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Abstract

BiFeO; and Bi,sFeOy4 microspheres were synthesized via a hydrothermal process and their structure, visible light response, and
magnetism were investigated. Pure BiFeO; and BiysFeOy4 powders were obtained at 120 °C and 100 °C, respectively. Both of the
BiysFeOyo and BiFeO; powders exhibited strong absorption in visible-light regime. Antiferromagnetism and super-paramagnetism were

observed in BiFeO; and BiysFeQy, respectively.
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1. Introduction

Bismuth ferrites have attracted much interest due to
their physical properties and extensive application poten-
tials [1,2]. It is a large family that includes perovskite,
garnet and sillenite structural compounds in which the
sillenite exhibits various properties such as photorefractiv-
ity, optical activity and photoconductivity and these
properties have application potentials in electro-optics,
acoustics, and piezotechnics [3,4]. Perovskite-structural
BiFeO; (BFO) shows the coexistence of ferroelectric and
magnetic orders at room temperature; therefore, it is
known as a type of typical multiferroic material. The
Curie temperature of BFO is 830 °C and the Neel tem-
perature is 370 °C [5]. It is a rhombohedrally distorted
perovskite structure belonging to the space group R3c. The
multiferroic behavior presents not only opportunities for
the study of fundamental physics but also potential
applications in information storage, spintronics, and
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sensors [6,7]. Recently, BFO is reported to display distinct
photovoltaic effect and a 0.8-0.9 V open circuit voltage in
a working solar device, which added a new application
potential to it [8,9].

The synthesis technique and process are crucial to the
microstructure of bismuth ferrites, thus determining the
physical properties of products. Various techniques have
been developed to synthesize bismuth ferrites, such as the co-
precipitation method [10], soft chemical route [11], the
molten-salt method, the sol-gel process, etc. [12,13]. All of
the above methods need a sintering process at high tem-
perature (> 400 °C), thus being energy consuming. The
hydrothermal process is a type of powerful method for the
fabrication of anisotropic powders because of its great
chemical flexibility and synthetic tenability. It possesses
advantages such as low process temperature, energy saving,
good dispersion, small particle size, etc. [14,15]. However,
most sillenite crystals have been grown by the standard
Czochralski method or by the liquid-phase epitaxy method
[16,17] and there are relatively few reports on the synthesis of
BiysFeQy crystal by the hydrothermal method. Meanwhile,
although the hydrothermal method is commonly used to
prepare perovskite-structural BFO, it is difficult to obtain
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pure perovskite phase under low temperature. To the best of
our knowledge, the lowest reaction temperature to obtain
pure BFO by the hydrothermal method is 130 °C. Under
such a reaction temperature, BFO was acquired with the aid
of triethanolamine and the shape of the particle is irregular
[18]. Therefore, the exploration of a hydrothermal route to
synthesize bismuth ferrites at lower reaction temperature
with controllable microstructure is an important work.

In the present work, we report the hydrothermal synth-
esis method of bismuth ferrites with different morpholo-
gies. Well-defined Bi,sFeO4y and BiFeO; microspheres
have been obtained by controlling reaction temperature.
We obtained pure BirsFeOy4y and BiFeO; microspheres at
100 °C and 120 °C respectively using Bi(NO3); - SH,O and
Fe(NO3); - 9H,0 as starting materials and distinct magnet-
ism was observed. Our work supplies an effective hydro-
thermal synthesis route to obtain pure bismuth ferrites
under low temperature.

2. Experimental

The bismuth ferrites were prepared by the hydrothermal
synthesis method. Fe(NO3)s;-9H,O and Bi(NOj);- 5SH,O
were dissolved in 20 mL 2-methoxyethanol to obtain
transparent solution by constant stirring. Then 5mL
ethanolamine was added into the above solution as slowly
as possible to precipitate Bi*" and Fe®". The precipitate
was washed with distilled water repeatedly to remove
solvent and other organic components. After filtering, the
precipitate was mixed with 12M KOH solution and
distributed by ultrasonication for 10 min. Here, KOH
was used to adjust pH value and also served as a
mineralizer. The above solution was transferred into a
Teflon-lined steel autoclave. The autoclave was sealed and
then heated at 90 °C, 100 °C, 110 °C or 120 °C for 8 h. The
products were collected at the bottom of the autoclave
after it was furnace-cooled to room temperature. Finally,
the products were washed with distilled water several
times, and then dried in air for characterization.

Powder XRD data were collected at 298 K on an X-ray
diffractometer (Phillips X-Pert Highscore) with Cu Ka
radiation. Micrographs of the samples were taken with a
JSM600 SEM (JEOL Japan). TEM images were taken
with a 200CX system (JEOL Japan). The absorption
spectra were measured using a UV—vis spectrophotometer
(Model lambda 35, Perkin-Elmer, Waltham, MA). The
magnetism was measured with a physical property mea-
surement system (Quantum Design, San Diego, CA).

3. Results and discussion

Fig. 1 shows the XRD patterns of the bismuth ferrites
powders synthesized by the low temperature hydrothermal
method reacting at 90 °C, 100 °C, 110 °C and 120 °C. As
shown in Fig. 1, the XRD pattern of the bismuth ferrites
synthesized at 90 °C can be indexed to a composite with
the coexistence of Bi,O3 and BirsFeQ49. When the reaction
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Fig. 1. XRD patterns of bismuth ferrites.

temperature increases to 100 °C, the XRD pattern can be
indexed to BiysFeQyy sillenite phase with a cubic structure
belonging to 123 space group (ICSD: 041937) and there are
no peaks from impurity can be spotted. A composite
composed of BirsFeOy and BFO can be identified accord-
ing to the XRD pattern of the sample obtained at 110 °C.
For the sample reacting at 120 °C, pure perovskite phase
with a rhombohedrally distorted structure belonging to
R3m space group can be observed, well consistent with the
reported data (ICSD: 020372) and no peaks from impurity
can be observed. Therefore we can confirm that it is pure
BiFeOs.

The morphologies of the bismuth ferrites synthesized at
90 °C (BFOL1), 100 °C (BF0O2), 110 °C (BFO3) and 120 °C
(BFO4) were examined using scanning electron micro-
scopes. As shown in Fig. 2(a) and (b), the BFO1 powders
are composed of nanoparticles of 300 nm. The sample
BFO2 exhibits well-defined microsphere morphology and
the diameter is about 16 um. The morphologies of BFO3
and BFO4 are shown in Fig. 3. It can be seen from
Fig. 3(a) that the BFO3 powders are composed of irregular
fractions and microspheres of 12 pm. Fig. 3(b) shows that
the microspheres are composed of nanoparticles of
200 nm. As shown in Fig. 3(c), the BFO4 is composed of
well defined microspheres of 50 um. The SEM result of
higher magnification showed that the BFO4 microspheres
exhibit incompact structure and are composed of particles
with the size of several hundreds of nanometers (shown in
Fig. 3(d)).

We examined the two pure samples BFO2 and BFO4
with TEM further to confirm the morphology and size of
the component particles. Before measuring, the two sam-
ples were distributed in absolute alcohol by ultrasonication
for 5 min. Fig. 4(a) shows the typical TEM images of the
BFO4. We can sece that the BFO4 microspheres are com-
posed of uniform and nearly cubical nanoparticles with a size
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Fig. 3. SEM photos of bismuth ferrites: (a) and (b) reacted at 110 °C and (c) and (d) reacted at 120 °C.

of 200 nm. The result is similar to the BiFeO; nanocubes The formation processes of bismuth ferrites in the
synthesized at 180 °C with the microwave hydrothermal hydrothermal system can be assigned to two stages. First,
method [19]. As for the BFO2, we can see from Fig. 3(b) Bi(OH); and Fe(OH); dissolved at low temperature and
that it is composed of nanoflakes with a size of 20 nm. high pressure were acted upon by a mineralizer (KOH).
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Fig. 4. TEM photos of bismuth ferrites: (a) BiFeO3 and (b) BiysFeOy.
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Fig. 5. UV-vis spectroscopies

Second, insoluble bismuth ferrites powders precipitated
from supersaturated hydrothermal fluid conditions [20]. In
the second stage, a large amount of bismuth ferrites
crystallites nucleate and grow into small seed crystal
particles in the supersaturated solution. As the reaction
continued, the small seed crystal particles grow into final
bismuth ferrites particles. At 90 °C, Bi(OH); and Fe(OH);
cannot react completely to produce Bi,sFeQOy, because of
low temperature; therefore we can observe Bi,Oz in the
product. At 100 °C, the thermodynamic mechanism is in
favor of the formation of Bi,sFeO,4y and we can obtain
pure BirsFeOy4y; when the reaction temperature increases
to 110 °C, BiFeO; phase begins to be generated and we can
observe BiysFeOyy and BiFeOj; in the product while at
120 °C, the thermodynamic mechanism is in favor of the
formation of BiFeOs; therefore we can obtain pure BFO.
Since the reaction temperature of 100 °C is too low, the
crystal nucleate of BFO2 cannot grow fully during the
reaction process, so we can obtain nanoflakes of only
20 nm finally. At 120 °C, the crystal nucleate of BiFeO;
can grow fully; therefore larger nanoparticles of 200 nm

of BIFCO3 and Bi25FCO40.

can be acquired. As mentioned above, the lowest reaction
temperature to acquire pure BiFeO; by the hydrothermal
method is 130 °C [19] and the size of BFO nanoparticles is
not even; therefore, our work supplies an effective route to
obtain uniform BFO nanoparticles under very low
temperature.

Because BFO2 (Bi,sFeO,4p) and BFO4 (BiFeOs) exhibit
pure sillenite structure and perovskite structure, respec-
tively, we studied their UV—vis absorption property and
magnetism. Fig. 5 shows the UV-vis absorption spectro-
scopy of the BFO2 and BFO4 powders. As can be seen in
Fig. 5(a), the absorption spectrum of BFO4 shows a sharp
increase at approximately 500 nm, along with two slight
absorption tails at 650 and 870 nm, suggesting that BiFeO;
powders can absorb remarkable amounts of visible light.
The absorption spectrum of BFO2 shows smooth increase
at approximately 500 nm and ends at 900 nm. This means
that BFO2 powders have a wider absorption range to
visible light than that of BFO4. The optical band gaps
of the bismuth ferrites powders are shown in Fig. 5(b). The
calculated value of BFO from the absorption spectrum is
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Fig. 6. M—H curves of bismuth ferrites: (a) BiFeO; and (b) BiysFeOyo.

2.09 eV, which is smaller than the result reported by Gao
et al. [8] and Chin et al. [18] and larger than the results of
BFO pills and rods [21]. For BFO2, the calculated value
from the absorption spectrum is 1.68 eV; the result is
smaller than the reported results [22]. From the viewpoint
of utilizing solar energy as in the applications of photo-
catalyst and optoelectric devices, the above results suggest
that BiysFeO49 powder may have a greater advantage than
does BiFeOj; in visible light wave band.

The magnetism of the BFO4 and BFO2 microspheres
was also investigated in this paper. As shown in Fig. 6(a),
the magnetic hysteresis loop of BiFeO; showed almost
linear field dependence, similar to the report in [22]; it
clearly demonstrated that the sample exhibited an anti-
ferromagnetic order at room temperature. According to
Fig. 6(b), the antiferromagnetic order came from the
superexchange interactions between the iron ions. The
magnetic hysteresis loop of BiysFeOy4y shows good satura-
tion, and the coercivity and remanent magnetism are
nearly zero, revealing super-paramagnetism at room tem-
perature. There are very few reports on the magnetism of
Bi>sFeOy4 now. Chen et al. observed paramagnetism in
BirsFeOy4o under a low applied field. Our result is very
similar to the result reported by Tan et al. [22]. More
detailed investigations on the magnetic properties of
Bi>sFeO4o are underway. We can also see that under the
same maximum applied field, the magnetization of
BiysFeOy (2.6 emu/g) is of a magnitude order larger than
that of BiFeO; (0.13 emu/g); meanwhile the hysteresis loop
of BirsFeOyo shows better saturation than that of BiFeOs.
Therefore it may have a greater advantage than does
BiFeOs; in the applications of magnetism.

4. Conclusion

In conclusion, pure BiFeO; and Bi,sFeOy4 microspheres
were synthesized via a hydrothermal process at low
temperatures of 120 °C and 100 °C respectively. The uni-
form BiFeOs; microspheres consisted of very uniform
nanocubes of 200 nm and the BiysFeO4y microspheres
were composed of nanoflakes of 20 nm. The optical band

gaps of BiFeO; and BiysFeOyy are 2.09 ¢V and 1.68 eV,
respectively. Under a maximum applied magnetism field,
the BiFeO; and Bi,sFeOy4y show antiferromagnetism and
super-paramagnetism respectively. The BiysFeOy4y showed
advantages in magnetism and optical properties compared
to the BiFeOs. The present work supplies an effective route
to prepare bismuth ferrites by the hydrothermal method
under very low temperatures.
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