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Abstract M-type barium ferrite (BaFe;,0;9) particles,
from a mixture of barium nitrate, ferric nitrate, cetyltri-
methylammonium bromide (CTAB), and ammonium car-
bonate, have been successfully prepared through simple
grinding and calcination in the absence of any solvent. The
products are characterized by X-ray diffraction, scanning
electron microscope, and vibrating sample magnetometer,
whose results indicate that they have well crystalline phase
of BaFe;,0,9, typically hexagonal platelet-like structure,
large saturation magnetization, even submicrometer parti-
cle size under the optimum condition. Meanwhile, the
effects of Fe/Ba ratio, CTAB, and ammonium carbonate
are also investigated. It has been found that the proper
Fe/Ba ratio could suppress the intermediate phase such as
a-Fe,O5 and BaFe,04, CTAB could promote the crystal-
linity of BaFe,O;9 and produce hexagonal crystal struc-
ture, and ammonium carbonate was the key for forming
BaFe ;0,9 phase. This facile method may be helpful for
the preparation of other multicomponent functional
materials.

Introduction

M-type barium ferrite (BaFe,0O,9) with hexagonal crystal
structure has received much attention due to its excellent
chemical and physical properties such as large magneto-
crystalline anisotropy, high Curie temperature, relatively
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large saturation magnetization and corrosion resistivity
[1-3], which make it potentially important in high density
perpendicular recording media, magnetic fluids, certain
microwave devices, etc. [4-7]. Conventional ceramic
method from iron oxides and barium carbonate requires
quite high-calcination temperature (>1200 °C), and always
leads to sintering and aggregation on the particles [8].
Although ball milling can decrease the particle size and
improve its magnetic properties effectively, it brings some
unexpected disadvantages such as damaged hexagonal
configuration, impurities, and lattice strains [9].

In the past decades, many potential methods have been
used to prepare homogeneous fine barium ferrite
(BaFe ,0,9) particles, including coprecipitation [10-12],
hydrothermal or microwave hydrothermal synthesis [3, 13—
15], ammonium nitrate melt technique [16, 17], sol-gel
method [18-22], microemulsion [23, 24], glass crystalli-
zation method [25], sugar-nitrates process [26], etc. As
expected, most of the products exhibit much smaller par-
ticle sizes than that from conventional ceramic method,
which results in their characteristics of single magnetic
domains. However, compared with conventional ceramic
method, a gap to real industrial applications still exists as
these routes always possess relatively complex preparative
process and rigorous conditions, even a large amount of
waste alkaline solution. Therefore, it is still desirable to
develop a facile, rapid and environmentally benign route
for hexagonal barium ferrite with small particle size.

Recently, many scientists have shown their interests in
preparing various functional materials through solvent-free
route [27-36]. Following this direction, we demonstrated
here a quite simple method to synthesize barium ferrite
(BaFe ,0,9) through grinding and calcining a solid-state
mixture (barium nitrate, ferric nitrate, CTAB, and ammo-
nium carbonate). Very interestingly, the obtained products
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exhibit well crystalline phase of BaFe;;0;9, typically
hexagonal platelet-like structure, large saturation magne-
tization, and submicrometer particle size under the opti-
mum condition. On the other hand, the effects of Fe/Ba
ratio, CTAB, and ammonium carbonate amounts in this
route are also investigated.

Experimental section
Sample preparation

In a typical synthesis of BaFe ;09 particles, required
amounts of cetyltrimethylammonium bromide (CTAB), ferric
nitrate [Fe(NO3)3-9H,0], and barium nitrate [Ba(NOs3),] were
ground in an agate mortar for 15 min at room temperature.
Then, ammonium carbonate [(NH,4),COs)] was added, the
mixture was ground for another 20 min. The obtained viscous
solid was dried at 120 °C for 4 h, followed by precalcination
at 400 °C for 4 h and calcination at 950 °C for 6 h. The cor-
responding designation and composition have been listed in
Table 1.

Characterization

Powder X-ray diffraction (XRD) data were recorded on an
XRD-6000 X-ray diffractometer (Shimadzu) with a Cu Kua
radiation source (40.0 kV, 30.0 mA). Scanning electron
microscope (SEM) images were obtained on the S-4800
(Hitachi) scanning microscope, and the samples were
mounted on aluminum studs using adhesive graphite tape
and sputtercoated with gold before analysis. The magnetic
properties (intrinsic coercivity, saturation, and remanent
magnetization) were measured using a vibrating sample
magnetometer (VSM, Lake Shore7307).

Table 1 The designation and composition of prepared samples

Sample  Fe(NO;);- Ba(NO;), Fe/Ba CTAB  (NH4),CO;
9H0 () (@ ratio  (g) ®
BF1 4.848 0.313 10 2.0 4.0
BF2 4.848 0.285 11 2.0 4.0
BF3 4.848 0.261 12 2.0 4.0
BF4 4.848 0.285 11 0 4.0
BF5 4.848 0.285 11 1.0 4.0
BF6 4.848 0.285 11 2.0 4.0
BF7 4.848 0.285 11 3.0 4.0
BF8 4.848 0.285 11 2.0 0
BF9 4.848 0.285 11 2.0 2.0
Bf10 4.848 0.285 11 2.0 4.0
BF11 4.848 0.285 11 2.0 6.0

BF2, BF6, and BF10 are identical samples, the different designation is
convenient for discussion

Results and discussion
The effect of Fe/Ba ratio

It has been reported that Fe/Ba ratio played an important
role in the synthesis of barium ferrite (BaFe;,0,9) [21, 37,
38]. Generally, a stoichiometric amount of barium will
produce the intermediate phase «-Fe,O; and too much
barium will produce another intermediate BaFe,O,4 phase,
both of them can reduce the specific saturation magneti-
zation of BaFe;,0;9. The optimum Fe/Ba ratio is strongly
dependent on the preparation method and the starting
materials [37, 38], thus, it may be primary to find an
appropriate Fe/Ba ratio in the solvent-free route for mini-
mizing o-Fe,03 and BaFe,Oy,.

Figure 1 shows the XRD patterns of BF1, BF2, and
BF3, which are synthesized under the same condition
except different Fe/Ba ratio (Table 1). All samples exhibit
typical peaks that can be indexed to the standard pattern of
M-type BaFe ;0,9 crystals (JCPDS 27-1029), indicating
that the solvent-free route is feasible for the formation of
BaFe ,0,9. Similar to previous works [6, 18, 39, 40], there
are also tiny impurities such as «-Fe,O; and BaFe,O,,
whose contents are obviously influenced by the Fe/Ba ratio.
For example, when the Fe/Ba ratio is 12, there is a well-
resolved peak at near 33.1° (Fig. Ic), so that «-Fe,O3
(JCPDS 24-0072) can be taken as the major impurity.
When the Fe/Ba ratio is 11, the intensity of this peak
becomes very weak, while tiny BaFe,O, (JCPDS 25-1191)
can be detected (about 28.4° in Fig. 1b). Further decreasing
the Fe/Ba ratio to 10, this leads to the increasing content of
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Fig. 1 XRD patterns of BaFe ;0,9 particles with different Fe/Ba
ratio. BF1 (a), BF2 (b), and BF3 (c)
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BaFe,0,4 without eliminating the residual phase of «-Fe,O3
(Fig. 1a). Therefore, we reckon that the Fe/Ba ratio of 11
may be a better choice for high-purity BaFe ;09 in the
current method.

0. aFeO,

(d)

]

i
wNMwMNW“m”“WmﬂWL (0)

(b)

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 Theta / Degree

Fig. 2 XRD patterns of BaFe ;0 particles with different amount of
CTAB. BF4 (a), BF5 (b), BF6 (c), and BF7 (d)

Fig. 3 SEM images of
BaFe,0, particles with
different amount of CTAB.
BF4 (a), BF5 (b), BF6 (c),
and BF7 (d)
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The effect of CTAB

The effect of CTAB on BaFe ;0,9 particles in this method
is examined by varying the amount of CTAB from O to
3.0 g, while the Fe/Ba ratio and ammonium carbonate are
fixed at 11 and 4.0 g, respectively. Figure 2 shows the
XRD patterns of BF4, BF5, BF6, and BF7 (Table 1).
Clearly, all samples exhibit quite similar XRD patterns
assigned to BaFe ;0,9 crystals, implying that CTAB are
not necessary for forming BaFe ;0,9 phase. However,
SEM images (Fig. 3) reveal the essential effect of CTAB,
which plays a critical role in the morphology and particle
size of BaFe ,019. In the absence of CTAB, the sample
BF4 (Fig. 3a) shows very irregular particles, and no typi-
cally hexagonal platelet-like structure can be observed,
which is mainly attributed to their incomplete crystalliza-
tion at relative low-calcined temperature [41]. In the
presence of CTAB, the typical platelet-like structure
appears instead of irregular particles, especially in BF6 and
BF7 (Fig. 3b—d), indicating that CTAB can effectively
assemble the ferrite particles to produce regular hexagonal
structure. More importantly, the platelet size of BaFe;,09
decreases reasonably with the increased amount of CTAB
(Fig. 3c—d), demonstrating that CTAB is a favorable
additive for reducing the particle size of BaFe[,O;q in the
solvent-free route.

Figure 4 shows the magnetic hysteresis loops of BF4,
BF5, BF6, and BF7, and their corresponding parameters
(H., Mg, M) are presented in Table 2. The sample BF4
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Fig. 4 Field-dependent magnetization curves of BaFe;,0,9 particles
with different amount of CTAB. BF4 (a), BF5 (b), BF6 (c¢), and
BF7 (d)

Table 2 Magnetic properties of prepared samples

Samples M, (emu/g) M, (emu/g) H_. (Oe) MM
BF2 26.8 62.4 1018 0.43
BF4 27.5 52.8 4862 0.52
BF5 21.6 60.7 980 0.36
BF6 26.8 62.4 1018 0.43
BF7 30.6 63.9 1589 0.48
BF9 24.5 60.5 1060 0.41
BF10 26.8 62.4 1018 0.43
BF11 28.0 63.1 1014 0.44

BF2, BF6, and BF10 are identical sample

without CTAB exhibits very large intrinsic coercivity
(H. = 4862 Oe) and characteristics of single magnetic
domains (M, /M = 0.52) [42], the results imply that BF4
are composed of relatively small BaFe|,0,9 particles, it is
in good agreement with that of SEM. However, it has to
mention that the saturation magnetization of BF4
(52.8 emu/g) is too far away from the theoretically esti-
mated value of 72 emu/g [43], further suggestive of defi-
ciently crystalline BaFe|,O,9 particles in BF4 [41]. By
comparison, in the presence of CTAB, the saturation
magnetization of BF5, BF6, and BF7 are significantly
enhanced (60.7-63.9 emu/g, Table 2), which are compa-
rable with that of ever reported ultrafine barium ferrite
powders by other chemical methods [24, 25, 39-41]. It is
likely that the improvement in saturation magnetization can
be attributed to more complete crystallization of the
BaFe ;0,9 phase [41]. By considering that all samples
(BF4-BF7) are prepared under the same conditions except

CTAB amounts, it is believable that CTAB has special
effect on promoting the crystallization of the BaFe,O9
particles, but the specific mechanism is not clear as yet.
Previously, some groups always utilized the molten salt
flux to promote the crystallinity of BaFe;,0,9 phase, then
resulting in forming hexagonal particles with large satu-
ration magnetization (>60 emu/g) at relatively low tem-
perature (800-1000 °C) [44—46]. However, the obtained
products should be repeatedly washed with vast water to
remove the additive salts. In our case, CTAB seems to be
comparably effective with the molten salt flux, but it is
easier to remove by calcination.

Additionally, it is also found that BF5, BF6, and BF7
have low-intrinsic coercivity (980-1589 QOe, Table 2) due
to their relatively big particle sizes (Fig. 3b—d). It is well
known that the coercivity of barium ferrite depends on
many factors, such as chemical composition, particle size,
degree of crystallinity, microstructure, magnetic anisot-
ropy, etc. However, recent progress indicates that the
coercivity is strongly influenced by the particle size [47-
54], whose variation can also induce the obvious change in
saturation magnetization and magnetic anisotropy, etc. In
our case, these samples (BF5-BF7) are synthesized under
the same conditions (chemical composition, calcination
temperature, calcination time, etc.); therefore, it is reliable
that the relatively high coercivity of BF7 comes from its
relatively small particle size. These results further confirm
the effect of CTAB in decreasing the particle size, which
are quite consistent of with the results of SEM. From fur-
ther investigation on the value of M, /M, we can observe
that it increases gradually with the amount of CTAB (0.36—
0.48, Table 2), especially BF7 with the maximum CTAB
gives the value of M,/M; at 0.48, which is quite close to the
theoretical value (M. /Mg =~ 0.5) of single magnetic
domains particles [42]. However, according to Stoner and
Wohlfarth [55], the particle size below single-domain
critical radius favor a higher coercivity (ca. 5,000 Oe) due
to the pinning effects of more boundaries. Thus, BF5, BF6,
and BF7 have essential characteristic of multiple magnetic
domains.

The effect of ammonium carbonate

The effect of ammonium carbonate is also studied by
varying the amount from O to 6.0 g, while the Fe/Ba ratio
and CTAB are fixed at 11 and 2.0 g, respectively. Figure 5
shows the XRD patterns of BF8, BF9, BF10, and BF11
(Table 1). As can be observed, when there is no ammo-
nium carbonate, the sample BF8 exhibits multispecies
XRD patterns (Fig. 5a), and a-Fe,Os3 is considered as the
dominant phase rather than BaFe;,0O;9. When ammonium
carbonate is 2.0 g, the sample BF9 exhibits typical XRD
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patterns of BaFe ,019, but there still exists a little «-Fe,O3
(Fig. 5b). Increasing ammonium carbonate to 4.0 or 6.0 g,
the content of a-Fe,O; is further decreased (Fig. 5c, d).
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Fig. 5 XRD patterns of BaFe;,019 particles with different amount of
ammonium carbonate. BF8 (a), BF9 (b), BF10 (c), and BF11 (d). The
peaks marked with circle and asterisk are assigned to a-Fe,O; and
BaFe,0y,, respectively

Fig. 6 SEM images of
BaFe,0, particles with
different amount of ammonium
carbonate. BF8 (a), BF9 (b),
BF10 (c), and BF11 (d)
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These results suggest that ammonium carbonate may be
paramount for the formation of BaFe ;0,9 phase.

Figure 6 shows the SEM images of BFS, BF9, BF10,
and BF11 (Table 1). In the absence of ammonium car-
bonate, the sample BF8 displays disordered particles with
few platelets due to the presence of large amounts of
o-Fe,O; (Fig. 5a). In contrast, the sample BF9 shows
obvious platelet-like structure, although they are agglom-
erate in some extent. In the presence of more ammonium
carbonate, BF10 and BF11 exhibit typically hexagonal
platelet-like particles with similar size. These phenomena
indicate that ammonium carbonate can be helpful for for-
mation and dispersion of hexagonal platelet-like
BaFe ,0,9 particles, but less effective on particle size than
CTAB, which can be further supported by the results of
VSM (Fig. 7; Table 2). For instance, BF9 with 2.0 g of
ammonium carbonate gives the saturation magnetization,
intrinsic coercivity and M,/M; at 60.5 emu/g, 1060 Oe and
0.41, respectively. BF10 with 4.0 g of ammonium car-
bonate shows these values at 62.4 emu/g, 1018 Oe, and
0.43, while further increasing ammonium carbonate
(BF11) leads to negligible variation in magnetic properties
(63.1 emu/g, 1014 Oe and 0.44). As mentioned above [47—
54], this phenomenon indicates that there is no obvious
variation in particle size for BFO-BF11 by changing the
amount of ammonium carbonate. Besides, the magnetic
measurements of sample BF8 are not showed because the
large amount of hematite present in this sample distorted
the magnetic response.
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Fig. 7 Field-dependent magnetization curves of BaFe;,0,9 particles
with different amount of ammonium carbonate. BF9 (a), BF10 (b),
and BF11 (¢)

Preparative method

It is well known that conventional ceramic method for
barium ferrite (BaFe[,O;9) generally involves mechanical
mixing, grinding, and calcination of the constituent oxi-
des/carbonates, which is quite complex and time-con-
suming process. The major reason is the reacting species
are molecular level mixture, they need long time and
high temperature to migrate over large distances to
produce well crystalline BaFe ;0,9 phase [56]. In some
ways, our route is similar to conventional ceramic
method except the presence of CTAB, just which acts as
an excellent flux and makes our route superior to the
conventional ceramic method, including shortened reac-
tion time, typically hexagonal structure, small particle
size, etc.

Recently, several facile and unconventional methods
have also been applied to prepare fine BaFe;,O;¢ parti-
cles, but solvent is absolutely necessary, so that there is
always a large amount of waste alkaline solution. On the
contrary, the preparation of BaFe ;0,9 is solvent-free in
the current work, only involving simply calcination of
mixed barium nitrate, ferric nitrate, CTAB, and ammo-
nium carbonate without any unexpected reaction waste.
Obviously, solvent-free synthesis of BaFe;;0;9 is an
environmentally benign method, compared with those
unconventional routes. More important, this facile and
green route will stimulate the synthesis of other multiple
oxides, actually, the synthesis of heteroatom-substituted
barium ferrite, perovskite and spinel in this route are
being carried out.

Conclusion

In summary, we have successfully synthesized hexagonal
barium ferrite (BaFe ,0;9) through a facile method in the
absence of any solvent. The obtained products exhibit well
crystalline phase of BaFe,0,9, typical platelet-like struc-
ture and large saturation magnetization, even submicrom-
eter particle size under the optimum condition. Moreover,
the characterization results indicate that the proper Fe/Ba
ratio can suppress the intermediate phase such as «-Fe,O3
and BaFe,O,, CTAB can promote the crystallinity of
BaFe,0,9 and reduce the particle size, and ammonium
carbonate is the key for forming BaFe ;0,9 phase. Very
importantly, we do not think this method will be limited in
the formation of BaFe ,0,9, it may open a door for prep-
aration of a series of other functional materials.
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