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a  b  s  t  r  a  c  t

Strontium  hexaferrite  nanoparticles  were  synthesized  by  chemical  coprecipitation  method  in  the pres-
ence of  polyvinylpyrrolidone  (PVP)  as  a protective  agent.  A mixture  of  the  deionized  water/ethanol
(50/50)  was  used  as the  solvent.  The  effects  of  PVP,  pH of the  solution,  Fe3+/Sr2+ molar  ratio  and  cal-
cination  temperature  of  the  precipitates  on the  synthesis  of  strontium  hexaferrite  samples  were  studied.
X-ray diffraction  (XRD),  scanning  electron  microscope  (SEM),  thermal  analysis  (DTA–TGA),  dynamic  light
scattering  particle  size  analyzer  (PSA)  and  vibrating  sample  magnetometer  (VSM)  were  used to  investi-
eywords:
anostructured materials
hemical synthesis
agnetic measurements

ermanent magnets

gate the  properties  of the obtained  samples.  The  results  showed  that  increasing  the  pH  from  9  to  13  or
decreasing  Fe3+/Sr2+ molar  ratio  from  12 to 9 promoted  SrFe12O19 formation  and  decreased  the  size of
nanoparticles.  The  minimum  coercivity  of  4733  Oe  and  maximum  saturation  magnetization  of  51  emu/g
were obtained  by  increasing  the  pH  from  9 to  13.  It  was  also  concluded  that  PVP  could  be  effective  in
decreasing  the  size  of  SrFe12O19 nanoparticles  and  resulted  to decrease  the calcination  temperature  from
800 to 700 ◦C.
. Introduction

Strontium hexaferrite due to relatively low price, high Curie
emperature, high coercivity and excellent chemical stability has
ignificant potential for applications such as permanent magnets,
icrowave absorbing materials and magneto-optical devices [1,2].

he conventional method for the synthesis of hexaferrites involves
olid-state reaction of strontium carbonate and iron oxide mixtures
t high temperature (∼1200 ◦C) [3].  However, chemically homo-
eneous strontium hexaferrite with very fine particles, narrow
article size distribution and good magnetic properties is required
or specific applications while these are not obtainable by the
onventional method [4,5]. In order to overcome these disadvan-
ages, various methods such as hydrothermal [6,7], microemulsion
8],  sol–gel [9–11], glass crystallization [12] and coprecipitation
13–16] have been investigated. Coprecipitation is a simple and
ow cost method for the synthesis of strontium hexaferrite [15].
evertheless, the preparation of the mono-dispersed nanoparti-
les may  not be easy. The influence of some effective parameters
uch as Fe3+/Sr2+ molar ratio on the synthesis of SrFe12O19 have

een reported, where water was used as the solvent [17]. The use
f a mixed solvent and addition of a soluble polymer to solvent is

 new approach in order to synthesize the nanoparticles and con-
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trol the nucleation and growth of them. The strontium hexaferrite
nanoparticles have been synthesized in the presence of polyacrylic
acid (PAA) as a protective agent in an aqueous solution [18]. Syn-
thesis of coprecipitated strontium hexaferrite nanoparticles in the
presence of polyvinyl alcohol (PVA) has been reported in a pre-
vious paper [19]. The recent research aims to study the effects
of Fe3+/Sr2+ molar ratio, pH of the solution, calcination tempera-
ture of the precipitates and addition of PVP (as a protective agent),
on the synthesis and magnetic properties of strontium hexaferrite
nanoparticles via coprecipitation method.

2. Experimental

High purity raw materials, Fe (NO3)3· 9H2O (Merck, >99%), Sr(NO3)2 (Merck,
>99%) and NaOH (Merck, >99%) were used as starting materials. The iron and stron-
tium nitrates with the Fe3+/Sr2+ molar ratios of 9 up to 12 were dissolved in mixture
of  deionized water/ethanol (50/50, vol%) as the solvent. Then an equal volume of
1  wt%  PVP (C6H9NO)n solution was added to some solutions as protective agent.
The  prepared solutions were co-precipitated at pH values of 9–13 by addition of
NaOH solution (2 M).  The separation of the precipitates from solutions was done by
nano-filter paper or sedimentation method. In the first method the precipitates were
filtered by nano-filter paper and washed several times, using deionized water until
the  pH value of the solution became neutral. In the second method, solid particles
were separated from the solution by sedimentation of the particles and suction of
the above liquid into another container, without disturbing the precipitates. The
precipitates after drying at 80 ◦C were calcined at various temperatures for 2 h.

The phase composition was determined by X-ray diffraction (XRD). A Bruker, D8
advanced X-ray diffractometer with Cu K� radiation was used. A Leica Cambridge,
S360 scanning electron microscope (SEM) and dynamic light scattering nanoparticle
size analyzer (Horiba LB-550) were used to characterize the particle size. Ther-
mal  behavior of the samples was examined by simultaneous differential thermal
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Fig. 2. X-ray diffraction patterns of the samples, precipitated at different pH values
with Fe3+/Sr2+ = 12, separated by filtration method and calcined at 750 ◦C for 2 h.

According to TGA results, the addition of PVP effectively decreases
the formation temperature of strontium hexaferrite. This is because
ig. 1. DTA–TGA curves of the precursors obtained at Fe3+/Sr2+ = 9 and pH = 13, in
he absence (a) and presence of PVP (b), separated by filtration method.

nd  thermo-gravimetric analyses (DTA–TGA, Linseis L81) with a heating rate of
0 ◦C/min. The magnetic properties were measured using a VSM with maximum
eld  strength of 1 T (10000 Oe).

. Results and discussion

The TGA and DTA curves for the precursor obtained at Fe3+/Sr2+

olar ratio of 9, pH = 13 and without and with PVP are shown in
ig. 1. The TGA curve in Fig. 1(a) shows the weight loss of the sample
ithout PVP up to 800 ◦C. The high weight loss from room temper-

ture to about 250 ◦C is because of the loss of the residual water
n the sample. The weight loss of the sample from 250 to 400 ◦C

ay  be due to conversion of hydroxides to oxides. The weight of
he sample remains constant between 400 and 550 ◦C. The forma-
ion of SrFe12O19 causes a small weight loss after 550 ◦C. The DTA
urve exhibits a broad endothermic peak at around 125 ◦C and three
xothermic peaks at 298, 346 and 800 ◦C. The endothermic peak
s due to the loss of the residual water. Two exothermic peaks at
98 and 346 ◦C could be related to the conversion of hydroxides to
xides [19,20].  The exothermic peak at 800 ◦C probably attributes
o the formation of SrFe12O19. Fig. 1(b) shows the TGA and DTA
urves of the sample in the presence of PVP. The TGA curve behav-
or is similar to previous sample but higher weight loss exists due
o the burning of PVP. No weight change is seen after 700 ◦C. A
road endothermic peak around 114 ◦C and four exothermic peaks
t 245, 337, 519 and 684 ◦C are observed in DTA curve. The exother-
ic  peak reveals around 519 ◦C may  be resulted from the burning

f the PVP. The other peaks are the same as the previous sample,
ut occur at the lower temperatures. It can be concluded that using
VP reduces the formation temperature of strontium hexaferrite.

Fig. 2 shows the X-ray diffraction patterns of the samples pre-
ared with different pH values (9, 11 and 13) and Fe3+/Sr2+ molar
atio of 12 after calcination at 750 ◦C for 2 h. As seen, the sample

btained at pH = 9 is a mixture of Fe2O3 and SrFe12O19 phases but
e2O3 peaks are very weak at pH = 13. It indicates that the SrFe12O19
ormation is promoted by increasing the pH. Therefore pH = 13 was
elected as optimum pH. The presence of the small amount of Fe2O3
Fig. 3. X-ray diffraction patterns of the samples obtained at different Fe3+/Sr2+ molar
ratios and pH = 13, separated by filtration method, after calcination at 750 ◦C for 2 h.

at pH = 13 is related to lack of strontium. Because the strontium
hydroxide has few solubility in solvent therefore an excess amount
of Sr2+ relative to stoichiometric ratio is required to react with Fe3+

[18].
The influence of Fe3+/Sr2+ molar ratio on the phase composi-

tion of the samples calcined at 750 ◦C is shown in Fig. 3. The X-ray
diffraction patterns show that the SrFe12O19 content is increased
by decreasing the Fe3+/Sr2+ molar ratio from 11 to 9 and it confirms
the above argument. Decreasing the molar ratio to 8 and lower
values led to formation of SrFe2O5 due to excess amount of stron-
tium in the system. The obtained results are comparable with those
reported earlier [17].

The X-ray diffraction pattern of the sample with 1 wt% PVP (cal-
cined at 700 ◦C) is shown in Fig. 4. All of the peaks are corresponding
with SrFe12O19 phase and peaks of the other phases are not seen.
Fig. 4. X-ray diffraction pattern of the sample synthesized in the presence of PVP at
pH = 13 and Fe3+/Sr2+ = 9, separated by filtration method, after calcination at 700 ◦C
for  2 h.
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ig. 5. X-ray diffraction patterns of the precipitates separated by sedimentation
ethod, at pH = 13 and Fe3+/Sr2+ = 9 after calcination at various temperatures.

f the smaller particle size of the precipitates and will be discussed
n the following.

The effect of the separation method of the precipitates from
he solution on the phase composition of the samples was shown
n Fig. 5. It show, the X-ray diffraction patterns of the samples
recipitated by sedimentation method, which were calcined at dif-
erent temperatures (650, 700, 750 and 800 ◦C). As seen, increasing
he calcination temperature enhances the formation of SrFe12O19.

evertheless, in comparison with the obtained results for the pre-
ipitates separated by the filtration method, all of the samples
re mixture of SrFe12O19, NaFeO2 and Fe2O3 phases. Existence
f sodium phases in X-ray analysis indicates that sedimentation

Fig. 6. SEM micrographs of the precursors separated by filteration method with Fe
nd Compounds 512 (2012) 179– 184 181

method cannot be an effective method for separation of SrFe12O19
precipitates from solution.

The SEM micrographs of the obtained precursors at various pH
values were shown in Fig. 6. An image analyzer was  used to mea-
sure the mean particle size of the samples. The mean particle size
of the precursors with pH 9, 10, 12 and 13 were 81, 69, 47 and
35 nm,  respectively. The results show that the mean particle size
of the precursors decreases by increasing the pH from 9 to 13. The
addition of NaOH to solution increases the pH value (OH− concen-
tration) and causes the cations (Fe3+ and Sr2+) to react with the
anion (OH−). Therefore, pH value is effective on reaction rates and
enhances nucleation rate of the precursors. In other words, increase
in the pH value encourages a burst of nucleation and decreases
growth.

Fig. 7 shows the size distributions of the previous samples
(obtained at various pH) after calcination at 800 ◦C for 2 h. The aver-
age particle sizes of the samples were 97, 90, 84 and 75 nm in order
of increasing the pH. The increase in particle size may  be due to cal-
cination or aggregation of particles during testing. Similar results
have been reported by Janasi et al. [21].

The effect of the Fe3+/Sr2+ molar ratio on the particle size was
studied by the SEM micrographs (Fig. 8). From the images, it is
evident that the average particle size decreases by decreasing of
Fe3+/Sr2+ molar ratio. The average particle size of the ferrites pre-
pared with Fe3+/Sr2+ molar ratios of 11, 10 and 8 were 103, 85 and
73 nm,  respectively.
The particle size of the sample containing PVP with Fe /Sr = 9
and pH = 13 was  analyzed by SEM and PSA (Figs. 9 and 10). The
results show that PVP reduces the average particle size of the
sample. The average particle size of the synthesized strontium

3+/Sr2+ = 9, precipitated at (a) pH = 9, (b) pH = 10, (c) pH = 12 and (d) pH = 13.
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ig. 7. Particle size distribution of the samples with Fe3+/Sr2+ = 9, precipitated at (
alcination at 800 ◦C for 2 h.
exaferrite with 1 wt% PVP as a protective agent was 24 and 59 nm
efore and after calcination at 700 ◦C for 2 h, respectively. Sur-
actants or polymers were often adsorbed by the surface of the
articles during or after the synthesis of them and avoid from

ig. 8. SEM micrographs of the samples prepared at pH = 13 with Fe3+/Sr2+ = 11 (a), Fe3+

00 ◦C for 2 h.
 = 9, (b) pH = 10, (c) pH = 12 and (d) pH = 13, separated by filteration method, after
agglomeration. The adsorbed PVP molecules provides a passive
layer on the surface of particles that its electrostatic or steric repul-
sions would provide stability of the dispersed nanoparticles and
prevents the growth or agglomeration of them.

/Sr2+ = 10 (b) and Fe3+/Sr2+ = 8 (c), separated by filteration method and calcined at
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Fig. 9. Particle size distribution of the precursor otained in the presence of 1 wt%
PVP  at pH = 13 and Fe3+/Sr2+ = 9, separated by filteration method.
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reduction in particle size. The coercivity and the saturation magne-
tization of the produced strontium hexaferrite with 1 wt% PVP were
3724 (Oe) and 52.9 (emu/g), respectively. The lower coercivity of
ig. 10. SEM micrograph of the sample separated by filteration method and syn-
hesized in the presence of 1 wt% PVP, pH = 13 and Fe3+/Sr2+ = 9 after calcination at
00 ◦C for 2 h.

The magnetic properties of the samples with different pH,
e3+/Sr2+ = 9 and calcined at 750 ◦C are shown in Fig. 11 and Table 1.
he coercivity decreases by increasing the pH from 9 to 13. Below a
ritical diameter Ds the particles become single domains, and in this
ize range the coercivity decreases as the particle size decreases,
ecause of thermal effects, according to following relation:

ci = g
(

h

D3/2

)
(1)
here Hci is intrinsic coercivity, g and h are constant values and D is
article diameter [22]. Therefore decreasing particle size is respon-
ible for reduction of the coercivity. The estimation of the critical
iameter for single-domain behavior is 460 nm.  The results also

able 1
agnetic properties of the samples with different pH values, Fe3+/Sr2+ = 9, separated

y  filteration method and calcined at 750 ◦C for 2 h.

pH Ms (emu/g) Hc (Oe) Mr

9 9.7 5231 5.6
11  38 5045 22.5
13 51 4733 28.5
Fig. 11. Hysteresis curves of the samples synthesized at different pH values with
Fe3+/Sr2+ = 9, separated by filteration method and calcined at 750 ◦C for 2 h.

show an increase in the saturation magnetization with increasing
of the pH. This is due to increase of strontium hexaferrite phase
with pH [17]. The lower saturation magnetization of the samples
in comparison with those reported in the literature [23] is due
to insufficient applied magnetic field (10,000 Oe) and incomplete
saturation of the samples.

Fig. 12 shows hysteresis curves of the samples synthesized with
and without PVP at different Fe3+/Sr2+ molar ratios and calcina-
tion temperatures. In the case of the samples prepared without PVP
the saturation magnetization increased from 28.6 to 34.3 emu/g by
decreasing the Fe3+/Sr2+ molar ratio from 12 to 11. This may be
attributed to the increase of strontium hexaferrite phase at lower
Fe3+/Sr2+ molar ratio. Decreasing the coercivity from 5583 Oe (at
Fe3+/Sr2+ = 12) to 5365 Oe (at Fe3+/Sr2+ = 11) could be because of the
Fig. 12. Hysteresis curves of the samples precipitated at pH = 13 and separated by fil-
teration method, (a) Fe3+/Sr2+ = 11 after calcination at 750 ◦C for 2 h, (b) Fe3+/Sr2+ = 12
after calcination at 750 ◦C for 2 h and (c) Fe3+/Sr2+ = 9 after calcination at 700 ◦C for
2  h, in the presence of 1 wt% PVP.
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he sample in comparison with the synthesized sample without
VP is due to its smaller average particle size [23].

. Conclusion

. The influences of pH, Fe3+/Sr2+ molar ratio and using PVP on
the phase composition, particle size and magnetic properties of
strontium hexaferrite nanoparticles synthesized by coprecipita-
tion method were investigated.

. The results showed that the single-phase strontium hexaferrite
could be synthesized in a mixture of the deionized water/ethanol
(50/50) as the solvent at 800 ◦C.

. The SrFe12O19 formation is promoted by increasing the pH from
9 to 13 and it increased the saturation magnetization of the sam-
ples.

. Reduction of Fe3+/Sr2+ molar ratio from 12 to 9 increased the
amount of strontium hexaferrite phase and decreased the par-
ticle size. Accordingly, increasing the saturation magnetization
and decreasing the coercivity can be explained.

. The single-phase SrFe12O19 nanoparticles were synthesized at
low temperature of 700 ◦C in the presence of 1 wt% PVP. The
reduction in coercivity of the nanoparticles may  result from the
size reduction.
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