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Abstract—Nanocrystalline bismuth orthoferrite (BiFeO3) was prepared by soft chemistry. The hydroxide
coprecipitation method was shown to influence the formation of nanocrystalline bismuth orthoferrite. Syn-
thetic conditions were determined to prepare nanocrystalline BiFeO3 free of other phases of the Bi2O3–
Fe2O3 system with a narrow crystallite-size distribution and the smallest crystallite size of about 6–7 nm.
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INTRODUCTION

Considerable interest of researchers in materials
based on bismuth orthoferrite (BiFeO3) is due to its
unique properties. Bismuth orthoferrite is a room-
temperature multiferroic, with a high thermal stability
of magnetically ordered and ferroelectric states; its
Néel temperature ТN = 370°С and Curie temperature
ТC = 830°С [1]. Bismuth orthoferrite is a semiconduc-
tor with a bandgap in the visible light range from 2.1 to
2.8 eV, which allows it to be used as a photocatalyst
[2, 3]. It was also proposed to use BiFeO3-based mate-
rials in nonvolatile memory devices, piezoelectric
devices, sensors, spintronics, etc. [4–7].

The practical use of this promising multi-purpose
material is, however, hampered by two main obstacles:
firstly, by the complexity of the synthesis of the
BiFeO3 phase free of impurities of other phases of the
Bi2O3–Fe2O3 system [8–10], and secondly, the pres-
ence of a cycloidal magnetic structure with a period of
~62 nm [11]. The magnetic cycloid causes a significant
compensation of magnetic moments, which leads to
a weakening of ferromagnetism and a decrease in
magnetoelectric coupling. Methods for tuning the
magnetic properties of bismuth ferrite-based crystal-
line materials are doping the structure with impurity
components, producing mechanically stressed epitax-
ial layers, and producing nanopowders with a certain
crystallite size [12–16].

The appearance of impurity phases was explained
by various reasons: the high volatility of bismuth, non-
stoichiometry and changes in the homogeneity region
at high temperatures, higher thermodynamic stability
of phases coexisting in the Bi2O3–Fe2O3 system com-

pared to BiFeO3, and the existence of a BiFeO3 eutec-
toid decay region [8–10, 17].

The difficulty of preparing single-phase bismuth
ferrite with a certain crystallite size initiated studies
into the formation mechanisms of bismuth orthofer-
rite under various synthetic conditions [8, 18–23].

The above-listed challenges of preparing bismuth
orthoferrite-based materials led to the search for new
methods for preparing bismuth ferrite and for improv-
ing the already developed methods. Bismuth orthofer-
rite can be prepared by solid-phase reactions [8, 18,
24], solution combustion synthesis [21, 25–27], soft
chemistry [19, 20, 22, 28–31], and ultrasonic spray
pyrolysis [32]. Solid-phase synthesis involving high-
temperature heat treatment of reagents often yields
foreign phases, such as Bi25FeO39 and Bi2Fe4O9 [8–
10]. In addition, solid-phase synthesis does not pro-
vide nanosized BiFeO3 particles, while in most cases it
is nanocrystalline materials that show significantly
better properties compared to micron-sized powders
[2, 15, 16, 33].

A well-known advantage of soft chemistry is its
potential for providing nanocrystalline materials [34].
At the same time, as a rule, the synthesis of a single-
phase product, even though by soft chemistry, requires
the increased temperature and process time, while the
obtainability of nanocrystalline particles is based on
lowering temperature and shortening the formation
time [35]. This inconsistency in the synthesis condi-
tions poses the problem of finding methods for inten-
sifying phase formation in order to optimize the for-
mation of nanocrystalline BiFeO3.

The methods used to intensify the chemical reac-
tions of bismuth orthoferrite formation without a sig-
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Fig. 1. Schematics of setups used for precipitating hydroxides by (a) method (1), (b) method (2), (c) method (3), and (d) method
(4): (1) a salt solution mixture and (2) a precipitator solution (NaOH).
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nificant increase in temperature are such as ultrasonic
treatment [36], microwave-assisted hydrothermal
synthesis [20, 30], and mechanochemical exposure
[37]. Heat treatment of hydroxides coprecipitated in
microreactors with free impinging jets has recently
been used to prepare nanocrystalline BiFeO3 [23, 31].

The goal of this work is to determine the impact of
coprecipitation conditions and heat treatment of
coprecipitated hydroxides on the preparation of sin-
gle-phase nanocrystalline bismuth ferrite with the
smallest crystallite sizes.

EXPERIMENTAL

BiFeO3 Synthesis

Nanocrystalline BiFeO3 was prepared by the
coprecipitation of hydroxides followed by their heat
treatment. The coprecipitation was implemented in
four variants: (1) in the submerged-jets mode of the
microreactor technique [38]; (2) in the reagent solu-
tions mixing mode in a free impinging-jets microreac-
tor to form the so-called liquid sheet in accordance
with the procedure described in [23, 31]; (3) in the
reverse precipitation mode with the salt solution mix-
ture fed as a microjet into a precipitator solution
through its unconfined surface; and (4) in the reverse
precipitation mode with simultaneous ultrasonic
exposure. Schematics of setups suitable for these vari-
ant methods are shown in Fig. 1.

The initial reagents used were Bi(NO3)3 ⋅ 5H2O,
Fe(NO3)3 · 9H2O, 6 M HNO3, and 4 M NaOH. All
reagents were of pure for analysis grade. First,
a Bi(NO3)3 ⋅ 5H2O weight was dissolved in 6 M HNO3
for 20 min under magnetic stirring and heating to
70°С; then, the thus-prepared solution was added with
Fe(NO3)3 ⋅ 9H2O and stirred for another 10 min, after
which distilled water was added and stirring lasted
another 20 min. The 4 M NaOH was prepared sepa-
rately. The thus-prepared solutions were used for pre-
paring a mixture of bismuth and iron hydroxides.

For preparing sample 1, the reactor was filled with
NaOH to the level as shown in the scheme (Fig. 1a),
RUSSIAN JOURNAL O
which was maintained by means of a hydraulic seal.
Then, the nitrate solution and aqueous alkali were
simultaneously supplied by Heidolph Pumpdrive 5201
peristaltic pumps through two nozzles, which were
arranged on the opposite walls of the reactor at an
angle of 180° to each other. One nozzle, 515 μm in
diameter, was used to supply the bismuth and iron
nitrate solutions; the other nozzle, 470 μm in diame-
ter, to supply NaOH solution. The f low rate of both
solutions was 150 mL/min. The jet speed at the nozzle
outlet was 15.3 m/s for the mixed salt solution and
16.7 m/s for the aqueous alkali. When the pumps were
started, the nitrate solution was “injected” into the
reactor filled with NaOH, and the precipitation of
metal hydroxides began immediately (Fig. 2). The
coprecipitated hydroxide particles formed during the
chemical reaction were removed through the hydrau-
lic seal hose to the receiving tank.

For preparing sample 2, the bismuth and iron salt
solutions and the NaOH solution were fed, each at a
flow rate of 150 mL/min, through nozzles arranged at
an angle of 150° to each other, as free impinging jets to
form liquid shroud as shown in Fig. 3. The optimal
parameters for reagent supply to a free impinging-jets
microreactor (f low rates and the angle between the
impinging jets) can be found in [23, 31, 39].

For preparing sample 3, reverse precipitation was
carried out according to the scheme shown in Fig. 1c.
The nitrate solution was fed at an angle of 30° to the
surface of the alkali solution. At the same time, in
order to maintain a constant pH in the mixture, the
alkali solution was continuously supplied at the f low
rate equal to the f low rate of the bismuth and iron salt
solution (150 mL/min).

For preparing sample 4 by reverse precipitation,
the nitrate and alkali solutions were mixed under
simultaneous exposure to the ultrasound (an I100-6/1
ultrasonic disperser (INLAB), 23 kHz). The mixing
lasted 1 min (Fig. 1d).

The hydroxides coprecipitated in four ways were
washed with distilled water by decantation to a neutral
test and then dried at 65°C for 12 h.
F INORGANIC CHEMISTRY  Vol. 66  No. 2  2021
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Fig. 2. Microreactor photographed in (a) 0.2 s and (b) 0.4 s after the starting moment of submerged jets mixing in the synthesis
of sample 1.
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Fig. 3. Liquid sheet photographed in the preparation of
sample 2. The photograph shows the sheet in a plane par-
allel to the plane of the sheet.

2 cm
The heat treatment of samples was carried out as
follows. A sample weighing ~30 mg was placed in a
platinum crucible that had been warmed in a furnace
to stay therein for 4–6 s, after which the crucible was
placed in a furnace heated to a certain temperature to
stay therein for 30 s, then the crucible was removed
and the sample was poured onto a cold metal sheet.

Characterization of Synthesis Products

X-ray diffraction patterns were recorded on a
Rigaku SmartLab 3 diffractometer (CoKα radiation)

in the 2θ range from 15° to 72° in 0.01° steps; the
counter speed was 0.4 deg./min. Phase analysis was
with reference to the database ICSD PDF-2. Crystal-
lite-size distribution and distribution parameters were
determined by the fundamental parameters method in
the approximation of spherical crystallites and lognor-
mal distribution model using the SmartLab Studio II
program package for reflection (012).

Scanning electron microscopy (SEM) experiments
and X-ray microanalysis were carried out using a Tes-
can Vega 3 SBH electron microscope equipped with
an Oxford Instruments X-MAX detector.

Transmission electron microscopy (TEM) experi-
ments were performed using a JEOL JEM-2100F
microscope with an accelerating voltage of 200 kV.
Test sample preparation included dispersing the initial
powder in ethanol in an ultrasonic bath for 15 min and
subsequent setting on a supporting film.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
RESULTS AND DISCUSSION

The results of SEM studies (Fig. 4) showed that in
all cases the as-coprecipitated mixture of bismuth and
iron hydroxides is represented by agglomerates of par-
l. 66  No. 2  2021
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Fig. 4. SEM micrographs of (a) sample 1, (b) sample 2, (c) sample 3, and sample 4 before heat treatment. 
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ticles. The particle size in all samples varies mainly in
the range of 1020 nm. This is also clearly seen in TEM
data (Fig. 5). Moreover, the results of electron diffrac-
tion and X-ray diffraction analysis show that all as-
precipitated samples are represented by an amorphous
phase.

In all samples the Bi : Fe atomic ratio as determined
by elemental analysis before and after heat treatment
remains at the level Bi : Fe = (51 ± 2) : (49 ± 2) at %;
within the error bar of the method, this corresponds to
the as-batch ratio corresponding to the BiFeO3 stoi-

chiometry.

Figure 6 shows X-ray diffraction data for samples
after subsequent heating at 490°С for 30 s (samples 1–4).
Almost all reflections in the X-ray diffraction patterns
belong to the bismuth orthoferrite phase (Fig. 6). The
heat-treatment temperature was chosen to be 490°С
RUSSIAN JOURNAL O

Fig. 5. TEM micrograph and electron diffraction of sam-
ple 2 before heat treatment.

10 nm
for the reason that bismuth orthoferrite formation at

this temperature was observed in all samples. Copre-

cipitated hydroxide samples remain X-ray amorphous

before the onset of BiFeO3 formation (at lower tem-

peratures) or when the heat-treatment time is short-

ened to 20 s, so their X-ray powder diffraction patterns

are not shown.

Noteworthy, the BiFeO3 onset crystallization tem-

perature correlates with the end dehydration tempera-

ture of the coprecipitated hydroxides, as we can infer

from a comparison of the results with simultaneous

thermal analysis data [23].

Thus, in this case bismuth orthoferrite formation

can be represented as a sequence of the following

transformations at increasing temperature:
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Fig. 6. X-ray diffraction patterns of samples 1–4 heat-
treated at 490°С for 30 s.
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Fig. 7. Spatial crystallite-size distribution for samples 1–4
as determined for reflection (012). The dashed line shows
the region of the smallest BiFeO3 nanocrystal sizes.

0.006

0.005

0.004

0.003

0.002

0.001

0 10 20 30 40 6050

ϕ, relative units

d, nm

1

2

3

4

where the symbol “am-“ points to the amorphous
state of the compound, τ1 and τ2 are the process dura-

tion (τ = τ1 + τ2 = 30 s).

As can be concluded from the above transforma-
tion sequence, the often observed formation of by-
products (a phase with the sillenite structure
(Bi25FeO39), which is enriched in bismuth oxide, and

a phase with a mullite structure (Bi2Fe4O9), which is

enriched in iron oxide compared to BiFeO3) can be

due to a local compositional inhomogeneity of the
coprecipitated hydroxides. The spatial compositional
heterogeneity of the hydroxide mixture can lead to an
even greater compositional heterogeneity of the mix-
ture of oxides obtained after dehydration, for the fol-
lowing reason: iron hydroxide dehydrates to form an
oxide phase at a lower temperature, i.e., before bis-
muth hydroxide starts to dehydrate [23], and this
would lead to an even greater segregation of phases
enriched in bismuth and iron.

The spatial compositional inhomogeneity of an
amorphous mixture of bismuth and iron oxides can, in
turn, lead to the formation of impurity phases, in the
case at hand, phases with the sillenite (Bi25FeO39) and

mullite (Bi2Fe4O9) structures, and to slowing down of

BiFeO3 crystallization due to increasing length of the

mass transfer of components to the forming BiFeO3

crystalline particles. In this case, the dehydration of
mixed amorphous hydroxides can be appreciably
extended over temperature and time, and lead to the
intermediate formation of a mixture of various phases,
the ratio between which will change depending on the
temperature and the duration of the process:

(2)

where A, B, C, D, and E are coefficients showing the
ratio of the formed components and depending on the
temperature and the duration of the process.

Apparently, a manifestation of some spatial inho-
mogeneity is a noticeable fraction of the amorphous
phase and trace amounts of impurities of crystalline
phases (Bi2Fe4O9 and Bi25FeO39) in samples 3 and 4 as

shown by X-ray diffraction (Fig. 6). Thus, it can be
concluded that, in order for a mixture of hydroxides to
rapidly dehydrate and transform to crystalline bismuth
orthoferrite, a bismuth and iron hydroxide mixture
must be formed in submerged-jets and free impinging-
jets microreactors. The use of these devices intensifies
the microscale mixing of reagents [23, 31, 38, 39],
thereby making it possible to form hydroxide mixtures
upon the hydrolysis of bismuth and iron salts without
noticeable spatial separation.

Figure 7 shows the spatial size distribution of
BiFeO3 crystallites for samples 1–4, determined from
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the (012) reflection, which is marked with an arrow in
Fig. 6. For samples 1 and 2, which were prepared in
submerged-jets and free impinging-jets microreac-
tors, a narrower crystallite size distribution is observed
than for samples 3 and 4, which were prepared by
reverse precipitation without or with ultrasonic treat-
ment.

The weighted-average BiFeO3 crystallite sizes and

their root-mean-square deviations according to the
crystallite size distribution (Fig. 7) determined for the
(012) reflection, are 19 ± 9 nm for sample 1, 17 ± 9 nm
for sample 2, 28 ± 21 nm for sample 3, and 24 ± 14 nm
for sample 4.

The following should be mentioned: a wider crys-
tallite-size distribution and the presence of a signifi-
cant fraction of the amorphous phase and trace
amounts of the impurity crystalline phase in samples 3
and 4 (which were prepared with less intensive mixing
of the reagents) after heat treatment, indicate that, in
this case, the phase formation proceeded according to
scheme (2), in contrast to the synthesis of samples 1
and 2, where scheme (1) involving the rapid formation
of BiFeO3 nanocrystals is implemented.

The spatial segregation of the nascent particles of a
mixture of hydroxides, the size of which varies within
rather narrow bounds (~8–20 nm), is likely to play,
too, an essential role in the formation of BiFeO3 nano-

crystals with a narrow size distribution when a mixture
of bismuth and iron hydroxides is coprecipitated from
a mixture of hydroxides (Fig. 5). The possibility of
spatial segregation of particles formed when the
reagent solutions are reacted under microreactor mix-
ing conditions was shown by the example of the syn-
l. 66  No. 2  2021
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Fig. 8. TEM micrograph of sample 4 after heat treatment.
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thesis of various complex oxide phases [23, 31, 40];
this possibility is associated with the specifics of the
collision hydrodynamics of liquids, generating Kolmo-
gorov’s scale vortices, which manifest themselves as
self-organizing nanoreactors. The dehydration of bis-
muth and iron hydroxide particles of the above sizes
will lead to the formation of oxide nanocrystals sized
~7–18 nm if no rapid crystallite growth occurs during
the considered period of heat treatment (~30 s), for
example, by the oriented growth mechanism [41]. This
inference correlates with the experimental results
shown in Fig. 7.

Transmission electron microscopy (Fig. 8) showed
that discrete bismuth ferrite single crystals sized about
6–7 nm, surrounded by an amorphous phase, were
formed in sample 4. The distance between atomic
planes in the crystallite is 0.282 nm (Fig. 8), which
corresponds to plane (104) for BiFeO3 (0.2818 nm

according to PDF 01-070-5668).

We should mention that the smallest BiFeO3 crys-

tallite sizes as probed by TEM are 6–7 nm both for the
crystallites prepared by methods (1) and (2), which
provide intensive mixing of the reagents [23, 31, 39,
40], and for the less intensive mixing of reagents (Fig. 7).
Since in all these cases BiFeO3 crystals were formed in

a very short time via the crystallization of an amor-
phous phase of the same composition at the same
temperature, these crystallite sizes can apparently be
considered close to the smallest possible sizes of the
bismuth orthoferrite-based crystalline phase. This, in
turn, can be related both to the limiting minimum
number of unit cell translations required for a stable
crystal lattice to form [42] and to the formation of a
RUSSIAN JOURNAL O
critical nucleus of the bismuth orthoferrite phase. We
should mention that these values of the smallest crys-
tallite size (6–7 nm) are in agreement with the relation
Dmin ≈ Lunit cell N (N = 10–12) [42].

CONCLUSIONS

The level of components mixing in the production
of bismuth and iron hydroxides dramatically increased
when reagent solutions (an equimolar mixed bismuth
and iron salt solution and aqueous sodium hydroxide)
were reacted in microreactors in the submerged-jets
mode under the conditions where the reagent solu-
tions were mixed by free impinging jets to form a thin-
film reaction zone (the so-called liquid sheet). The
thus-prepared hydroxides, when thermally decom-
posed at 490°C for 30 s, yielded nanocrystalline bis-
muth orthoferrite with a narrow crystallite size distri-
bution and with the smallest crystallite sizes (~6–7
nm) free of other impurity phases. Reverse precipita-
tion, even when the microreactor technique and ultra-
sonic treatment were employed, failed to give equal
results (a narrow BiFeO3crystallite size distribution

and the absence of impurity phases) at the same
hydroxide heat-treatment schedules. However, the
smallest BiFeO3 crystallite sizes had similar values

(~6–7 nm) regardless of the variant used to form bis-
muth and iron hydroxide mixtures. This allows us to
regard these values as approaching the limiting small-
est sizes of BiFeO3 crystallites to be formed under the

considered temperature conditions in the crystalliza-
tion of the initial amorphous material. The study
showed the decisive impact of reagent solutions mix-
ing in the production of a mixture of bismuth and iron
hydroxides on the possibility of synthesizing nano-
crystalline bismuth orthoferrite with a narrow crystal-
lite size distribution and free of other admixture phases
that are realized in the Bi2O3–Fe2O3 system.
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