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Abstract

Multiferroic Bi; _,La,FeO; (BLFO, x =0, 0.15, 0.3, 0.4) powders were for the first time synthesized by a novel sol-gel-hydrothermal route. The
as-prepared samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and fourier transform infrared (FT-IR)
spectroscopy. The XRD results indicated that pure BLFO crystallites could be obtained for x < 0.3, and the phase purity was sensitive to the
concentration of mineralizer. SEM results revealed that the morphology and dimension of the BLFO microspheres and submicrotiles could be
effectively controlled by varying KOH concentrations. The formation mechanism of the BLFO crystalline was also discussed.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multiferroic materials, which are simultaneously ferro-
electric, ferromagnetic, and ferroelastic in the same material,
have a wide range of potential applications in information
storage, spintronic devices, and sensors [1-3]. As one of the
representative single-phase multiferroics, BiFeO; (BFO) is
extensively studied because of its high ferroelectric Curie
temperature (Tc =~ 820 °C) and high antiferromagnetic Néel
temperature (T ~ 370 °C) [4]. However, a superimposed spiral
spin structure with an incommensurate long-wavelength period
of 62 nm cancels macroscopic magnetization and also inhibits
linear magnetoelectric effect in bulk BiFeOs [5]. The other
obstacle for BiFeOj; applications is large leakage current because
of the existence of the second phase. Due to the complex phase
diagram of Bi,O3—Fe,05, with Bi,Fe,Oq and Bi,sFeOy4, being
the stable compounds surrounding BiFeOj [6], it is difficult to
obtain a single phase multiferroic BiFeO; through conventional
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solid-state reaction at high sintering temperature [7,8]. In order to
overcome these disadvantages, many attempts have been done
recently, which include: (i) doping rare-earth (Re) or transition
metal (Tm) elements into Bi or Fe sites to increase phase stability
of BiFeOj; [9,10]; (ii) synthesizing BiFeO3; nanoparticle with
grain size below 62 nm to achieve ferromagnetism by destroying
spiral spin structure [11]; and (iii) several alternative chemical
synthesis routes, such as the ferrioxalate precursor method [9],
co-precipitation method [12], the soft chemical route [13],
microemulsion technique [14], sol-gel process [15], polymeric
precursor method [16] and so on, have been proposed to
synthesize single phase BiFeO; or BLFO. However, these
chemical methods still need an additional calcined process at
>400 °C, which is far from low cost and results in irregular
morphology and broad distribution of particle sizes. Never-
theless, among these approaches, partial substitution of A-site
(Bi*™) by rare earth element ions improves the phase purity, and
thus enhances electrical and magnetic properties. The stability of
lanthanum and the collapse of cycloidal spin structure of BFO by
A-site substitution with lanthanum significantly improve its
multiferroic properties [9,10].

The sol-gel-hydrothermal processing represents an alter-
native to the calcinations for the crystallization of an objective
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compound under mild temperatures. As a novel method to
prepare oxide powders, the sol-gel-hydrothermal technique has
the advantages of both sol-gel and hydrothermal syntheses and
has attracted extensive attentions due to its high degree of
crystallinity, well-controlled morphology, high purity, and
narrow particle size distribution [17,18].

In the present work, the sol-gel-hydrothermal process was
presented as a new route to produce Bi,_,La,FeO; (x =0, 0.15,
0.3, 0.4) powders at a temperature below 200 °C, which is much
lower than that synthesized by the normal sol-gel route. The
influence of the hydrothermal condition on the crystal structure
and the morphology of BLFO powders were investigated, and the
formation mechanism of the BLFO powders was also discussed.

2. Experimental procedure

The raw materials used in the present work were analytical
grade, such as bismuth nitrate pentahydrate (Bi(NO3)3-5H,0),
lanthanum nitrate (La(NO3)3-6H,0), iron nitrate
(Fe(NOs)3-9H,0), potassium hydroxide (KOH), glacial acetic
acid and ethylene alcohol. Firstly, Bi(NO;);-5H,O and
La(NO3)3-6H,0 were dissolved into glacial acetic acid, and
ethylene alcohol was added under stirring after the solution
became transparent. The mixture was then introduced into the
prepared solution of a stoichiometric amount of Fe(NO3);-9H,0
in glacial acetic acid. After stirring vigorously for 2h, a
homogeneous, transparent, blackish red, and clear sol was
formed. In the sol, we observed Tyndall phenomenon. A stable sol
was obtained when the concentration of the precursor was
adjusted to 0.2 M by adding acetic acid and ethylene alcohol. It is
well known that bismuth nitrate pentahydrate and iron nitrate
were easy to hydrolyze in the solution. Glacial acetic acid as the
catalyst in the sol system could control the hydrolysis speed and
adjust the solution concentration. While ethylene glycol as
solvent can keep the different electronegativities of bismuth and
iron during hydrolysis and its linearly structured molecule makes
iteasy to obtain a stable sol [ 15]. Then the sol was dried at 80 °C to
obtain a dry gel. The obtained gel precursor was added into KOH
solution for forming a suspension. KOH concentrations were
varied from 3 M to 11 M. The as-prepared mixtures were finally
poured into a Teflonlined stainless steel autoclave with a filling
capacity of 80%. The hydrothermal treatments were conducted
under autogeneous pressure at 180 °C for 16 h. After cooling, the
products were filtered, washed with distilled water, and dried at
room temperature. For comparison, a part of the gel was calcined
at 500 °C for 2 h in air.

Crystalline structures of the BLFO powders were examined
using an X-ray diffractometer (XRD, D/Max-3C, Japan) with Cu
Ko radiation. The morphologies of the synthesized BLFO
particles were observed by a Scanning electron microscopy (LEO
1530 VP, SEM). Infrared spectra were measured by a Nicolet-
Nexus 670 FTIR spectrometer from 450 cm ™' to 4000 cm ™.

3. Results and discussion

Fig. 1 shows XRD patterns of Bi;_,La,FeO; crystallites
(x=0,0.15,0.3, 0.4) synthesized using 7 M KOH at 180 °C for
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Fig. 1. XRD patterns of Bi,_,La,FeO; crystallites (x=0, 0.15, 0.3, 0.4)
synthesized using 7 M KOH at 180 °C for 16 h, as well as the dry gel.

16 h, as well as the dry gel. As shown in Fig. 1, no characteristic
peaks of BLFO and other phases were detected from the dry gel,
indicating that the gel were still in the amorphous state. It
revealed that when x = 0, 0.15, 0.3, all diffraction peaks of these
three XRD patterns were assigned to BiFeO; as reported in
JCPDS file (JCPDS No. 86-1518). The XRD results inferred
that La had diffused into the perovskite lattice to form a solid
solution, the synthesized powders were single-phase BLFO
crystallites and have rhombohedrally distorted perovskite
structure with R3c at room temperature. While, it was clear
that a small amount of impurity-phases Bi,Fe,O9 was detected
in addition to the major BiFeOj3 phase for x = 0.4. In addition,
the diffraction peaks of BLFO for x = 0.15, 0.3, and 0.4 had a
slight shift as compared with those of BFO without La,
indicating the lattice change caused by the La substitution. This
may result from the difference of ionic radius of Bi’*
(r=1.14 1&) and La** (r=122 /ck) ions. However, the phase
structure of BLFO crystallites did not change with increasing
La content. It has been reported that BLFO ceramics prepared
by the solid state reaction method usually had a structure
change from rhombohedral to orthorhombic phase for x = 0.2
[19]. The differences of the structure of the BLFO synthesized
using the sol-gel-hydrothermal method and the solid state
reaction may result from their different preparation processes.

The effect of KOH concentration on the formation of BLFO
was investigated. Fig. 2 shows XRD patterns of Big ;Lag 3FeO3
powders synthesized at 180 °C for 16 h using different initial
KOH concentrations of 3,5, 7,9 and 11 M respectively, as well
as powders by a conventional calcination at 500 °C. As shown
in Fig. 2, no peaks from lanthana or La-doped impurity phase
were detected for all samples, indicating that La have diffused
into the perovskite lattice. It was clear that the Big;Lag3FeO;
phase with a perovskite structure was synthesized when the
KOH concentrations were 3 M and 5 M, but a small amount of
impurity-phases Bi,Fe,O9 and BisFeO,, were also detected.
With increasing KOH concentration up to 7 M, the diffraction
peaks of the impurity phases disappeared completely. But,
further increasing KOH concentration up to 9 M, the Bi,Fe Oq
phase appeared again, and a pure Bij ;Lag 3FeO3 phase could be
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Fig. 2. XRD patterns of Biy;Lag3FeO; powders synthesized using 3, 5, 7, 9,
and 11 M KOH (180 °C, 16 h), respectively, as well as powders by a conven-
tional calcination at 500 °C.

obtained in the case of 11 M KOH. It is verified from the above
XRD results that pure Big,LagsFeOs; crystallite could be
synthesized when the KOH concentration was 7 and 11 M,
possibly indicating that the appropriate amount of KOH was
beneficial for the formation of pure BLFO. The as-prepared
Bi( 7Lag 3FeO; exhibited a perovskite structure, and the lattice
parameters, refined with the MDI Jade 6.5 program are
a=5.625 A and ¢ = 14.072 A, which was slightly larger than
the literature values of @ = 5.582 A and ¢ = 13.876 A (JCPDS
No. 86-1518). This may result from the difference of Bi** and
La>* ions ionic radius. Meanwhile, it could be seen from Fig. 2
that the features of the two pure BLFO patterns were the same
as that of the powders conventionally calcined at 500 °C.
However, the synthesizing temperature for pure BLFO powder
prepared by the present sol-gel-hydrothermal process was
much lower than that of the conventional sol-gel technique. It
was evident that the hydrothermal environment remarkably
accelerated the reaction kinetics of BLFO.

In order to further analyze the structure changes during the
synthesis process, the FT-IR spectra of the dry gel, the
Big;Lag3FeO; powders hydrothermally treated using 7 M
KOH at 180 °C for 16 h, and the gel calcined at 500 °C were
obtained, respectively, as shown in Fig. 3. The broad band
between 3600 cm ™' and 3000 cm™' was attributed to O-H
stretching [20] originated from ethylene glycol or condensation
products, which decreased in intensity in the calcined and
hydrothermally synthesized powders, but still persisted, which
may be due to the absorption of water molecules from the
moisture. The intense band at 1650 cm™' of the dried gel
corresponds to the v,4m(C=0) of the co-ordinated oxalate [9],
and the bands located at 1385 cm ™' and 1050 cm ™' indicated
the existence of nitrate ions [15]. These peaks disappeared in
the calcined and hydrothermally synthesized powders, indicat-
ing the removal of carbonates and nitrates. The peak at
804 cm ™" of the dry gel was related to NH, wagging vibration
[15], which also disappeared in the other two powders. The
bands between 700 cm ™' and 400 cm ™' were mainly attributed
to the formation of metal oxides. The peaks at 560 and
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Fig. 3. The IR spectra of (a) gel, (b) BigsLag;FeO; powders prepared using
7M KOH at 180 °C for 16 h, and (c) gel calcined at 500 °C.

440 cm™" in the sintered powders assigned to the mode of
stretching vibrations along the Fe—O axis and the mode of the
Fe—O bending vibration, being characteristics of the octahedral
FeOg groups in the perovskite compounds [9].

Fig. 4 shows the SEM images of Bij;Lag3FeO5; samples
synthesized using 5, 7,9, and 11 M KOH at 180 °C for 16 h. The
morphologies of these samples are affected by the concentrations
of KOH. When KOH concentration was 5 M, BLFO particles
with spheroidal shape were prepared, having a mean diameter of
75 pm. In addition, as shown in left bottom of Fig. 4a, other
phases could be found in the sample, which should correspond to
the Bi,Fe 09 and Bi,sFeOy crystallites shown in XRD pattern
(Fig. 2). When KOH concentration was increased to 7 M, the
diameter of particles decreased to mean diameter of 25 wm. The
smoother surface was obtained compared with the sample
prepared using 5 M KOH. However, the particles still retained
spheroidal shape (as seen in Fig. 4b). When KOH concentration
increased up to 9 M, the particle morphology turned into a tile-
shape with a smooth surface. The tile-shaped particles had the
side length of about 5 pum and average width of about 2 pm,
respectively. In addition, as shown in Fig. 4c, some other phases
could be found in the sample, which should correspond to the
BiyFe, Oy crystallites shown in XRD pattern (Fig. 2). Fig. 4d
shows SEM image of the BLFO samples obtained at 11 M KOH.
The BLFO product still exhibited regular tile-shape morphology,
but side length and width of particles were 500 nm and 150 nm,
respectively. Such fascinating morphologies of submicrotiles,
observed for the first time in BLFO, have not been reported
hitherto. Obviously, from the above results, it could be concluded
that the morphologies and dimensions of the BLFO samples
could be effectively controlled by varying KOH concentrations.
In addition, although the XRD patterns of samples synthesized
using 7 M and 11 M KOH were similar, the size and morphology
of BLFO crystals synthesized under different conditions were
completely different, which was consistent with the previously
reported literatures [21,22].

The growth mechanism is useful in predicting the growth
and evolution of the single crystals. It is believed that the gel
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Fig. 4. SEM images of Bij;Lag3FeO; samples synthesized using the KOH concentrations of (a) 5M, (b) 7M, (c) 9 M, and (d) 11 M at 180 °C for 16 h.

precursor and hydrothermal environment play a key role in the
formation of BLFO crystals. It is supposed that chained
nanoclusters with a well defined morphology are formed during
the gelation of BLFO sol, by controlling the hydrolysis of the
sol. These chained nanoclusters could serve as the nuclei of
BLFO during hydrothermal treatment [23]. ‘“‘Dissolution—
crystallization’ has been considered to be a basic mechanism to
describe the hydrothermal process [24,25], in which the
dissolution of the reactants is strongly dependent on a
mineralizer and crystallization only occurs in the super-
saturated fluid. Dissolution takes place when the reactants are
loaded and heated in a hydrothermal system; then, more stable
phases precipitate once the supersaturation for the phases is
achieved. As for our hydrothermal stage, when KOH was used
as a mineralizer, part of the nanoclusters was dissolved in an
alkali solution under the conditions of high temperature and
high pressure. Under the suitable processing condition of
hydrothermal treatment, the amorphous phase formed firstly
[18]. The amorphous was an intermediate phase to crystalline
BLFO phase. As the reaction temperature and time increased,
the crystalline BLFO particles were formed by the process of
nucleation, precipitation, dehydration, and growth, in the

expense of the redissolution of the amorphous owing to their
higher free energy than the crystalline phase of the BLFO,
corresponding to higher solubility in the same media. In
addition, as is well-known, the size and morphology of the
product depend strongly on both crystal nucleation and crystal
growth, which are determined by pH value of the precursor
solution [26]. When KOH concentrations were 5 and 7 M, at the
beginning of the crystal growth process, very small particles
(~a few nanometers) were formed, which were usually
spherical in shape [27]. These spherical nanoparticles further
grew to form spherical microstructure (Fig. 4a and b) when the
hydrothermal process was performed at 180 °C for 16 h. If the
KOH concentrations further increased up to 9 M and 11 M, the
spherical nanoparticles collided to form tile-like particles
(Fig. 4c and d). On the other hand, during the hydrothermal
process, the sizes of the products were highly dependent on the
competition between crystal nucleation and crystal growth [28].
According to our experimental results, a moderately alkaline
value (5 and 7 M) resulted in a fast crystal growth that led to a
large crystal size (Fig. 4a and b), and a high alkaline value (9
and 11 M) gave rise to a fast nucleation and the formation of a
large number of crystal nuclei with small size (Fig. 4c and d).
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The discontinue effect of KOH concentration on BFO phase
composition has been reported by Cheon et al. [29]. Cheon et al.
synthesized multiferroic BiFeO; powders by hydrothermal
method. Their XRD results indicated that with 4 M KOH,
crystalline BFO with an impurity phase of a-Bi,Oszwas
obtained. Using 8 M KOH, a pure BFO phase could be
prepared. But, the higher KOH concentration (12 M) was used,
besides BFO phase, an impurity phase of bismuth-rich
Bi,sFeOy4y was also detected. In our system, the discontinue
effect of KOH concentration on BLFO phase composition may
be the following factors: First, the phase diagram of Bi,O;—
Fe,O5; was very complex because BiFe ;O and BiysFeOyq
were stable compounds surrounding BiFeOs [6]. Therefore, it is
very difficult to precisely control the optimizing conditions for
obtaining a single phase multiferroic BiFeO;. Second,
according to the literature of Chen et al. [30], in the alkaline
hydrothermal conditions, the suitable KOH concentration
promoted the formation of Bi—O-Bi bridges between the
non-bridging structural hydroxyl groups in the solution. The
dissolved Bi** precursor formed ion group and subsequently
Bi,0; crystallites. At the same time, the absorbed Fe* ions on
Bi,05 particles diffused into insolvable Bi,Oz to produce
precipitations of Bi,Fe,O9 and BiysFeO4o. As we know, crystal
growth only occurred in the region of supersaturated fluid.
During this process, under sufficient high temperatures and
pressures, the BLFO gel precursor was dissolved in aqueous
solution to form an intermediate amorphous phase, and then
BLFO nuclei. The concentration of the hydrothermal solution
increased with reaction time. Supersaturation was achieved
when a sufficient amount of BLFO ions was dissolved in the
whole bulk solution. This was crucial because both require-
ments of supersaturation and stoichiometry for the ions to form
BLFO crystallites must be satisfied. If the conditions were
carefully maintained during the hydrothermal process, a second
phase would not form. Therefore, the dissolution and crystal-
lization process continued in supersaturated fluid in such a way
that the system was self-stabilizing. As for specimens
synthesized with the KOH concentrations of 7 and 11 M, the
amount of KOH was appropriate and beneficial for the
formation of pure BLFO. While, when the KOH concentrations
were 5 and 9 M, the balance of dissolution and crystallization
process for pure BLFO were destroyed because the pH value
was changed. At this time, a sufficient amount of component
(containing Bi,Fe Oy and BisFeQ,4q) ions were dissolved in
the whole bulk solution, therefore, the supersaturation of
Bi,Fe,Oy and Bi,sFeO,, were achieved. Thus, the second
phases and irregular grains were detected in XRD patterns and
SEM images respectively for specimens synthesized with the
KOH concentrations of 5 and 9 M (Figs. 1 and 4).

4. Conclusions

In summary, the pure BLFO microspheres and submicrotiles
have been synthesized successfully by the sol-gel-hydrother-
mal method. In the sol-gel-hydrothermal process, crystal
structure, morphology and dimensiona of the BLFO samples
strongly depended on KOH concentrations. The hydrothermal

conditions created a gentle environment to promote the
formation of crystalline BLFO powders at a very low
processing temperature of 180 °C, which greatly reduced the
synthesized temperature for the BLFO phase in comparison
with the conventional sol-gel process by about 500 °C. The
sol-gel-hydrothermal route, without the presence of catalysts
and expensive equipment, will ensure higher purity in the
products and greatly reduce the production cost, and thus offer a
novel and simple synthetic route for high-quality ceramics
powders.
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