontium ferrite particles. Results
of this study show that the size of particles prepared with CTAB
surfactant is the smallest, PEG-6000 is moderate and SDS is the
poorest among three. Both XRD and TEM reveal the obtained par-
ticle is about 35–50 nm in size and well dispersed. All results show
that particles prepared using CTAB as surfactant exhibit the best
properties with respect to particle size and dispersibility.
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