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bstract

n this study a novel sol–gel auto-combustion method, using n-decyltrimethylammonium bromide as a cationic surfactant, has been used to
ynthesize strontium hexaferrite nanocrystalline powder. The dried nitrate–citrate gel, prepared from a solution of ferric nitrate, strontium nitrate,
itric acid, trimethylamine and cationic surfactant, exhibited an auto-combustion behavior after ignition in air. The formation reaction temperature,
hase identification, crystallites size, particles size distribution and morphology of resultant strontium hexaferrite powder were investigated by

TA/TGA, FTIR, XRD, LPSA, TEM and SEM techniques. The results showed that in presence of the cationic surfactant, the combustion intensity

ncreases and the crystallite size decreases. The crystallite size of strontium hexaferrite powder in sample with surfactant calcined at 800 ◦C was
7.2 nm.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Strontium hexaferrite has been intensively investigated dur-
ng the last decades due to its technological interest as a
ermanent magnet and magnetic recording media. The mag-
etic properties of this material are largely dependent on the
icrostructure and its processing routes.1,2

Several techniques have been used to prepare strontium hex-
ferrite, in which wet chemical routes have advantages such as
xcellent product homogeneity, better compositional control and
ower processing temperatures.3

Among the different chemical routes, the sol–gel auto-
ombustion method has received considerable attention because
f its relatively simple synthesis scheme. In this route metallic
omplexes are prepared in an aqueous solution and then heated
ill form a high viscous gel. The pyrolysis of this gel results in

homogeneous powder. As-burnt powder is then calcined for

ormation of a single phase strontium hexaferrite.4

∗ Corresponding author. Tel.: +98 2188010879; fax: +98 2188010879.
E-mail address: saseyyed@ut.ac.ir (S.A. Seyyed Ebrahimi).
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Addition of cationic surfactant with amphiphilic molecules
hydrophilic head and hydrophobic tail) into precursor solution
esults in formation of reverse micelles in the gel. Placing the
queous ions inside these micelles can be effective in controlling
he nucleation and growth of the particles (Fig. 1). Due to the
xistence of surfactant, the surface tension of solution is also
educed, which reduces the energy of the formation of the new
hase.5,6

In this work, the strontium hexaferrite was synthesized by
sol–gel auto-combustion method and the influences of the

ddition of cationic surfactant on the synthesis procedure and
he physical properties of the resultant nanopowder have been
tudied.

. Experimental

Appropriate amounts of ferric nitrate (Merck, ≥98%),
trontium nitrate (Merck, ≥99%) and citric acid (Merck,
99.5%) powders were dissolved into distilled water. Then
rimethylamine solution (Merck, ≥50%) was slowly added
o adjust the pH at 7. In another sample the powder of n-
etyltrimethylammonium bromide surfactant (Merck, ≥99%)
ith molar ratio of surfactant to strontium equal to 0.4 was

mailto:saseyyed@ut.ac.ir
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.004


3638 M. Ghobeiti Hasab et al. / Journal of the European Ceramic Society 27 (2007) 3637–3640

a
g
u
w
a
b

s
a
u
l
c
t
d
T
s
m

3

g
b
d
m
m
n
t

s
a
1
8
b
n
c
n
i
c
h
c
o
h

i

F
c

b
m
curve also shows two distinct stages of weight loss at same
temperatures.9,10 The formation temperature of Sr-hexaferrite
in sample containing surfactant is lower.
Fig. 1. Placing the aqueous ions inside the reverse micelles.

lso added. The resultant solutions were slowly evaporated until
els formation. These gels were dried and then heated on a plate
ntil the combustion took place automatically. As-burnt powders
ere calcined at 800, 850 and 900 ◦C for 1 h for investigation of
temperature at witch single phase strontium hexaferrite could
e formed.

The thermal behavior of as-burnt powders was evaluated by
imultaneous thermo gravimetric (TG) and differential thermal
nalysis (DTA). X-ray diffraction (with Cu K� radiation) was
sed for phase identification and also determining of the crystal-
ites size by applying the Scherrer formula.7 Residual organic
ompounds in as-burnt powders were investigated by Fourier
ransformed infrared (FTIR) spectroscopy. The particles size
istribution was studied by laser particles size analysis (LPSA).
he morphology of Sr-hexaferrite powders was also observed by
canning electron microscopy (SEM) and transmission electron
icroscopy (TEM).

. Results and discussion

The experimental observations showed that nitrate–citrate
el, in both samples exhibits a self-propagating combustion
ehavior and after completion of the combustion, a fluffy pow-
er was formed. The whole process was completed within a
inute. In sample containing surfactant the combustion had
ore removal gases and the obtained powder was more volumi-

ous. Fig. 2 shows the ignition of the gel with surfactant. During
he combustion, large amount of gases were liberated.

Fig. 3 presents the FTIR spectra of as-burnt powders. The
pectrums show the hydroxyl and carboxyl bands of citric acid
t about 3420 and 1620 cm−1, respectively. The bands locate at
380 and 990 cm−1, are related to the nitrate. The bands at 1460,
60 and 690 cm−1 are attributed to strontium carbonate. A set of
ands fewer than 650 cm−1 are also due to the iron-oxide.8 It is
oticeable that in sample prepared with surfactant the bands of
itric acid and nitrate are very weak. It reveals that the citrate and
itrate ions take part more complete in the reaction; a reaction
n which citrate ion is oxidized and nitrate ion is reduced. It
ould be deduced that in presence of a surfactant the released
eat in the exothermic reaction is sufficient for more complete
ombustion and conversion of nitrate and citrate ions to metal

xides, because surfactant also plays as a fuel and increases the
eat of combustion.

The DTA and TG curves of as-burnt powders in air are shown
n Fig. 4. The first exothermic peak in DTA curve is attributed to

F
(

ig. 2. Self-propagating combustion stages of the citrate–nitrate gel containing
ationic surfactant.

urning of the residual organic matters, and the second exother-
ic peak to the formation of Sr-hexaferrite phase. The TG
ig. 3. FTIR spectra of as-burnt powder in samples (a) without surfactant and
b) with surfactant.
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Fig. 6. Comparison of the crystallite size of the synthesized powders at vari-
ous calcination temperatures in samples prepared without surfactant and with
surfactant.
ig. 4. DTA/TG curves for the as-burnt powders of specimens (a) without
urfactant and (b) with surfactant.

The XRD patterns of as-burnt and calcined powders of both

amples in various temperatures are shown in Fig. 5. XRD
atterns of as-burnt powders show the presence of �-Fe2O3
maghemite) as a major phase and some SrCO3. In sample with
urfactant �-Fe2O3 (hematite) phase, could be seen as well. By

ig. 5. XRD patterns of as-burnt and calcined powders at various temperatures
or samples (a) without surfactant and (b) with surfactant (� Sr-carbonate; �
aghemite; hematite; Sr-hexaferrite).
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ig. 7. The particles size distribution of powders without surfactant and with
urfactant calcined at 900 ◦C for 1 h.

alcination at 800 ◦C, a single phase strontium hexaferrite is

ormed in sample containing surfactant while in sample without
urfactant a trace of the �-Fe2O3 phase remained but by calci-
ation at 900 ◦C single phase strontium hexaferrite is formed.

ig. 8. TEM photograph of the sample synthesized with surfactant, calcined at
00 ◦C for 1 h.
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Fig. 9. The morphology of the Sr-hexaferrite powder calcined at 900 ◦C for 1 h
in the specimens (a) without surfactant and (b) with surfactant.

Fig. 10. The morphology of the Sr-hexaferrite powder calcined at 1100 ◦C for
3 h in the specimens (a) without surfactant and (b) with surfactant.
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J. Alloys Compd., 2003, 349, 228–231.
ig. 11. The morphology of the Sr-hexaferrite powder calcined at 1200 ◦C for
h in the specimens (a) without surfactant and (b) with surfactant.

The crystallite size of strontium hexaferrite powders calcined
t different temperatures in both samples are shown in Fig. 6.
rystallite size of single phase Sr-hexaferrite powder in sam-
le with surfactant is about 27.2 nm (by calcination at 800 ◦C)
hile in sample without surfactant is 46.7 nm (by calcination at
00 ◦C).

The particles size distribution of both samples calcined at
00 ◦C were measured by LPSA technique and are shown in
ig. 7. Note that the curve of particles size distribution for sam-
le with surfactant is narrower. In this sample the formation of

icelles in gel controls growth rate of crystallites. Bimodal dis-

ribution curve is due to the agglomeration of particles. Since
he powders are agglomerated, LPSA shows the sizes, greater
han actual amounts.

1

an Ceramic Society 27 (2007) 3637–3640

Fig. 8 shows the TEM photograph of the sample synthesized
ith surfactant calcined at 800 ◦C for 1 h which indicates that

he powder is completely nanocrystalline.
In Fig. 9 the particles size of the strontium hexaferrite pow-

er has been compared for samples without and with surfactant,
oth calcined at 900 ◦C for 1 h. However, the morphology of
he particles could be seen much better at the higher tempera-
ures. Then Figs. 10 and 11 show the SEM micrograph of the
amples calcined at 1100 and 1200 ◦C for 3 h, respectively. It is
bserved that the particles possess a plate-like hexagonal shape.
t is also seen that the particles size in sample with surfactant is
ner.

. Conclusions

A nanocrystalline Sr-hexaferrite powder was produced by a
urfactant-assisted sol–gel auto-combustion method. The results
howed that with cationic surfactant addition into precursor, the
alcination temperature decreases from 900 to 800 ◦C along with
he reduction of the crystallites size from 46.7 to 27.2 nm. Par-
icles size distribution of strontium hexaferrite powder is also
arrower in sample containing surfactant.
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