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BISMUTH FERRITE POWDERS PREPARED BY
MICROWAVE-ASSISTED HYDROTHERMAL METHOD

Vasile-Adrian SURDU*, Yaohui WANG?, Alexandra Catalina BIRCA?, Eugenia
TANASA?, Ecaterina ANDRONESCU*

BiFeO; powders were synthetized by a fast, reproducible and environmental-
friendly microwave-assisted hydrothermal method. The aim of the study is the
investigation of increased pressure and different mineralizer concentration on the
reaction mechanism, morphology of the particles and magnetic behavior. X-ray
diffraction, Field-Emission Scanning Electron Microscopy, Raman spectroscopy
and Vibrating Sample Magnetometry showed the successful preparation of BiFeOs;
powders at 200°C and 40 bar for [ h. Particle size was between 1.15 and 5.35 um.
Morphology of particles and aggregates as well as magnetic behavior depend on the
concentration of KOH mineralizer.
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1. Introduction

Multifunctional multiferroic materials that combine ferroelectricity,
ferromagnetism and in some cases ferroelasticity have become a challenge both
for scientifical and industrial advance. The applications of such materials include
photocatalysis [1-3], photocatalytic hydrogen generation [4], gas sensor [5],
actuators [6], data storage [7], spintronic devices [8], microwave absorption [9] or
magnetic localized dose enhancement in radiotherapy and imaging [10].

One of the most studied material that has coupled electric, magnetic and
structural order parameters that results in simultaneous ferroelectricity and
antiferromagnetism is BiFeOs. Extensive efforts to obtain single phase BiFeOs by
solid-state reaction without secondary phases was proved to be difficult if not
impossible [11-13]. In this view, alternative soft-chemical routes such as sol-gel
method [14-16], ultrasonication technique [17], microemultion technique [18] and
hydrothermal process [19] have been developed.

Microwave-assisted hydrothermal method is a combination of the
hydrothermal and microwave methods, fulfilling the advantages of microwaves
and water heat [20]. BiFeOs synthesis by this method was carried out using NaOH
and KOH mineralizers [21-24]. The research aimed the influence of several
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parameters, like mineralizer concentration, concentration of the precursors,
temperature and time of treatment. To the best of our knowledge, there is no study
regarding microwave-assisted hydrothermal synthesis of BiFeOs particles at a
pressure higher than the vapor pressure of water (=15 bar at 200°C).

The aim of the present study is to investigate the influence of the
mineralizer under increased pressure of 40 bar in the formation mechanism of
BiFeOs particles for various (4 — 14 M) KOH concentrations.

2. Materials and methods

BiFeOs particles were prepared by microwave assisted hydrothermal
method. The chemical reagents used in the present work were Bi(NOz)3-5H20,
Fe(NOz)3-9H,0 and KOH. All the reagents were purchased from SigmaAldrich
and were of analytical grade. Firstly, bismuth nitrate and iron nitrate were
dissolved in distilled water. Then, KOH was added slowly to the Bi-Fe solution to
coprecipitate Bi** and Fe3* ions under constant stirring until a brown precipitate
was obtained. KOH concentration was varied from 6M to 14 M. The suspension
was poured into a Teflon-lined stainless-steel vessel for microwave-assisted
hydrothermal treatment in Milestone Synthwave equipment in different
conditions. One batch was treated at 150°C for 1 h, under 40 bar pressure and the
other was treated at 200°C for 1 h, under 40 bar pressure. Then, the obtained
powders were filtered, washed with distilled water until pH = 7 and dried at 60°C
for 12 h.

Phase analysis was performed by X-ray diffraction (PANalytical
Empyrean) using Ni-filtered CuKa radiation (A = 1.5418 A) after precipitation and
microwave-assisted hydrothermal processes. XRD patterns were measured in 20
range of 10-80° with a step size 0.02° and a counting time per step of 255 s. Phase
content and unit cell parameters were obtained through Rietveld refinement in
HighScore Plus 3.0.e software. Local symmetry was determined by Raman
spectrometry (Horiba LabRAM HR Evolution) with 514 nm Argon ion laser in
50-700 cm™ spectral range. Morphology was studied by Scanning Electron
Microscopy with field emission gun (FEI Quanta Inspect F50) at an accelerating
voltage of 30 kV. Vibrating sample magnetometry (LakeShore 7404-s VSM)
investigated the magnetic behavior of the processed powders.

3. Results and discussion

The influence of KOH concentration in the precursor solution and
hydrothermal treatment was studied in what concerns the phase composition after
coprecipitation step and microwave-assisted hydrothermal treatments. Fig. 1
illustrates the XRD patterns after coprecipitation.
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Fig. 1. XRD patterns of powders after coprecipitation step for various concentrations of KOH: 6M,
8M, 10M, 12M and 14M

Peak profiles show a lower degree of crystallinity as the KOH
concentration increases, which is observed due to the broadening of the peaks and
decrease of intensity. Phase composition analysis showed obtaining o-Bi>O3
(ICDD PDF4+ 04-003-2034 [25]), a-Fe203 (ICDD PDF4+ 04-015-9576 [26]) and
BixsFeOuso (ICDD PDF4+ 00-046-041).

Microwave-assisted hydrothermal treatment at 150°C and 40 bar for 1 h
promoted the reaction between the phases obtained by coprecipitation. Fig. 2
depicts XRD patterns measured on the powders obtained after the treatment.
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Fig. 2. XRD patterns of BiFeO3 powders synthesized at 150°C and 40 bar for 1 h
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At this stage, independent of KOH concentration, BiFeOsz with
rhombohedral distorted perovskite structure is formed (ICDD PDF4+ 01-081-
9728 [27]). Besides, there are still unreacted a-Fe2Os and BixsFeO4. The amount
of secondary phases decreases with the increase of KOH concentration, evidenced
by the decrease of the intensities of the corresponding phases.

The powders obtained by treatment at 200°C and 40 bar for 1 h show
single phase composition starting with a concentration of 8 M KOH (Fig. 3).
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Fig. 3. XRD patterns of BiFeOs powders synthesized at 200°C and 40 bar for 1 h

At a concentration of KOH of 6 M, there is also present a diffraction peak
with a low intensity at 20 = 27.45°, which most probably corresponds to Bi2Os.
This may occur because of different solubility of Bi** and Fe** when the
concentration of KOH is low [28]. As the concentration of KOH increases from 8
M to 14 M, the profiles of the peaks show a decrease in the crystallinity degree.
Interestingly, at 10 M one can notice a preferential orientation along [012]
direction which is evidenced by the increase of intensity of the peaks
corresponding to (012) and (024) crystallographic planes.

XRD patterns were further refined by Rietveld method in order to assess
quantitatively the phase composition and to determine the unit cell parameters for
the powders synthetized at 200°C. Fig. 4 shows the evolution of composition
versus KOH concentration after coprecipitation step (CP) and microwave-assisted
hydrothermal treatments (M-H). By looking at the trends, it may be concluded
that both the concentration of KOH and the treatment temperature have a crucial
role in what concerns obtaining BiFeOs powders without secondary phases.
Besides, this representation also suggests the reaction pathway. At room
temperature, Bi®* and Fe3* ions react with KOH to form crystalline Bi,Os, Fe;03
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and an intermediate sillenite-type crystal BixsFeOs. When increasing the
temperature and pressure in the hydrothermal reactor, several processes may
occur. On the one hand, the reaction between Bi>Oz and Fe>Os as well as the
reaction between BizsFeOso and Fe2Os3 is promoted. The concentration of KOH
also plays a crucial role because the higher the concentration the lower the
crystallinity degree, which speeds the reaction between components. On the other
hand, at 200°C there is a competition between crystallization and dissolution for
Bi**, which may affect the stoichiometry in BiFeOs.
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Fig. 4. Phase composition evolution after coprecipitation (CP) and microwave-
hydrothermal treatment at 150°C and 200°C

The evolution of unit cell parameters, crystallite size, microstrain and
crystallinity degree for different concentrations of KOH obtained from Rietveld
refinement are shown in Table 1. The values of Rex, Rp, Ruwp and »? parameters
indicated a high quality data fit.

When increasing the concentration of KOH from 6 M to 8M, a, ¢ and V
increase, as a result of incorporation of Bi* ions in the perovskite lattice, as in the
case of 6 M there is also 1.5% Bi.Os secondary phase. As the concentration
further increases, the trend for unit cell parameter c is a decreasing one, except the
10 M concentration where is present a preferential orientation on [012] direction
as stated before. The degree of crystallinity decreases with the increase of
concentration, except the case of 10 M where the orientation promotes faster
crystallization. Average crystallite size and microstrain vary as expected. Thus,
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the average crystallite size is decreasing and the microstrain is increasing when
increasing the concentration of KOH from 6 to 14 M.

Table 1

Unit cell parameters, average crystallite size, microstrain and crystallinity degree
for powders treated at 200°C

6M 8 M 10M M Y
2 ) 5580660+ | 5582018+ | 5582330+ | 5581063+ | 5583564
0.000120 0.000225 0.000269 0.000292 0.000295
) 13872000+ | 13.876740% | 13.879020* | 13.872740% | 13.868180
0.000334 | 0.000616 0.000845 0.000817 0.000831
V&) 374.1483 374.5766 374.5589 3742198 | 3744322
<D>(nm) | 7152+ 3589 | 4471+ 2442 | 36.21+ 2048 | 3591+ 1548 | 27.08 £ 12.57
<S>(%) | 012£00L | 021£004 | 026+006 | 0.25%003 | 0.33%005
Crys(t,a/(:')'”'ty 65.58 58.04 65.74 56.21 55.90
Roep 4.73345 5.88156 5.13509 5.8494 5.59764
Ro 4.74719 5.33156 8.26663 557075 4.63677
Rup 7.16821 8.07722 12.92238 8.01321 7.06300
" 2.29333 1.88599 6.33270 1.87668 159209

The powders obtained at 200°C were further investigated in terms of local
symmetry, morphology and magnetic behavior.
Raman spectroscopy (Fig. 5) was performed to support Rietveld analysis
of the XRD patterns.
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Fig. 5. Raman spectra of BiFeO3 powders synthesized at 200°C
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The active Raman modes of BiFeOz with rhombohedral distorted
perovskite structure belonging R3c space group may be summarized using the
irreducible representation of /rRaman, R3c = 4A1 + 9E [29]. A1-1 and A1-2 modes are
attributed to Bi-O bonds and, in this case, they shift to higher frequency side for
10 M and 12 M KOH concentration. This suggests that the mass of A-site in the
perovskite structure is lower comparing to the other structures obtained in
different conditions. A possible explanation is that in those cases, there is present
a partial dissolution of Bi®* from perovskite lattice.

FE-SEM images, particle size distribution and EDS analysis on BiFeO3
powders obtained at 200°C for 6 M KOH concentration are shown in Fig. 6.
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Fig. 6. FE-SEM images a) general view, b), c) details on Area 1 and Area 2, d) particle size
distribution, e), f) EDS analysis on Area 1 and Area 2 at 6 M KOH concentration

The general view (Fig. 6 a)) evidence two types of morphologies. Area 1
(Fig. 6 b)) shows particles of 1.15 um with irregular morphology. EDS spectrum
on Area 1 (Fig. 6 e)) confirms the presence of BiFeOs. Area 2 (Fig. 6 c)) is
attributed to Bi.O3 secondary phase, as in this case the EDS spectrum (Fig. 6 f))
shows no contribution from iron. Bi>Oz particles exhibit cubic morphology and a
tendency for agglomeration.

The powders prepared at higher KOH concentration of 8, 10, 12 and 14 M
consist of aggregates of microcrystalline building units. At 8 M KOH
concentration (Fig. 7 a)), the aggregates of flakes building units (Fig. 7 b)) show a
cvasi-spherical shape. At 10 M KOH concentration, the cubic building units
assemble face to face like the blocks in a Rubik’s Cube (Fig. 7 d) and e))
consistent with Suzuki et al. findings [30]. With a further increase in the
concentration, the building units become more round edged and have an irregular
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shape (Fig 7. h) and Kk)). The aggregates in the case of 12 and 14 M KOH (Fig. 7
f) and j)) concentration show spherical morphology. The average size of building
unit decreases with the increase of KOH concentration from 5.35 um at 8M to
1.57 um at 14 M. The particle size distribution (Fig. 7 c), f), 1) and 1)) is single

modal lognormal and narrow for 8 and 10 M and single modal but large for 12
and 14 M.
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Table 2 presents the elemental analysis of BiFeOs powders synthesized at
200°C. Although EDS is a semi-quantitative analysis and the error bars are
relatively large, Bi/Fe ratio determined from these data support Raman
investigations. Thus, in the case of 10 and 12 M KOH concentrations, Bi/Fe ratio
is 0.95 and, respectively 0.83, which indicate a deficit of Bi®* on the A-site of the
distorted perovskite structure.

Table 2
Elemental analysis of BiFeOs powders synthesized at 200°C

KOH EDS | ok | FeK | BiL | BifFe
concentration quantlflcatlon

Atomic % 48.61 | 25.73 | 25.66
8 M 0.99
Error % 16.61 | 6.32 | 9.35

Atomic % 51.43 | 24.9 | 23.67
10M 0.95
Error % 16.44 | 6.35 13

Atomic % 52.92 | 25.66 | 21.42
12M 0.83
Error % 1597 | 6.15 | 129

Atomic % 52.48 | 24.05 | 23.47

14 M 0.97
Error % 1558 | 6.64 | 12.47

Magnetization versus field curves and typical parameters obtained for
BiFeOs powders synthetized at 200°C are shown in Fig. 8 and Table 3.

0.5

=)
3
£
3
c
5
®
8
g —— KOH 8M
8 - KOH 10M
KOH 12M
. KOH 14M
-10000 0 10000
Field(Oe)

Fig. 8. M-H curves of BiFeO3; powders synthetized at 200°C

For 6 and 8 M KOH concentrations, the curves exhibit a paramagnetic
behavior, which we assume that is linked to non-crystalline iron reach phases,
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which may not be identified by XRD measurements. At higher concentrations, the
curves exhibit typical BiFeOs antiferromagnetic behavior.

Table 3
Hc, Ms, M of BiFeOs powders synthesized at 200°C
KOH6M | KOH8M | KOH10M | KOH12M | KOH 14 M
Hc 2.2614 3.138 175.84 54.36 43.15
Ms 0.4699 0.5032 0.1035 0.2791 0.2877
Mg 0.0014 0.0011 0.0018 0.0026 0.0011

When assessing the coercitivity (Table 3), it may be noticed that the
highest value is obtained for 10 M KOH concentration. This may suggest that
preferential orientation observed in crystal growth may have an impact on the
magnetic behavior of BiFeOa.

4. Conclusions

Bismuth ferrite powders with micrometer-ranged particles were prepared
by microwave-assisted hydrothermal method. The temperature of the
hydrothermal treatment and the concentration of KOH are important parameters
for obtaining secondary phase free compositions, as evidenced by XRD
measurements. After coprecipitation step, the powders consist of Bi,Os3, Fe O3
and BixsFeOqo in different ratios, dependent on the concentration of KOH. When
the concentration increases, the formation of BixsFeOaso intermediate is promoted.
When treating the precursor solution under microwave-hydrothermal conditions at
40 bar and 150°C for 1h, the process of BiFeOs formation is not complete,
therefore resulting secondary phases of BixsFeOs and Fe2Os. The trend versus
KOH concentration is similar to that observed after coprecipitation step. BiFeOs
particles can be successfully synthesized at 40 bar under microwave-hydrothermal
conditions at a temperature of 200°C and a concentration of KOH of at least 8M.
At 6M, the composition consisted of 98.5% BiFeOs and 1.5% Bi»0Os as evidenced
by Rietveld refinement. Moreover, for the concentration of 10 M KOH, one can
notice a preferential orientation along [012] direction. Raman spectroscopy and
EDS analysis showed the possibility of controlling Bi/Fe ratio in highly basic
solutions. Different solubility of Bi** and Fe*" in KOH solutions results in a
partial dissolution of Bi»O3 at 200°C and poor control of Bi/Fe ratio in BiFeO3 at
KOH concentrations of 10 and 12 M. Particle and aggregates morphology
depicted by FE-SEM investigations showed a tendency to form irregular shaped
particles at KOH concentration of 6 M, for which the reaction is not complete.
When increasing the concentration, BiFeOs particles exhibit regular shapes from
cubic at 8 M to cvasi-spherical at 14 M. These particles show a high degree of
aggregation into uniform shapes and sizes for all concentration between 8 and 14
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M. The average size of the building units of aggregates increases from 1.15 pum at
6 M to 535 um at 8 M and then decreases to 1.57 um at 14 M KOH
concentrations.  M-H curves characteristics illustrate that Bi/Fe ratio and
preferential orientation of crystal growth influence the magnetic behavior of
BiFeOs crystalline powders.
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