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ABSTRACT Nanopowders of Y;_,Bi,FeOs; (x = 0, 0.05, 0.10, 0.15) solid solutions were obtained by co-
precipitation of hydroxides with simultaneous sonication and subsequent thermal treatment of the precipitate
in air at 800 °C for 1 min. in the annealing-quenching mode. The results of X-ray phase analysis showed the
formation of nanocrystalline solid solutions with a structure of hexagonal yttrium orthoferrite. The average crys-
tallite size increases from 4 to 10 nm with the increasing bismuth content in the solid solution. The influence
of Y3 substitution for Bi** in yttrium orthoferrite on the photocatalytic activity of Y;_,Bi,FeO; nanopowders
during the Fenton-like degradation of methyl violet under the visible light irradiation has been studied. The max-
imum reaction rate constant of 0.0197 min—! was shown by the YFeO3; nanopowder, which has the smallest
crystallite size of ~4 nm.

KEYWORDS coprecipitation, yttrium orthoferrite, heat treatment, nanoparticles, photocatalyst, Fenton-like reac-
tions
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1. Introduction

Recently, yttrium orthoferrite YFeOg has become of interest to researchers due to the broadening of the fields of its
practical applications. It can be used as a basis of a functional material in gas sensitive sensors, in magnetic devices, as
a catalyst, a photocatalyst in particular [1-3]. Most studies have focused on yttrium orthoferrite with an orthorhombic
structure [4,5]. The metastable modification of yttrium orthoferrite with a hexagonal structure has been studied much
less [6-9].

Hexagonal structured nanocrystalline yttrium orthoferrite can be obtained using various soft chemistry methods, such
as hydrothermal, microwave synthesis, sol-gel, co-precipitation followed by thermal treatment, and solution combustion.
These methods make it possible to control the structure, size of particles and crystallites, and their morphology, which
determine the functional properties of yttrium orthoferrite-based materials [10—14].

The possibility of yttrium orthoferrite-based solid solutions formation, their structural features, and properties are
even less studied. At the same time, many orthoferrites have a set of functional properties that are important for appli-
cation. These compounds include, in particular, bismuth orthoferrite [15-19]. There are publications [20-23] devoted
to the study of solid solutions based on the Bi-doped YFeOs, but all these articles describe only the samples with an
orthorhombic structure.

One of the promising directions for using orthoferrite-based nanopowders is their application for purifying polluted
aqueous media thanks to their high photocatalytic activity [6,24-30].

Due to the above reasons, it is of interest to study the synthesis of Y;_,Bi,FeOs nanocrystalline solid solutions with
a hexagonal structure and to determine their photocatalytic properties.

2. Experimental
2.1. Y;_.Bi,FeOj synthesis

Nanocrystalline Y;_,Bi, FeO3 (0 < 2 < 0.15) solid solutions were synthesized in several stages. Bi(NO3)3-5H50,
Y(NO3)35-6H20, Fe(NO3)3-9H20 of p.a. purity grade without additional purification were used as initial reagents. Salts
were weighted in proportions in order to obtain of 1 g of yttrium-bismuth ferrite and then sequentially dissolved in 2 ml
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of 6 M aq. HNO3 aqueous solution with stirring and heating. Magnetic stirring was carried out for 15 min. Separately,
40 ml of 4M aqueous NaOH was prepared.

Solutions of nitrates and alkali were mixed by the reverse precipitation with simultaneous magnetic stirring under
sonication (with a power of 630 W and a frequency of 23 kHz), pouring the nitrate solution into the alkali solution with a
syringe in a thin stream for 1 min.

The coprecipitated metal hydroxides were rinsed with distilled water until neutral pH value and dried at 80 °C for
10 h.

The samples were thermally treated in the annealing-quenching mode in a tube furnace preheated to 800 °C. The
platinum crucible containing a sample was placed in the oven for 1 min, after which the sample was taken out and spilled
onto a metal plate for rapid cooling.

2.2. Characterization

X-ray diffraction patterns were recorded on a Rigaku SmartLab 3 diffractometer (Rigaku, Japan) operating in Bragg-
Brentano geometry and equipped with an X-ray tube with a copper anode. Radiation filtration (Cu-K, duplicate X-ray
line) was carried out using a nickel Kz filter. The measurements were carried out in the range 20 = 10 — 70° with a 0.01°
step, at a rate of 0.5°/min. Quantitative X-ray phase analysis and determination of the cell parameters of all samples were
carried out using a-Als O3 powder as an internal standard and shooting in the range 26 = 10 — 120°. The average crystallite
size was determined by the Halder-Wagner method using the SmartLab Studio II software package from Rigaku.

The size distribution of crystallites and distribution parameters were determined by the method of fundamental pa-
rameters in approximation to the log-normal distribution model, using the SmartLab Studio II software package.

The elemental analysis of the samples was determined using an FEI Quanta 200 scanning electron microscope with
an attachment for energy dispersive microanalysis.

IR spectra were obtained on an FSM-1202 IR Fourier spectrometer (Russia).

The photocatalytic activity of samples in the process of photo Fenton-like oxidation of methyl violet (MV) in the
presence of hydrogen peroxide (Hz0z) in the 400-700 nm wavelength range was studied.

The photocatalytic activity of the heat-treated Y;_,Bi,FeO3 nanopowders was studied in the process of Fenton-
like oxidation of MV in the presence of hydrogen peroxide (H205) in the 400-700 nm wavelength range. The dye
concentration was determined on a Shimadzu UV1600 spectrophotometer (Japan).

The light-mediated Fenton-like oxidation of methyl violet was carried out in 50 ml beakers using a magnetic stirrer
and two 100 W Xe lamps with a UV-light filter (A > 420 nm). The experimental system was placed in an isolated box,
which made it possible to thermostat the reaction solutions and avoid exposure to external radiation. In all experiments,
25 ml of a solution was prepared to contain the exact amount of Y;_,Bi,FeOj3 catalyst (previously sonicated for 30 min.),
methylene violet and hydrogen peroxide.

3. Results and discussion

The elemental analysis results for the samples are presented in Table 1.

It can be seen from the data in the table that all the samples have a slight excess of iron in comparison with the total
amount of yttrium and bismuth, and a slight excess of bismuth with respect to yttrium in the samples with the amount
of bismuth specified for the synthesis at x = 0.05 and 0.15. Taking into account the error of the method, the samples’
compositions correspond to the nominal one. Later in this article, all samples will be designated in accordance with the
nominal amount of bismuth in Y;_,Bi,FeOsg, i.e. sample 1 — 2 = 0, sample 2 — z = 0.05, sample 3 — z = 0.10, and
sample 4 — x = 0.15.

TABLE 1. Elemental analysis of the initial samples

Nominal composition EDX data
Sample
Y01_5I Bi01,51 F601.5 Y01.52 Bi01_5 Y01_5I Bi01,51 F601.5 Y01.52 Bi01_5
1 1:0:1 - 096:0:1 -
2 095:005:1 0.95:0.05 092:0.06:1 0.93:0.07
3 0.90:0.10: 1 0.90:0.10 0.90:0.09: 1 0.90:0.10
4 0.85:0.15:1 0.85:0.15 0.83:0.13:1 0.84:0.16

The conditions for the thermal treatment of coprecipitated hydroxides were chosen in order to obtain nanocrystals
of the minimum size in all the investigated samples. The Y 95Big.g5FeO3 composition was selected for the study. The
crystallization temperature of pure bismuth orthoferrite is much lower than that of pure yttrium orthoferrite (~490 °C [31]
compared to ~800 °C [32]). An increase in the amount of bismuth in a sample leads to a decrease in the crystallization
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temperature, and the crystalline phase in samples with a larger amount of bismuth will be observed already at lower
temperatures, whereas the samples with a smaller amount of bismuth will still remain X-ray amorphous.

Figure 1 presents the X-ray diffraction patterns of Yg 95Big.05FeO3 samples obtained under different thermal treat-
ment conditions. At 750 °C, a sample remains X-ray amorphous, as well as when the heating time is reduced to 0.5
min. at 800 °C. With an increase in temperature up to 850 °C (with a heating duration of 1 min.), crystalline phase peaks
corresponding to hexagonal yttrium orthoferrite [ICDD 00-048-0529] are observed in a sample, but with crystallites of
larger size compared to the sample heated at 800 °C.

Thus, the thermal treatment conditions of 800 °C and 1 min duration were chosen.
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F1G. 1. X-ray diffraction patterns of an Y g95Big.g5FeO3 sample thermally treated under different conditions

X-ray diffraction patterns of Y;_,Bi,FeOs (0 < < 0.15) samples heated for 1 min. at 800 °C are shown in Fig. 2
in the 20=10-70° angle range. All samples contain peaks corresponding to the hexagonal phase of yttrium orthoferrite h-
YFeO3 [PDF 00-048-0529]. Samples 3 and 4 demonstrated the appearance of peaks of an impurity phase corresponding to
c-Y3Fe;0;2 cubic garnet [JCPDS 00 — 0033-0693]. The formation of an iron-rich phase can be explained by some com-
positional inhomogeneity in the coprecipitated hydroxides despite the sonication during synthesis aimed at minimizing
the spatial separation of the solid solution components.

10 20 30 40 50 60 70
26,°

FI1G. 2. X-ray diffraction patterns of Y;_,Bi,FeOs samples (sample 1 —x = 0, sample 2 — x = 0.05,
sample 3 — z = (.10, and sample 4 — x = 0.15)
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Figure 3 shows the dependence of the cell parameters of a phase based on a hexagonal yttrium ferrite. The cell pa-
rameters increase depending on the composition of the sample, which provides evidence for the incorporation of bismuth
into the crystal lattice of hexagonal yttrium orthoferrite and the formation of an Y;_,Bi,FeOj3 solid solution.
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F1G. 3. Dependence of cell parameters of hexagonal Y;_,Bi,;FeOs on samples composition

The ratio of the phases mass fractions in the samples heated for 1 min. at 800 °C, is shown in Fig. 4. An increase in
the amount of bismuth in a sample contributes to an increase in the amount of the Y;_,Bi, FeOs hexagonal solid solution
and a decrease in the amorphous phase fraction. This can be explained by the fact that an increase in the amount of
bismuth leads to a decrease in the solid solution crystallization temperature, and the sample with x = 0.15 becomes more

crystallized than other samples.
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F1G. 4. Dependence of the phases mass content (¢) on the samples composition

It was determined by different methods that average sizes of crystallites of the hexagonal Y;_,Bi,FeOgs phase sig-
nificantly differ (Fig. 5). In [33], the influence of the method for determining the size of crystallites on their values was
analyzed. For instance, the mode obtained from the size distribution of crystallites for the peak 104 (Fig. 6) almost co-
incides with the crystallite sizes calculated by the Halder-Wagner method for all the peaks. The obtained results allow
one to conclude that an increase in the bismuth content in the Y;_,Bi FeOs3 solid solution leads to an increase in the

crystallite size from ~4 to ~9 nm.

An analysis of the crystallites’ size distribution for samples with different compositions (Fig. 6) shows that an increase
in the amount of bismuth in the Y;_,Bi,FeO3 phase leads to a narrowing of the crystallite size distribution compared
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FIG. 5. Crystallite sizes determined from the distribution data in Fig. 6, as well as by the Halder-
Wagner method for all the peaks of the Y;_,Bi,FeOgs phase

to hexagonal yttrium ferrite. It is noteworthy that the maximum value of the distribution is limited by the crystallite size
of about 15 nm, which confirms the conclusion made in [9] about the ultimate crystallite size of the hexagonal phase of
yttrium ferrite, after which, the metastable hexagonal phase transits into the stable orthorhombic one. The conclusion
from [9] is also valid for Y _,Bi,FeOs solid solutions.
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FIG. 6. Size distribution of crystallites determined from the peak 104 in samples of Y;_,Bi,FeO3
(sample 1 — xz = 0, sample 2 — z = 0.05, sample 3 — x = 0.10 and sample 4 — x = 0.15)

The IR spectroscopy data for samples with different composition are presented in Fig. 7: before heat treatment
(Fig. 7a), and after thermal treatment at 800 °C for 1 min. (Fig. 7b). The variation in the composition of Y;_,Bi,FeOs
solid solutions under study has practically no effect on the shape of the IR spectra within the same series. The spectra of
both series, before and after thermal treatment, have several identical bands. The broad band of 3430 cm ™! and the band
of 1620 cm ™ indicate the presence of HoO molecules in samples, since they contain an amorphous phase both before
and after heating; however, these bands become less expressed after thermal treatment at 800 °C. Before heating, the IR
spectra of the samples (Fig. 7a) contained bands at 845, 1078, 1370, and 1520 cm™!, which can be attributed to C-O
oscillations in yttrium carbonate Yo(COs3)s [34]. After heat treatment, the IR spectra of the samples (Fig. 7b) contain
bands at 1370 and 1520 cm ™ of lower intensity, which can be attributed to C—O oscillations in yttrium oxycarbonate
Y20,CO3 [34].
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FIG. 7. IR spectra of Y;_,Bi,FeOs samples (sample 1 — z = 0, sample 2 — x = 0.05, sample 3 —
x = 0.10, and sample 4 — x = 0.15) before heat treatment (a) and after heat treatment (b)

Before starting the photocatalysis experiment, the Y;_,Bi, FeOs catalysts were tested for the adsorption capacity
without a light source. To determine the most active catalyst among samples 1, 2, 3, and 4, solutions were prepared
to contain 10 ml of a colloidal solution of the corresponding Y;_,Bi,FeOs nanopowder (C = 0.5 g/L), 0.6 ml of a
methyl violet solution (C = 1 g/L), 4 ml of hydrogen peroxide (C = 1 mol/l), and 10.4 ml of distilled water. Before the
photocatalysis experiment, the solutions were stirred for 15 min. in the dark to establish the adsorption equilibrium. The
degree of adsorption g (mg/g) was calculated for each sample according to the equation:

(Co—0C)-V
g )
where (Y, is the initial concentration of the dye, C'is the final concentration of the dye after its adsorption, V' is the reaction

volume of the mixture, and ¢ is the mass of the catalyst in the solution.
The degree of adsorption for each of the samples is shown in Fig. 8.

25+

Absorbance

. : T . .
400 500 600 700
Wavelength, nm

FI1G. 8. The spectra of MV absorption in the presence of Y;_,Bi, FeOs without exposure to light

According to the obtained experimental data, the adsorption capacity of the samples decreases in the series
Yo.95Bio.05Fe03 > Yg.9Big.1FeO3 >Y(.85Big.15Fe03 > YFeOs.
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Then, the obtained Y; _,Bi, FeO3 samples were studied in the process of Fenton-like oxidation of methyl violet under

the action of visible light (Fig. 9).

The resulting solutions were irradiated with visible light for 15 min. with continuous stirring. After this time, 5 ml
samples were taken from these solutions to evaluate the concentration of the dye. The methyl violet removal efficiency
was calculated using the formula:

. . Cy—C
Degradation efficiency = < 100%,
0
where C is the initial dye concentration, C'is the final dye concentration after Fenton-like oxidation.
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FIG. 9. The spectra of MV absorption in the presence of Y;_,Bi,FeOgs in the 400—-700 nm wavelength
range (a), dye removal efficiency for samples 1, 2, 3, 4 (b)
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FIG. 10. The spectra of MV absorption in the presence of YFeOj3 in the 400-700 nm wavelength range
depending on the duration of irradiation (a) and the kinetic curve for YFeO3 sample (b)

Depending on the amount of bismuth in the samples, the catalytic ability of the samples changes in the following
order: YFeO3 >Y(.9Big.1FeO3 > Y(.95Big.05FeO3 > Y(.85Big.15FeO3. However, the obtained data cannot lead to the
conclusion that doping with bismuth worsens the catalytic ability of yttrium orthoferrite, since it can also be affected by
particle morphology, crystallite size, and other factors. With a decrease in the heating temperature and the formation of
smaller crystallites, the effect of bismuth doping can possibly be different.

Since the results of these tests showed YFeO3; nanopowders to be the most active, an additional series of experiments
with them was performed to determine the kinetics of methyl violet removal.

To study the kinetic parameters of the photo-Fenton-like oxidation of methyl violet, 25 ml of a solution containing
1.2 ml of MV (0.0464 g/L in 25 ml), 12.5 ml of a YFeOg suspension, 6 ml of H2O, and 4.1 ml of H,O were pre-
pared. With constant stirring, the solution was irradiated for 100 minutes, with sampling every 20 minutes, to obtain the
dependence of the dye removal efficiency on the duration of irradiation.
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The results the kinetics studies of the photocatalytic oxidation of MV in the presence of YFeOg nanoparticles are
shown in Fig. 10. With an increase in the duration of the reaction solution irradiation, a regular decrease in the relative
concentration of the dye was observed (Fig. 10b). The rate constant of this process was calculated based on the lineariza-
tion of the kinetic dependence in logarithmic coordinates, and was found to be 0.0197 min~?t, which is almost 4 times
greater than for similar YbFeOs-based photocatalysts [27]. The corresponding change in the MV adsorption spectra
depending on the exposure time is shown in Fig. 10a.

The obtained results allow considering the produced nanopowders as promising photocatalysts for the oxidation of
organic water pollutants.

4. Conclusion

Nanocrystalline samples of Y;_,Bi, FeOs (x = 0, 0.05, 0.10, 0.15) solid solutions with a hexagonal structure were
obtained by co-precipitation of magnetically stirred yttrium, bismuth and iron hydroxides with simultaneous sonication,
and subsequent thermal treatment of the rinsed and dried samples at 800 °C for 1 min. The average crystallite size in-
creases from ~4 to ~10 nm with the increasing bismuth content in the solid solution. The maximum size distribution of
crystallites for all samples is limited to ~15 nm, which leads to a conclusion about the ultimate size of yttrium ferrite crys-
tallites in the metastable hexagonal phase, after which, it transitions to a stable orthorhombic phase. The photocatalytic
activity of the obtained nanopowders of Y;_,Bi,FeOj3 solid solutions was studied in the Fenton-like oxidation of methyl
violet. A higher catalytic activity was demonstrated by a sample of undoped yttrium ferrite. The obtained nanopowders
can be considered as promising photocatalysts for the oxidation of organic water pollutants.
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