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ABSTRACT The influence of the coprecipitation of bismuth and iron hydroxides in microreactors of various
types on the formation of nanocrystalline bismuth orthoferrite during the heat treatment of the deposit was
described. Free impinging-jets microreactor, microreactor with submerged jets, microreactor with intensively
swirling flows were used. It was revealed that nanocrystalline bismuth orthoferrite with the smallest weighted
average crystallite size of 12 nm is formed when a microreactor with tangentially swirling flows of reagent
solutions is used for coprecipitation of hydroxides. The minimum size of BiFeOs crystallites according to
transmission electron microscopy data is determined as 3—4 nm.

KEYWORDS free impinging-jets microreactor, microreactor with submerged jets, microreactor with intensively
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1. Introduction

The morphology, size and structure of nanoparticles, the presence and amount of impurity phases in a nanopowder
can significantly affect the mechanical and functional properties of the materials obtained from them [1-3], including the
magnetic, electrical, photocatalytic properties of bismuth orthoferrite [4—11]. These reasons stimulate the development
of methods for synthesis of bismuth orthoferrite nanopowders, which would provide their morphological characteristics,
dispersed and phase composition, necessary to obtain materials with needed properties.

There are several methods for synthesis of bismuth orthoferrite nanoparticles, for example, solution combustion [12—
20], hydrothermal synthesis [21-27], and solid phase synthesis [28—35]. However, obtaining single-phase nanocrystalline
powders based on bismuth orthoferrite still causes difficulties [28,36—40]. One of the ways to obtain oxide nanoparticles
with a given composition and size is the use of microreactors [41,42].

For example, the synthesis of nanocrystals of complex oxides using free impinging-jets microreactors demonstrated
promising results [43—47]. Free impinging-jets microreactors make it possible to dissipate a large amount of energy
in very small volumes [48]. This, under certain flow regimes of free impinging-jets of reagent solutions, leads to the
formation of reaction zones with sizes of the order of hundreds of nanometers with localization of the initial components
in them in a given stoichiometry [49]. Such self-organization of spatially separated nanoreactors makes it possible to
count on the possibility of forming nanoparticles of a given composition and size [50].

When a free impinging-jets microreactor is used to obtain precursors for the following synthesis of bismuth ortho-
ferrite, as shown in [51-53], the formation of by-products that differ in composition from the stoichiometry of the target
phase is almost completely excluded. Comparison of various apparatuses for coprecipitation of precursors were consid-
ered in [51], in particular, a microreactor with submerged jets. By use of different types of microreactors, the authors
of [51] obtained predominantly single-crystal BiFeO3 nanoparticles with a narrow size distribution and small average
sizes of crystallites and particles. At the same time, these sizes are not always close to the minimum possible sizes of
bismuth orthoferrite crystals [54].

Thus, it is important to determine the types of microreactors and synthesis modes for obtaining single-phase nanopow-
ders based on bismuth orthoferrite with the smallest possible crystal sizes. This work is aimed at solving this problem.
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2. Experimental

The crystalline hydrates of bismuth and iron (III) nitrates were used as starting reagents. Bismuth nitrate Bi(NOs)s -
5H20 was dissolved in 70 mL of 4M HNOj with stirring for 10 minutes and heating to 70 °C. An equimolar amount
of iron nitrate Fe(NOg3); 9H>O was added with stirring to the obtained solution of bismuth nitrate. Salt weights were
calculated for the preparation of 3 g of bismuth ferrite. After stirring for 10 minutes, 130 mL of distilled water was added
and stirred for another 20 minutes. Separately, 1 1 of 4M NaOH solution was prepared. The obtained solutions were used
for the coprecipitation of bismuth and iron(IlI) hydroxides in various types of microreactors. Coprecipitation was carried
out at a temperature of about 22 °C and atmospheric pressure.

The design of the microreactor with submerged jets used for intensive mixing of the solutions of the reagents (Fig. 1a)
is described in [51]. The reactor was filled with NaOH solution to a level that was kept constant by means of a hydraulic
lock. After that, the solutions of nitrates and alkali were fed by means of Heidolph Pumpdrive 5201 peristaltic pumps
simultaneously through two nozzles located on opposite walls of the reactor at an angle of 180 degrees to each other. A
solution of bismuth and iron nitrates was supplied through one nozzle, 0.52 mm in diameter, and a solution of NaOH was
supplied through another nozzle, 0.47 mm in diameter. The flow rate of both solutions was 150 mL/min. The superficial
velocity of the jets at the outlet of the nozzles was 15.3 m/s for the salt mixture solution and 16.7 m/s for the alkali
solution. When the pumps were started, the nitrate solution was “injected” into the reactor filled with NaOH, and metal
hydroxides immediately precipitated. In essence, this method is a variant of intensive reverse precipitation. The particles
of co-precipitated hydroxides formed during the chemical reaction were removed through the hydraulic lock hosepipe
into a receiving tank.

A free impinging-jets microreactor (Fig. 1b) described in [52,53] was also used to mix the reagents. A solution of
bismuth and iron nitrates was fed into the jet microreactor through one of the nozzles with a diameter of 0.44 mm, and a
solution of sodium hydroxide was supplied through the second nozzle with a diameter of 0.46 mm. The solutions were
delivered as thin jets at a fixed flow rate of 250 mL/min, colliding at a mean velocity of about 23 m/s in a vertical plane at
an angle of about 72 °. The mutual arrangement of the nozzles and the flow rate were set in such a way that the collision
of the jets resulted in the formation of a liquid sheet with an average thickness of 10-15 pm [55], in which there was
contact and mixing of solutions of the initial components (Fig. 1b). The coprecipitation of bismuth and iron hydroxides
in a jet microreactor was carried out for 5-10 ms.

A microreactor with intensively swirling flows (Fig. 1c) makes it possible to concentrate a large amount of kinetic
energy in a relatively small volume (about 0.35 mL), which leads to the creation of a high level of specific energy dissi-
pation rate (about 2-35 kW/kg), which, in turn, causes high local values of longitudinal and shear deformation of fluid
elements and contributes to the intensification of the micromixing process [56,57]. The flow rates of each solution at the
preliminary stage of the experiment were set at 0.5, 1.0, 2.0, and 3.0 L/min. In this case, nitrate solutions were fed into one
of the tangential nozzles, and the precipitant solution was fed into the axial nozzle (Fig. 1c). Since no significant effect
of solution flow rates in the range of 0.5-3.0 L/min on the size of crystallites was found (the sizes varied from 14 + 5 nm
for 0.5 L/min to 12 + 5 nm for 3.0 L/min), then further all studies were carried out for a sample obtained at a flow rate of
3.0 L/min. This result is important from the point of view of crystallite size stability, since it guarantees the production
of particles with an average crystallite size in a narrow range, from 12 to 14 nm, with a relatively wide change in solution
flow rates, from 0.5 L/min to 3.0 L/min.

As a result of mixing solutions in microreactors, a suspension of co-precipitated bismuth and iron hydroxides was
obtained, which was then washed with distilled water from alkali using centrifugation and intermediate dispersion using
an ultrasonic bath in order to better wash the precipitates from alkali residues. The washed samples were dried at 70 °C
for a day.

The samples were designated as follows: N1 — obtained using a microreactor with submerged jets, N2 — using a free
impinging-jets microreactor, /N3 — using a microreactor with intensively swirling flows. The samples were heated in a
tubular furnace in a platinum crucible at a temperature of 490 °C in the “annealing-hardening” mode for 1 minute.

Powders were characterized by several methods. X-ray diffraction patterns were taken on a Rigaku SmartLab 3
(Rigaku Corporation, Japan) powder diffractometer (CuKc radiation) in the angle range 26 = 20-60° with a step of 0.01°
and a speed of 0.1°/min. The phase analysis of the samples was determined using the ICSD PDF-2 database. The average
crystallite size was determined using the SmartLab Studio II software package from Rigaku. The size distribution of
crystallites was determined by the method of fundamental parameters in the approximation of a lognormal distribution
model using the SmartLab Studio II software package for reflection 012.

The elemental composition of the samples was determined using a Tescan Vega 3 SBH scanning electron microscope
(Tescan, Czech Republic) with an energy dispersive X-ray spectroscopy (EDX) Oxford Instruments INCA x-act X-ray
microanalysis attachment (Oxford Instruments, Oxford, UK).

Transmission electron microscopy (TEM) studies with the determination of microdiffraction of the samples were
performed using a JEOL JEM-2100F microscope (JEOL Ltd., Akishima, Tokyo, Japan) at an accelerating voltage of
200 kV. Samples for research were prepared by preliminary dispersion of the initial powder in ethyl alcohol in an ultrasonic
bath for 15 minutes, followed by deposition on a supporting film.
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FIG. 1. Microreactors for co-precipitation of bismuth and iron hydroxides: a) with submerged jets; b)
free impinging-jets; c) with intensively swirling flows

3. Results and discussion

The data of X-ray spectral microanalysis of all samples showed that the ratio of Bi:Fe elements in the samples, within
the error limits, corresponds to the ratio specified during synthesis, with respect to the stoichiometry of BiFeOs.

The X-ray diffraction data for the heat-treated samples are shown in Fig. 2. Diffractograms for all three samples
before heat treatment, i.e. bismuth and iron hydroxides coprecipitated using different microreactors have the same X-ray
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FIG. 2. X-ray diffraction patterns of samples after heat treatment (490 °C, 1 min) - N1, N2, N3, and
before heat treatment — “initial”
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F1G. 5. TEM micrograph of sample N3. As an example, three BiFeO3 nanocrystals are highlighted in
the image

amorphous appearance and are shown in Fig. 2 under the name “initial”. All reflections in the diffraction patterns of
samples N1, N2, and N3 correspond to the bismuth orthoferrite phase.

Figure 3 shows the average crystallite sizes of the samples (Fig. 3a), as well as the size distributions of crystallites
(Fig. 3b), determined from the 012 reflection.

Sample N3 has the smallest average crystallite size, about 12 nm. The average size of crystallites for sample /N1 is
about 19 nm, for sample /N2, is about 17 nm. The volumetric size distribution of crystallites for sample [V 3, obtained using
a microreactor with intensively swirling flows, is narrower (0 = 5 nm) than that for samples N1 and N2 (¢ = 9 nm),
obtained using microreactors with free impinging-jets and submerged jets.

A micrograph of the N2 sample before heat treatment, obtained with a transmission electron microscope, is shown
in Fig. 4a. This sample is X-ray amorphous particles collected in aggregates. Pictures of samples N1, N2, N3 after heat
treatment are shown in Figs. 4b, 4c, 4d, respectively. The electron microdiffraction data confirm the polycrystalline nature
of the samples, as well as the presence of some X-ray amorphous phase.

Figure 5 shows a micrograph of sample N3, which shows the crystallites of bismuth orthoferrite formed in the
amorphous phase. The minimum size of BiFeOj3 crystallites from transmission electron microscopy data can be estimated
as approximately 3—4 nm.

The formation of nanocrystalline bismuth orthoferrite can be explained within the framework of the mechanism of
self-organization of spatial restrictions on the growth of particles [50] arising in Kolmogorov-scale vortices in various
types of microreactors. In this case, Kolmogorov vortices act as nanoreactors, in which, in this case, nanoparticles of
bismuth and iron hydroxides are formed, which are precursors for the synthesis of BiFeOs during their dehydration.

For the synthesis of nanoparticles with the smallest possible sizes under the conditions of the formation of such
spatial restrictions, it is important to organize a large contact surface of the reagents and quickly remove the products of
interaction from the reaction zone, which is facilitated by the use of microreactor technique.

4. Conclusion

The presented data allow us to conclude that the use of various types of microreactors makes it possible to obtain
a nanocrystalline single-phase powder based on bismuth orthoferrite. The smallest average size of BiFeOg crystallites
(about 12 nm) was observed in the sample obtained using a microreactor with intensively swirling flows with a reagent
flow rate of 3.0 L/min. From the point of view of the stability of the obtained nanocrystalline BiFeO3 samples, this result
is positive, since under production conditions it guarantees the production of nanocrystalline BiFeO3 with an average
crystallite size of 12 + 5 nm within a wide range of the solutions flow rates, from 0.5 L/min to 3.0 L/min.
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