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Abstract—The formation of bismuth orthoferrite under hydrothermal conditions at temperature 160, 180, or
200°C and pressure 100 MPa in aqueous solution of potassium hydroxide has been studied. The determined
composition and structure of polycrystalline phase with sillenite structure have evidenced its formation at the
interface of the crystallites of amorphous iron oxide. It has been shown that the formation of polycrystalline
round-shaped BiFeO; particles with size about 20 um occurs via aggregation of perovskite-type phase
crystallites (38—70 nm). Pycnometric density of BiFeO; and the amorphous phase has been determined, and
Mossbauer spectra reflecting the state of iron in the phases coexisting during the formation of BiFeO; have

been analyzed.
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Recently emerged interest in the development and
investigation of the materials based on bismuth ferrite
with perovskite-type structure is due to their electric,
electromechanical, magnetic, magnetoelectric, photo-
electric, and photocatalytic properties [1-6]. Impor-
tantly, certain special properties of these materials are
observed when the crystallite size approaches the
nanoscale [7-10].

The importance of the studies of nanomaterials
based on BiFeO; and the complications arising from
the demand for the preparation phase-pure materials
[11-13] have inspired the development of different
synthetic methods [14-19] including the routes to
nanocrystalline BiFeO; [20-24].

Hydrothermal synthesis has been shown promising
for the preparation of non-agglomerated nano-
crystalline powders of binary and complex oxides with
desired morphology and narrow size distribution
[25, 26]. Hydrothermal synthesis has been used for the
preparation of nanocrystalline BiFeO; [27-31]. However,
not agglomerated nanopowders based on BiFeOs

single-crystal nanoparticles synthesis has faced with a
number of problems. For example, BiFeO; nano-
crystals are prone to form aggregates with an irregular
shape which are transformed into spherical
polycrystalline particles upon prolonged hydrothermal
treatment [32-34]. The phase purity of BiFeOs;
nanopowders prepared via hydrothermal route is also a
prominent issue [35, 36]. Hence, synthesis of
nanocrystalline BiFeO; particles with predefined size
and shape demands investigation of the mechanism of
their formation under hydrothermal conditions.

Elemental analysis of the samples before and after
hydrothermal treatment revealed that the Bi : Fe molar
ratio (50.3 : 49.7 and 49.2 : 50.8, respectively)
corresponded to the nominal 50: 50 ratio within the
limits of the experiment accuracy.

X-ray diffraction patterns of the samples before and
after the hydrothermal treatment given in Fig. 1
revealed the significant effect of the treatment tempera-
ture on the rate of the formation of BiFeO;. At the
same time, the sequence of the processes leading to the
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Fig. 1. X-ray diffraction patterns of the starting sample and the samples after hydrothermal treatment at 200 (a), 180 (b), and 160°C
(c). The treatment duration, h: (a): (1) 0.5, (2) 1.5, (3) 2.5, (4) 3, (5) 7; (b): (1) 3, (2) 5, (3) 7, (4) 15; (c): (1) 0, (2) 12, (3) 20, (4) 22,

(5) 24. (o) Phase with sillenite structure and (®) BiFeOs.

formation of nanocrystalline BiFeO; remains the same
over the whole temperature range, 160—200°C, under
investigation. The first stage consisted in the
transformation of X-ray amorphous coprecipitated
hydroxides into a substance with sillenite structure,
which could be assigned to BiysFeOs9 (ICSD code
41937) (Fig. 1). The BiFeO; was formed in the second
stage of hydrothermal synthesis. The X-ray diffraction
peaks corresponding to BiFeO; (ICSD code 163688)

were clearly observed after 22 h of the treatment at
160°C, 5 h at 180°C, and 2 h at 200°C (Fig. 1).

Size distribution and its parameters for crystallites
of BiysFeOs9 and BiFeO; after hydrothermal treatment
at 200°C and about 100 MPa are shown in Fig. 2. The
size distribution of the crystallites with sillenite
structure was marginally affected by the treatment
duration, except for the shortest treatment (0.25 h), the
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Fig. 2. Size distribution of the crystallites of the phase with sillenite structure (a) and BiFeO; (b) and size parameters of the
crystallites of the corresponding phases depending on the duration of hydrothermal treatment at 200°C: (/) 0.25, (2) 1.75, (3) 2, (4)
2.75,(5) 4, (6) 5, (7) 6 h. Diax and Dyeq are maximum and median values of the crystallite size.

crystallites being somewhat smaller and more poly-
disperse in the latter case (Fig. 2). The parameters reflect-
ing size distribution of BiFeO; crystallites (including
the average size) were independent of the hydro-
thermal treatment duration over the probed time range.

Pycnometric densities of BiFeO; and the amor-
phous phase were determined from the data of
quantitative X-ray diffraction analysis processed using
the density of the phase with sillenite structure cal-
culated from the diffraction data (9.3£0.1 g/cm’) and

the measured pycnometric density of the samples after
the hydrothermal treatment. Pycnometric density was
calculated assuming the absence of closed pores in the
samples. The phases density was as follows: 8.3+0.1 g/cm’
for the perovskite-type phase based on BiFeO; and
2.8+0.5 g/cm® for the amorphous phase. It should be
noted that the determined pycnometric density of the
BiFeO; phase coincided with its X-ray density
(8.314 g/cm’, ICSD code 163688), thus confirming the
assumed absence of the closed pores, at least for the
samples consisting majorly of the BiFeOj; phase.
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Fig. 3. X-ray diffraction patterns (a), Mdssbauer spectra (b), and IR spectra (c) of the starting sample and the samples after
hydrothermal treatment at 200°C; the treatment duration, h: (1) 0, (2) 0.25, (3) 1.75, (4) 2, (5) 2.75, (6) 4, (7) 5, (8) 6 h. (o) Phase

with sillenite structure and (®) BiFeOs.

The changes in the Mdssbauer spectra of the
samples after the hydrothermal treatment at 200°C
correlated with the changes in the X-ray diffraction
patterns of the samples (Fig. 3). Mossbauer spectra of
the starting sample and the sample treated during 2 h
could be represented at two superimposed doublets,
their parameters remaining unchanged (Fig. 3 and
Table 1). X-ray diffraction analysis showed that those
samples were majorly X-ray amorphous, containing
nanocrystals of Bi,sFeO;9 and traces of nanocrystalline
BiFeOs; (after the treatment during 2 h) (Fig. 3). The
hydrothermal treatment during 2.75 h or longer
resulted in the appearance of additional lines in the
Mossbauer spectra, which could be deconvoluted into
two sextets with the parameters typical of the
magnetically ordered phase (Fig. 3). Comparison of
the parameters of sextets (Table 1) with the reference
data [37, 38] allowed their assignment to the BiFeO;
phase. The kinetic data on the BiFeO; formation
obtained from Maossbauer spectroscopy and X-ray

diffraction analysis agreed (Fig. 4). At the same time,
the diffraction data on the formation of the phase with
sillenite structure were not directly confirmed by the
Mossbauer spectroscopy, since the spectra did not
contain the lines with isomer shift IS 0.20+
0.004 mm/s and quadrupole splitting QS 0.2+0.07 mm/s
assignable to the BiysFeO;9 phase [39]. It should be
noted that the BiysFeOs9 composition of the sillenite-
type phase was elucidated from the X-ray diffraction
data, whereas the microanalysis revealed the Bi to Fe
ratio in that phase ranging between 4 : 1 and 7 : 1
(Fig. 5 and Table 2). The such prominent discrepancy
could be explained by partial segregation of iron oxide
at the interface of the BiysFeOsq crystallites, since the
crystallites with sillenite structure were about 100 nm
(Fig. 2), two orders of magnitude smaller than the
particles of that phase (about 10 um, Fig. 5). Let us
note that such effect of partial localization of iron
oxide at the borders of the crystalline grains has been
studied by means of Mossbauer spectroscopy [40, 41];
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Table 1. Parameters of Mdssbauer spectra
Hydrothermal | poublet (D1) Doublet (D2) Sextet (S1) Sextet (S2)

treatment

duration, h 1S, mm/s |QS, mm/s| IS, mm/s | S, mm/s | IS, mm/s | OS, mm/s |H.g, mm/s| IS, mm/s | OS, mm/s |Hg, mm/s
0.00 0.34 0.63 0.32 1.05 - - - - - -
0.25 0.33 0.58 0.32 1.01 - - - - - -
1.75 0.34 0.54 0.33 1.00 - - - - - -
2.00 0.34 0.55 0.31 0.94 - - - - - -
2.75 0.34 0.54 0.31 0.92 0.38 —-0.33 49.58 0.39 0.05 49.04
4.00 0.34 0.54 0.31 0.92 0.38 -0.30 49.50 0.36 0.11 49.03
5.00 - - - - 0.38 —0.33 49.49 0.36 0.08 49.06
6.00 - - - - 0.38 -0.37 49.59 0.36 0.04 49.15

in these studies, the special state of iron ions was
assigned to the doublet of quadrupole splitting with
parameters differing from those for iron ions in the
crystal.

In this study, we could not detect the state of iron
ions in the BiysFeO;9 phase by means of Mdssbauer
spectroscopy due to the low content of the phase and
the low fraction of iron in it. As has been commented
in [39], the same reason has led to incorrect assign-
ment [38, 42, 43] of the BiysFeO;o phase to the doublet
with parameters that suggest the state of iron at the
intergrain boundaries rather than in the sillenite phase.

Symbate nature of the curves corresponding to D1
doublet and amount of phase with sillenite structure
(Fig. 4) demonstrates that the initial X-ray amorphous
phase described by D1 doublet and intergrain phase of
iron oxide are similar in their structure. Therefore, the
decrease in the fraction of the amorphous phase giving
rise to the D2 doublet during the first two hours of the
hydrothermal treatment at 200°C was due to the
transfer of iron oxide to the interface of the nanosized
Bi,sFeOsy crystallites forming polycrystalline grains of
the phase with the sillenite structure. Further decrease
in the fraction of the X-ray amorphous phase with the
state of iron oxide characterized by doublets D1 and
D2 was determined by the formation of BiFeO;
particles (Fig. 4). Certain difference in the contents of
the BiFeO; phase determined by means of X-ray
diffraction and Mossbauer spectroscopy was due to the
assumptions used in the calculations.

Figure 3c displays the IR spectra of the samples
differing in the hydrothermal treatment duration. The
bands at 521, 576, 846, and 1330 cm ™' were assigned

to the metal-oxygen bonds vibrations in the phase with
sillenite structure [35, 44]. The bands at 450 and
548 cm™' could be assigned to stretching and de-
formation of octahedral elements of perovskite
[35, 44]. The band at 1630 cm ' was assigned to deforma-
tion vibrations of H,O molecule [27, 35], whereas the
bands at 1048 and 1470 cm ' corresponded to
deformation vibrations of the OH group in FeOOH
[45].

Certain similarity in the IR spectra of the X-ray
amorphous phase and the phase with sillenite structure
(Fig. 3) suggested the similar structure of the first
coordination sphere in sillenite and some pre-nucleus
clusters in the amorphous phase. Likely, that resulted

1.0
0.8
0.6 |

04}

x, mol fraction

02

0.0
T,h

Fig. 4. Evolution of the phase composition of the samples
during hydrothermal treatment at 200°C according to X-ray
diffraction data (dashed lines) and Mdssbauer spectroscopy
(solid lines): (I) amorphous substance; (2) phase with
sillenite structure; (3) BiFeOs; (4) doublet D1; (5) doublet
D2; (6) sum of sextets (S1 and S2).
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Fig. 5. Volume fraction of the coexisting phases as a function of the duration of hydrothermal treatment at 200°C (a) and
microscopy images of the samples treated during 1.75 (b), 2.75 (c), and 4 h (d): (1) amorphous substance, (2) phase with sillenite

structure, (3) BiFeOs.

in the formation of BiysFeOs¢ nanocrystals after short
hydrothermal treatment. It should be noted that the
same reason could explain the formation of the
particles with sillenite structure at relatively low-
temperature hydrothermal treatment (160°C, Fig. 1)
and even under ambient conditions [39].

Comparison of the data of IR spectroscopy, X-ray
diffraction, Mossbauer spectroscopy, electron micro-

scopy, and elemental microanalysis suggested the follow-
ing mechanism of the formation of the phase with
sillenite structure. First, 100 nm nanocrystals with
sillenite structure and relatively narrow size distribu-
tion were formed from the pre-nucleus clusters. Those
crystallites aggregated [46] into about 10 um cubic
crystals with certain amount of intergrain phase based
on iron oxide crystallized at their interface. The
boundary X-ray amorphous area was enriched in iron
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Table 2. Phase state and elemental composition of the selected samples areas
Hydrothermal treatment . Fe : Bi, mol %
duration. h Area Structure state
uration, Fe Bi
1 20.5 79.5 Sillenite
1.75
2 77.5 22.5 Amorphous phase
1 14.5 85.5 Sillenite
2 81.9 18.1 Amorphous phase
2.75 o
3 19.0 81.0 Sillenite
4 51.5 48.5 Perovskite
1 12.0 88.0 Sillenite
4.00 2 89.9 10.1 Amorphous phase
3 49.8 50.2 Perovskite

* The area for the elemental composition determination is shown in Fig. 5.

oxide preventing the formation of crystallites based on
Bi25F6039.

When the possibilities of the formation of the phase
with sillenite structure at the interphase between the
Fe,Os-enriched  amorphous  phase and  the
hydrothermal fluid were exhausted, the BiFeO;
nanocrystals were formed. Since the formation of
BiFeO; particles was determined by the transfer of one
of the components at the interphase boundary thus
enriched with bismuth oxide and iron oxide, the
increase in the BiFeO; content was due to the
nucleation at the interface rather than the nuclei
growth; indeed, the increase in the BiFeO; fraction in
the system (Fig. 4) was not accompanied by the
increase in its crystallites size (50 nm over the probed
process duration range, Fig. 2). The BiFeO; particles
grew via the aggregation mechanism [46] forming the
polycrystalline objects (Fig. 5), similarly to the phase
with sillenite structure.

It should be noted that the suggested mechanism of
BiFeO; formation explains the appearance of
polycrystalline aggregates from the BiFeO; nano-
crystals observed in this study as well as in other
studies using the same method of synthesis [32—34].

EXPERIMENTAL

Bi(NOs);-5H,O (“special pure” grade), Fe(NOs);-
9H,O0 (“pure” grade), 6 mol/L aqueous solution of
nitric acid (“special pure” grade), and 4 mol/L aqueous

solution of KOH (“analytical pure” grade) were used
as the starting components.

Bismuth nitrate (the amount required for the
preparation of 1 g of BiFeO;) was dissolved at heating
in 2 mL of 6 mol/L nitric acid. Iron nitrate was added
at stirring, the Bi : Fe ratio being 1 : 1. The solution
was stirred during 30 min, and then added dropwise to
20 mL of 4 mol/L KOH at stirring and ultrasonication
(submersible dispenser VENPAN UD-20). Coprecipita-
tion of hydroxides was performed over 1-1.5 min, and
then the formed precipitate was centrifuged off and
washed either with distilled water (to obtain the
starting sample) or with 4 mol/L KOH (to be used in
hydrothermal synthesis).

Hydrothermal treatment was performed in 4 mol/L
aqueous KOH using stainless steel reactors with
Teflon reaction vessel (volume 25 mL, temperature
160, 180, or 200°C, and pressure 100 MPa). The
Teflon vessel with the precipitate was put in the pre-
heated reactor, quickly closed, and left in an oven for
the desired synthesis duration. After the isothermal
heating, the reactor was cooled to 50°C during 10 min.
The precipitate was centrifuged off, washed with
water, and dried at 70°C for 12 h.

Morphology and size of the particles and elemental
composition of the samples (overall as well as local)
were determined using a Tescan Vega 3 SBH scanning
electron microscope equipped with an X-ray spectral
microanalysis attachment (Oxford Instruments).
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X-ray diffraction patterns were obtained using a
Rigaku SmartLab 3 diffractometer (Cuk,, 20 20°-60°
with 0.01° spacing). Phase composition of the samples
was elucidated using the ICSD PDF-2 database.
Quantitative X-ray diffraction analysis was performed
using a-Al,Oz; as the internal reference. The mass
fractions were recalculated in molar and volume
fractions using the elemental composition determined
by means of X-ray spectral microanalysis and the data
on the pycnometric density of the phases. The size
distribu-tion of crystallites and the distribution
parameters were determined using the method of
fundamental param-eters implemented in SmartLab
Studio II software package (Rigaku).

Mossbauer spectroscopy studies were performed
using a Wissel GmbH multifunctional Mdssbauer
spectrometer in the constant acceleration mode at room
temperature. Co-57 in Rh matrix (activity 30 mCi) was
used as the source. The isomer shift was determined
with respect to a-Fe. Statistical analysis of the spectra
was performed using DISTR routine of MSTools
software package [47]. Relative fractions of iron in
different states were determined from the data on
integral intensities of the corresponding lines in the
spectra assuming closeness of the Mdssbauer
coefficients for those states.

IR spectra were recorded using a FSM 1202 Fourier
spectrometer. Pycnometric density was determined
using a Quantachrome Ultrapycnometer 1000 helium
pycnometer.

X-ray diffraction, scanning electron microscopy,
and elemental analysis studies were performed using
the equipment of Engineering Center of St. Petersburg
State Institute of Technology (Technical University).
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