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Abstract

Complex antimony pyrochlores Biy yM.46Ni 70Sb2010+4 (M = Zn, Mg) were synthesized
from oxide precursors, using the solid-state reaction method. For each composition variant,
the pyrochlore phase formation process was studied during solid-state synthesis in the
range of 500-1050 °C. The influence of zinc and magnesium on the phase formation process
was established. The interaction of oxide precursors occurs at a temperature of 600 °C
and higher, resulting in the formation of bismuth stibate (BizSbOy) as a binary impurity
phase. Oxide precursors, including bismuth(IIl) and antimony(III,V) oxides, are fixed in the
samples up to 750 °C, at which point the intermediate cubic phase BizM; /3Sb7,3011 (sp. gr.
Pn-3, M = Zn, Ni) is formed in the zinc system. Interacting with transition element oxides, it
is transformed into pyrochlore. An intermediate phase with the Big ¢6Caj.99VO1q 5 structure
(sp. gr. Pnnm) was found in the magnesium system. The unit cell parameter of pyrochlore
for two samples has a minimum value at 800 °C, which is associated with the onset of
high-temperature synthesis of pyrochlore. The synthesis of phase-pure pyrochlores is
confirmed by high-resolution Raman spectroscopy. The data interpretation showed that the
cations in Ni/Zn pyrochlore are more likely to be incorporated into bismuth positions than
in Ni/Mg pyrochlore. The nickel-magnesium pyrochlore is characterized by a low-porosity
microstructure, with grain sizes of up to 3 pum, according to SEM data. Zinc oxide has a
sintering effect on ceramics. Therefore, the grain size in ceramics is large and varies from 2
to 7 um.

Keywords: pyrochlore; bismuth stibate; transition 3d-elements; Raman spectroscopy;
phase formation

1. Introduction

Bismuth-containing synthetic oxide pyrochlores attract the close attention of scientists
due to their wide range of practically useful properties, including low synthesis temper-
atures and the capacity for significant variation in the chemical composition of ceramics.
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This enables the study of the relationship between the composition structure and prop-
erties of bismuth-containing synthetic oxide pyrochlores [1-6]. Traditionally, complex
bismuth-containing pyrochlores are classified as either semiconductors or dielectrics. The
low dielectric losses and high permittivity of these materials, in conjunction with their
adjustable temperature coefficient of capacitance, and their chemical inertness with respect
to low-melting metal conductors, are significant factors in their consideration as promis-
ing materials for the manufacture of multilayer ceramic capacitors, resistors, thermistors,
and tunable microwave dielectric components [6-10]. Bismuth-containing pyrochlores
are also notable for their catalytic properties in the UV and visible ranges of the electro-
magnetic spectrum with respect to organic pollutants and they are a promising element
of solar batteries [11-14]. The microstructure of ceramics has a significant influence on
their physicochemical properties. In order to obtain ceramics of a uniform composition
and controlled grain size, wet chemistry methods are most often used. Such methods
include the sol-gel synthesis method and the hydrothermal method, as well as the method
of coprecipitation with subsequent calcination [15-20]. The solid-phase synthesis method
is characterized by the simplicity of its implementation, reduced labor intensity, and fre-
quent independence from the sample preparation of the initial precursors and additional
reagents. However, the process is associated with several disadvantages, including the
necessity for careful primary and intermediate homogenization of the precursor mixture
and a high-temperature treatment, which, in general, results in the formation of dense and
low-porosity ceramics, with an uncontrolled grain size. In this regard, ceramics with poten-
tial catalytic properties are traditionally synthesized using solution methods. Conversely,
ceramics with excellent dielectric properties, for which high density and low porosity
are important, are produced using solid-phase synthesis. In regard to the solid-phase
high-temperature synthesis of oxide pyrochlores based on bismuth stibate, the samples
exhibit a loose, porous structure, with a small grain size [19-24]. In consideration of the
aforementioned factors, the present study investigates the phase formation process of bis-
muth stibate-based pyrochlores, with a focus on determining the heat treatment conditions
that lead to the synthesis of single-phase and low-porosity ceramics. The phase forma-
tion process of oxide pyrochlores was previously studied using niobium and tantalum
bismuth-containing pyrochlores [25-32]. In [26], the process of evolution of the pyrochlore
phase during the composition of Bi;Mg(Zn);_xMxTayO95_A (M = Cr, Fe) was analyzed
within the temperature range of 650-1050 °C. The influence of magnesium/zinc oxides
on the process of evolution of the pyrochlore phase was established. As demonstrated,
magnesium oxide activates the reactivity of orthotantalate at a high temperature, while
zinc oxide promotes the low-temperature synthesis of pyrochlore. The synthesis of the
pyrochlore phase is common to all systems, occurring as a result of the high-temperature
interaction of bismuth orthotantalate (x-BiTaO4) with oxide precursors in the tempera-
ture range of 850-1050 °C. As indicated in [26], the following phases, namely Bi3TaOy,
BipsFeQyy, BigCryO15, and BijsCrOyy, including chromium(VI) compounds, were identified
as intermediate phases. It was shown that ceramics with an increased zinc oxide content
are characterized by a low-porosity dense microstructure. The presence of magnesium
oxide promotes the formation of porous ceramics. In [27], it was shown that during the
synthesis of pyrochlores with the composition Bi;Mg(Zn);_xNixTa;Og, magnesium oxide
reacts at temperatures above 800 °C, while nickel oxide reacts at temperatures up to 750 °C.
The calcination temperature did not significantly affect the microstructure of the samples,
and an increase in the calcination duration led to the fusion of grains, with the formation
of larger particles. In [31], the phase formation process of a niobium pyrochlore of the
complex composition BipCr; /¢Mn; /6Fe /4Co1 /6Ni7 /6Cu1,6Nb2Og, 4 (space group Fd-3m:2,
a=10.4937(2) A) was studied. It was found that the synthesis proceeds through a series of
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successive stages, during which a transition from Bi-rich to Bi-depleted compounds occurs.
The precursor of the pyrochlore phase is bismuth orthoniobate involving the orthorhombic
modification («-BiNbOy). The pyrochlore phase is formed as a result of doping bismuth
orthoniobate with ions of transition elements. In the course of the synthesis, the following
complex oxides were identified as intermediate phases: Bij4CrO4, BixsFeOysg, BINbOy4, and
BisNb3Oj5. The interaction between the initial oxide precursors was revealed to take place
at a temperature above 500 °C. It was demonstrated that varying the duration of the heat
treatment at each stage of synthesis did not qualitatively change the phase composition of
the sample, but affected the quantitative ratio of the phases. Phase-pure pyrochlore in terms
of the specified composition was ultimately obtained at 1050 °C. The resulting ceramics are
characterized by a low-porosity and dense microstructure, with blurred grain boundaries.

The solid-phase synthesis of phase-pure pyrochlores, based on bismuth stibate, has
a number of features. As emphasized above, fine-grained ceramics are formed, and the
stoichiometric composition of the oxide ceramics does not coincide with that of pyrochlores
based on bismuth niobate/tantalate [18,33,34]. The solid-phase synthesis of antimony
pyrochlores is traditionally carried out using the stoichiometric and moisture-resistant
antimony(Ill) oxide, the step-by-step and long-term calcination of which is necessary for
the oxidation of the antimony to Sb(V). In the present article, we report on the synthesis and
the results from the study of the phase formation process during the solid-phase synthesis
of the new pyrochlores Biy M 46Ni 705b2010+4 (M = Mg, Zn).

2. Experimental Part

For the solid-phase synthesis of the Bip 7Mj 46Nig 70Sb2019:a (M = Zn, Mg) samples,
stoichiometric amounts of bismuth (III), antimony (III), nickel (II), and zinc/magnesium (II)
oxides of analytical grade were used. The phase formation process was studied using Ra-
man spectroscopy, electron scanning microscopy, and X-ray phase analysis of the samples,
which were successively calcined in air at temperatures from 500 to 1050 °C (increments of
50 °C) for 15 h, at each stage of heat treatment. After each calcination in air, the sample was
thoroughly homogenized and pressed again into the form of disks to ensure tight contact
between the ceramic grains. X-ray data were collected using a Shimadzu 6000 X-ray diffrac-
tometer (Tokyo, Japan) (Cuk« radiation; 20 = 10-80°; scan rate 2.0° /min). Phase analysis
was conducted through the PDXL2 program (Rigaku, Tokyo, Japan), using the PDEF-2 (2020)
database. Studies of the surface morphology of the preparations, elemental mapping, and
local quantitative elemental analysis were carried out using scanning electron microscopy
and energy-dispersive X-ray spectroscopy (Tescan VEGA 3LMN scanning electron micro-
scope (Tescan, Czech Republic), INCA Energy 450 energy-dispersive spectrometer (Tescan,
Prague, Czech Republic)). The unit cell parameters of the pyrochlores were calculated
using the CSD-4 software package () [35]. Studies of the samples using Raman spectroscopy
were carried out via a Ramos M520 high-resolution Raman microscope (SOL instruments,
Minsk, Belarus) in the range of 80-3500 cm~!. The spectra were recorded using a 600 nm
grating and a 532 nm solid-state laser, with a power of 0.6 mW and a 50 objective lens
with a Nexcope NE910 microscope (Nexcope, Ningbo, China). The spectral and spatial
resolutions were approximately 5 cm~! and 2 pum, respectively. The spectra were recorded
at room temperature. Recording times of up to 60 s were used for the ceramic and parent
oxide samples, without any visible damage to their surfaces or changes in the shape of the
spectra. The Raman spectra were recorded at different points for each sample.
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3. Results and Discussion

The phase formation process of antimony pyrochlores was studied for two composi-
tions of Biy 7Mg.46Nig 70Sb2010+a (M = Zn, Mg), using vibrational (Raman) spectroscopy,
scanning electron microscopy, and X-ray phase analysis. The compositions presented are
new, first synthesized, phase-pure cubic pyrochlores. Magnesium- and zinc-containing
pyrochlores were selected for the study in order to trace the effect of magnesium and
zinc on the phase formation process and the microstructure of ceramics, as well as the
reproducibility of the experimental results. X-ray phase analysis was performed on the
samples that were successively calcined in a temperature range of 500-1050 °C (with
an increment of 50 °C) for 15 h, at each stage of the heat treatment. The stoichiometric
formula of the samples was determined experimentally, as a result of a targeted search
for the chemical composition of the samples, crystallizing into the structural type of py-
rochlore without impurities. The variation in the molar ratio of Bi/Sb, Ni/Zn enabled the
establishment of the optimal composition of Ni/Zn pyrochlores, which corresponds to
the formula Bip 7(Ni/Zn); 16-1.2205b2010+a. The stoichiometric formula of phase-pure py-
rochlore Biy 7My.46Nig 70Sb2010+a (M = Zn, Mg) differs significantly from the stoichiometric
composition of previously synthesized pyrochlores based on bismuth niobate/tantalate
Bip 7M.46Nio 70Sb20104a (M = Zn, Mg) [34], which may be associated with the smaller
cationic radius of Sb(V) compared to the radii of Nb(V)/Ta(V) (Rcn-6(Nb(V)) = 0.64 A;
Ren-g(Ta(V)) = 0.64 A; Ren6(Sb(V)) = 0.60 A) [36]. The X-ray diffraction patterns of the
calcined Bijp 7Zng 46Nig79Sb2O10.4 sample, measured at different temperatures, ranging
from 500 to 1050 °C, are shown in Figure 1.

The presented X-ray diffraction patterns demonstrate that the phase composition of
the sample is significantly dependent on the calcination temperature. The results of the
phase composition studies on the sample, using electron microscopy and X-ray phase
analysis, are presented in Table 1.

Table 1. Phase composition of the Bi, 7Zng 46Nig 79SbyO19+ sample calcined at 500-1050 °C, accord-
ing to X-ray diffraction and elemental mapping data.

Synthesis Temperature, °C Phase Composition of the Sample

1050 pyrochlore

950 pyrochlore

900 BisM,/35by /3011 (traces), pyrochlore

850 BizM,/35by7 /3011, pyrochlore

800 BizsM,; /3Sb7,3011, pyrochlore, NiO (traces)

750 BizM,; /3Sb7,3011, pyrochlore, NiO, ZnO (traces)
700 Biy O3, SbyO4, Bi3SbOy (traces), pyrochlore, NiO, ZnO
650 Biy O3, SbyOy4, Bi3SbOy7, pyrochlore, NiO, ZnO
600 Bi, O3, Sby, Oy, Bi3SbO7, NiO, ZnO

550 BizOg,, Sb204, Bi3SbO7, NiO, ZnO

500 Bi203, Sb204, Bi3SbO7, NiO, ZnO

As shown by the X-ray phase analysis (Figure S1), upon the low-temperature cal-
cination of the sample (500-600 °C), the precursor phases are identified using the X-ray
diffraction patterns: monoclinic phase x-Bi,O3 (sp. group P2 /c) and cubic NiO (sp. group
Fm-3m, No. 00-047-1049), hexagonal ZnO (sp. group P63mc), mixed antimony oxide SbyOy4
= Sb(SbOy) (Pna2;, No. 01-078-2066), and the products of their interaction with bismuth
oxide, BizSbOy (sp. group Cmmm) [37—41]. As antimony(Ill) is oxidized, the amount
of BizSbOy increases and that of Bi;O3 (P2;/c) decreases. With an increasing synthesis
temperature (650-700 °C), a reaction between tribismuth stibate, antimony oxide SbyOy,
and the oxide of the transition 3d element (NiO, ZnO) becomes possible with the formation
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of a pyrochlore phase (sp. gr. Fd-3m, No. 01-085-2835). In the international crystallographic
database, ICSD, a cubic phase of the nickel pyrochlore Bi; 76Nig gSby 3707 (sp. gr. Fd-3m, No.
227, card number 01-085-2835) was found [42], which most closely corresponds in regard
to its chemical composition to the synthesized pyrochlore, Biy 7Zn 46Nig 79Sb2O1044 (1).

1.76Bi3SbO7 + 1.1758]3204 +2.4MO + 0.7902 = 3Bil.76M0.SSb1'3707 (M =Ni, Zl’l) (1)

The results of the X-ray diffraction studies and elemental mapping (Figure 2) do not
enable the precise determination of the type of the transition element oxides that were
involved in the reaction, since independent phases of nickel and zinc oxides are recorded in
the samples up to a temperature of 800 °C (NiO) and 750 °C (ZnO). The high-temperature
treatment of the sample (750-900 °C) led to the formation of a two-phase product, with
a small amount of the initial nickel and zinc oxides. The cubic phase BizM,,35b7,3014
(M-Ni, Zn) belonging to the KSbOj3 structural type (space group Pn-3) [43-46] appears as an
impurity phase, the amount of which is at its maximum at 750 °C. In the temperature range
of 800-900 °C, the interaction of the impurity phase Bi3sM; /35b7 3011 with zinc and nickel
oxides apparently occurs, and phase-pure pyrochlore of a given composition is formed (2):

0.9Bi3sM) /35b7 /3011 + 0.557MO = Bip 7M1 165b2,0010:4 (M = Ni, Zn) )

It is interesting to note that the formation and stability of the cubic phase BizM, /35b7 /3011
(M = Ni, Zn) are associated with the temperature range in terms of the existence of the
cubic metastable phase, 6-Bi,O3 (sp. gr. Pn-3m), into which «-Bi;O3 (sp. gr. P2;/c)
transforms, near 729 °C [37]. It can be assumed that the synthesis of the cubic phase from
oxide precursors is initiated by the phase transformation of «-Bi;O3 into a more active
cubic d-phase. In addition, it was shown that the synthesis of BizM;,35b7,3011 (M = Nij,
Zn) occurs from the oxides Bi,O3, NiO, MgO, and Sb,O4, which are present in sufficient
quantities in the reaction mixture. This is evidenced by the phase composition of the sample
calcined at 750 °C, which does not contain bismuth (III) and antimony (III, V) oxides. At a
temperature of 900 °C, low-intensity reflections of the cubic phase BizM,,35b7,3011 appear
in the X-ray diffraction patterns; a single-phase sample, according to the X-ray diffraction
data, was formed at a temperature of 900 °C; at 950 °C, a well-crystallized sample is formed,
as evidenced by a decrease in the width of the diffraction lines.

Figure 2 shows the results of the elemental mapping of the Biy 7Nig7Zng 46Sb2010+a
samples that were calcined at 950 °C. The experimental results show that a uniform
distribution of transition elements is observed across the surface of the samples when
synthesizing the sample at 850 °C and above. The non-monotonic nature of the change
in the unit cell parameter of pyrochlore with an increasing calcination temperature in
the sample is shown in Figure 3. As shown in Figure 3, the unit cell parameter of the
pyrochlore phase has a maximum of 10.4737 A in the sample calcined at 650 °C. During the
high-temperature calcination of the sample, the unit cell parameter of pyrochlore decreases
to 10.464 A (at 800 °C) and then increases again to 10.474 A. It can be assumed that the
non-linear change in the cell constant is associated with the stages of pyrochlore phase
formation. In the low-temperature range and at 650 °C, a non-stoichiometric pyrochlore
phase is formed, which is evidenced by the presence of unreacted oxide precursors in the
sample. As the calcination temperature increases, the unit cell parameter decreases to 800
°C and reaches a value of 10.464 A, then begins to increase. The presence of a minimum
in terms of the cell parameter upon heating was previously manifested during the phase
formation of tantalum pyrochlores [26,27] and can be associated with the achievement of an
equilibrium state in the distribution of ions in the crystallographic positions of pyrochlore.
In this case, the pyrochlore formed at 650 °C can be considered as a nonequilibrium state.
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It is understood that such a state is a metastable stressed state of the pyrochlore crystal
structure, caused by the uneven distribution of ions in crystallographic positions, vacancies,
defects, and geometric distortion of the polyhedral environment of the cations. As the
temperature of the reaction mixture increases, thermal activation of the transition element
oxides occurs, oxide precursors interact with early pyrochlore, and a stoichiometric cubic
phase is formed. This stage of pyrochlore synthesis is accompanied by an increase in the
unit cell parameter (over 800 °C). As the XRD shows, at a temperature of 850 °C, there is a
noticeable decrease in the amount of impurity phases in the sample and an increase in the
proportion of pyrochlore. Within the temperature range of 950-1050 °C, the cell constant
changes insignificantly from 10.4722 to 10.474 A, which indicates the completion of the
pyrochlore phase formation process and its thermal stability within this temperature range.

Microphotographs of the synthesized preparations are shown in Figure 4. The samples
synthesized at a temperature of 500-800 °C are characterized by a non-uniform microstruc-
ture, formed by heterogeneous grains, which is explained by the multiphase composition
of the samples. At 850-900 °C, fine-grained porous ceramics are formed, the longitudinal
grain size of which varies from 0.2 to 1 um. Occasionally, faceted large grains of up to
2 pm in size appear. At a temperature of 950 °C, the porosity of the ceramics decreases,
grain fusion is observed, with the formation of chaotically oriented, large, faceted grains,
which are 2-7 pum in size. The local chemical analysis using energy dispersive spectroscopy
showed that the chemical composition of the sample corresponds to the specified theoreti-
cal one. Thus, the high-temperature calcination of the sample at 950 °C for 15 h leads to
the sintering of fine-grained ceramics and the creation of a low-porosity microstructure,
without a loss of the stoichiometry of the pyrochlore composition.

The phase formation study of the magnesium pyrochlores was carried out on a sample
with a composition similar to that of the zinc pyrochlores, namely Bi yMgg 46Ni 70Sb2010-4-
The X-ray diffraction patterns of the sample calcined at 550-1050 °C are shown in Figure 5.

The phase composition of the sample calcined at 500, 550 °C is practically no different
from that of the zinc preparation, confirming the hypothesis that the interaction between
the oxide precursors is inactive in the low-temperature range. As a result of the low-
temperature calcination of the sample (500-600 °C), the X-ray diffraction patterns show
reflections of the monoclinic phase o-Bip O3 (sp. gr. P21 /c), oxides NiO, MgO (sp. gr. Fm-
3m, No. 00-047-1049), mixed antimony oxide SbyO4 = Sb(SbOy) (Pna2;, No. 01-078-2066),
and the products of their interaction, Bi3SbO7. At 600 °C, the interaction between antimony
and bismuth oxides is activated and the X-ray diffraction pattern identifies the reflections
of BizSbOy7, which is present in the sample, recording the largest amount, compared to the
zinc preparation. In addition to the monoclinic phase of x-Bi,Oj3, reflections of 5-Bi, O3 (sp.
gr. Fm-3m, No. 01-076-2478) are recorded (Figure S2). In general, the phase composition
of the magnesium and zinc preparations calcined at 650 °C is similar. Conversely, at
650 °C, in contrast to the zinc preparation, the proportion of the pyrochlore phase in the
sample is higher, and a decrease in the intensity of the reflections of bismuth stibates,
bismuth oxide, and nickel is observed. As the temperature increased to 700 °C, there
was a decrease in the amount of impurity phases in the sample. However, the phase
composition of the zinc and magnesium preparations is almost identical. As shown in
Figure 1, Figure 4, Figures S1 and S2, the amount of impurities in the magnesium pyrochlore
is notably lower than in the zinc preparation. It is important to note that in regard to the
diffraction pattern of the sample calcined at 700 and 750 °C, there is a second variant in
terms of identifying the reflections in the diffraction pattern (Figure S2). According to
this variant, an unknown phase for this system is formed, with a structure characteristic
of orthorhombic Big¢6Cay09VO105 (sp. gr. Pnnm) [47]. For the zinc preparation at a
temperature of 700 °C, a set of reflections characteristic of this phase also appears, which
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indicates the reproducibility of the synthesis of the unknown compound and its low thermal
stability. When the temperature is increased to 750 °C, reflections of the Bi3sM; /35b7,3011
impurity phase are identified in the zinc preparation. This phase is not formed in the
magnesium preparation, whose phase composition is identical to the composition of the
sample calcined at 700 °C. The X-ray diffraction pattern of the sample calcined at 800 °C
shows low-intensity reflections of the Bi3sM,,35by,3011 cubic phase, which is present in the
sample in trace amounts at 850-950 °C. The elevated temperature and diminished quantity
of the cubic phase may be attributable to the disparate chemical compositions of the cubic
phases of BizM,; /3Sb; /3011 in both samples, resulting in divergent synthesis conditions
and thermal stability. Additionally, the Mg system exhibits greater activity during the
synthesis of the pyrochlore phase relative to the Zn system. The second reason is that in the
magnesium system, the synthesis of the pyrochlore phase is more active compared to the
zinc system. It is possible that there was an insufficiency of building material for the cubic
phase, since all the transition element oxide, which may be nickel oxide, was spent on the
synthesis of pyrochlore. As the elemental mapping shows (Figure 6), magnesium and nickel
oxides do not appear as independent phases at a temperature of 850 and 700 °C, respectively.
Assuming that the synthesis of the cubic phase occurs within the range of 750-800 °C, it can
be hypothesized that it is not the composition with nickel that is synthesized so slowly, but
rather the one with magnesium BizMg; /35by,301;. It should be noted that the cubic phase
of this composition was first synthesized and described in [42-45]. The work states that
long-term high-temperature calcination at 800 °C is necessary for the targeted solid-phase
synthesis of the magnesium phase. The results of the studies on the phase composition of
the sample using electron microscopy and X-ray phase analysis are presented in Table 2.

Table 2. Phase composition of the Bij Mg 46Nig 70Sb2O10.4 sample calcined at 550-1050 °C.

Synthesis Temperature, °C  Synthesis Temperature, °C

1050 pyrochlore

950 BisMgy /35b7 /3011, pyrochlore

900 BizsMg, /35b7 /3011, pyrochlore

850 BizMg, /35b7,3011, pyrochlore

800 BizsMg5/35b7 3011, pyrochlore

750 Biy O3, SbyO4, Bi3SbOy, pyrochlore, MgO

700 Biy O3, SbyOy4, Bi3SbOy, pyrochlore, NiO, MgO
650 Biy O3, SbyOy4, Bi3SbOy, pyrochlore, NiO, MgO
600 BizOg,, Sb204, Bi3SbO7, NiO, MgO

550 BizOg,, Sb204, BingO7, NiO, MgO

500 Bi203, Sb204, Bi3SbO7, NiO, MgO

The phase formation process of pyrochlores, based on bismuth niobate and tantalate,
was the subject of the studies in [25-32]. As shown in the works [25-28,30-32], the process
of synthesis of niobates and tantalates is generally similar. Many authors emphasize the
formation of an intermediate phase, namely bismuth orthotantalate/orthoniobate, which is
a precursor of the pyrochlore phase. The high-temperature interaction of BiTaO4(BiNbOj,)
with the oxides of transition elements leads to the synthesis of pyrochlore. The synthe-
sis process is accompanied by a number of peculiarities. Bismuth-rich phases, such as
BipsFeOyp, BigCryOq5 andBi4CrOyy, including the chromium (VI) cation-containing phase,
BigCryO15, and BijsCrOy7 [26,31,32,48], have been identified as intermediate phases. In [28],
it was established that the BiINbO, impurity phase has a negative effect on pyrochlore
ceramics, since it chemically interacts with low-melting silver. The phase formation of
antimony pyrochlores differs significantly. The synthesis proceeds through the formation of
the intermediate phase, BisM; /35b7,3011, which, being saturated with transition elements,
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Intensity, a.u.

is transformed into pyrochlore. It is interesting to note that the phase composition for
bismuth and antimony formally corresponds to the pyrochlore formula, with a deficiency
of the transition element M: BizM, /35b;,3011 = Bip 7My ¢5b2.1099. Apparently, the special
course of the synthesis of antimony pyrochlores is due to the possibility of the synthesis of
this phase, which is not typical for compositions with niobium or tantalum.

x
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Figure 1. X-ray diffraction patterns of the Biy 7Zng 44Nig 70SbyO10.4 sample synthesized at tempera-
tures, from 500 to 1050 °C.
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Figure 2. EDS mapping of the Bi; 7Zng 46Nig 70Sb2O10.a sample synthesized at temperatures from
650 to 950 °C.



Chemistry 2025, 7, 110

10 of 21

Unit cell parameter, A

10.476

10.474

10.472

10.47

10.468

10.466

—
o
s
g

10.462

@ Pt d
\ ’, - » PP
u ’/' e
\ r”
\\ ”’
" \ ’
. /
\ K4
- ‘\ III
.. y
~\~\~ J
4 ‘\ /
N ’
\\ K
\\ /
- ¥
650 700 750 800 850 900 950 1000 1050

Synthesis temperature, °C

Figure 3. Change in the unit cell parameter of the pyrochlore phase in the Bij 7Zn 46Nig 70Sb2O10+A

sample, depending on the synthesis temperature.

Figure 4. Micrographs of the surface of the Bij 7Zng 44Nig 70Sb2O19+a samples, synthesized at tem-

peratures from 650 and 1050 °C.
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Figure 5. X-ray powder diffraction patterns of the Biy Mg 46Nig 70Sb2O10+4 sample calcined at
550-1050 °C.
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Figure 6. EDS mapping of the Biy yMgq 46Nig 70Sb2O10+ sample synthesized at temperatures from
650 to 950 °C.

The distinguishing characteristic of antimony pyrochlores, in contrast to tanta-
lum/niobium pyrochlores, is the formation of nanocrystalline ceramics, even through
solid-phase synthesis.

Microphotographs of the synthesized magnesium preparations are shown in Figure 7.
The samples synthesized at a temperature of 550750 °C are characterized by a non-uniform
microstructure, containing grains of different shapes and chemical compositions, resulting
from the multiphase composition of the samples. The characteristic fine-grained microstruc-
ture of antimony pyrochlore is formed at a temperature of 800-850 °C. According to the
SEM data, the samples are characterized by a porous microstructure formed by unbound
ceramic grains of an elongated shape and with a longitudinal size of 0.5-2.0 um. Increases
in temperature to 950 °C results in grain growth, observed in regard to the formation of
larger grains, with a size of 2-3 um. It is interesting to note that magnesium pyrochlores
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and zinc antimony pyrochlores differ in regard to their microstructure. Zinc pyrochlores
are characterized by a dense, virtually pore-free microstructure, formed partially by or-
ganelles, with a grain size of 2-7 pm, while magnesium pyrochlores have a maximum grain
size of 3 um. Thus, the microstructure of ceramics can be regulated by high-temperature
calcination, which causes grain growth, or by adding sintering additives, which include
zinc oxide. The distinguishing characteristic of antimony pyrochlores, in contrast to tan-
talum /niobium pyrochlores, is the formation of nanocrystalline ceramics, even through

solid-phase synthesis.

Figure 7. Microphotographs of the surface of the Biy Mg 46Nig70Sb2O19+a samples synthesized at
temperatures of 550-950 °C.

The non-monotonic nature of the change in the unit cell parameter of antimony
pyrochlores with an increasing calcination temperature of the Bip 7Nip7Mgg.46Sb2010+a
samples is shown in Figure 8. As Figure 8 shows, the unit cell parameter of the pyrochlore
phase has a minimum value at 10.4585 A for the sample calcined at 800 °C, as observed in
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the zinc preparations. It can be assumed that the non-linear change in the cell constant is
associated with the stages of formation of the pyrochlore phase. In the low-temperature
range and at 650 °C, a nonequilibrium non-stoichiometric cubic phase of pyrochlore is
formed, as evidenced by the presence of unreacted oxide precursors in the sample. As the
calcination temperature increases to 800 °C, the ions are redistributed in the pyrochlore
structure, reaching an equilibrium state. As shown by the XRD patterns, at 850 °C, the
active interaction of oxide precursors with pyrochlore and the formation of a stoichio-
metric cubic phase occurs. At the synthesis temperature of phase-pure pyrochlore in the
range of 950-1050 °C, the cell constant changes insignificantly from 10.4655 to 10.4690
A. The unit cell parameter of magnesium pyrochlores (10.4690 A) is smaller than that
of zinc pyrochlore (10.4740 A), which may be due to the difference in the ionic radii of
zinc and magnesium cations (R(Mg(II)cn-¢ = 0.72 A), R(Zn(I)cn¢ = 0.74 A) [36]. In gen-
eral, the unit cell parameters of the studied pyrochlores are comparable to the unit cell
parameters of known bismuth-containing pyrochlores. In [42], the definition region of
nickel-containing pyrochlores, based on bismuth stibate, is (Biz.xNix)Ni/3ySby/3 + yO7-8,
0.1 <x <0.35,0 <y <0.1), whose unit cell parameter, depending on the stoichiometry
of pyrochlores, varies in the range of 10.4690-10.4740 A, and does not contradict our val-
ues. The cell constant of pyrochlore (a = 10.471 A) of the composition BipO3:Fe;03:5b,05
= 0.4500:0.3030:0.2407 practically corresponds to the cell parameters of the pyrochlores
studied by us [19,43].

10.476
10.474
= 10.472
10.47
10.468
10.466
10.464
10.462
10.46
10.458

Unit cell parameter, A

10.456 - T T T
650 700 750 800 850 900 950 1000 1050

Synthesis temperature,”C

Figure 8. Change in the wunit cell parameters of Bip7yMgg4sNig7SbyO19:a and
Bip 77Zn 46Nig7Sb2O194a depending on the synthesis temperature.

The formation of antimony pyrochlores was confirmed using Raman spectroscopy.
Figure 9 shows the Raman spectra of Bij 7Nig7Mg46Sb2019:a (M = Zn, Mg) at different
sintering temperatures. As Figure 9 shows, the main details of the spectra are already
formed at a temperature of 750 °C and remain virtually unchanged upon sintering at higher
temperatures. This result correlates with the XRD data, which indicates that the pyrochlore
phase is fixed in the samples calcined at 650 °C. At 750 °C, the samples contain impurity
signals at 120 cm ™! and 205 cm~! in the magnesium composition, and at 195 cm~! and
200 cm~! in the zinc composition, which is due to the presence of different impurity phases
in the samples. The observed discrepancy between the vibrational modes for these samples
indicates that the samples have different impurity compositions and different phase forma-
tion pathways. Indeed, at 750 °C, an unknown phase of the Biy 7Mg 46 Nig7Sb2010+4 type is
present in the magnesium composition, and a cubic phase of BisM; /3Sby,301; is present in
the zinc composition. At the maximum sintering temperature of the samples, of 850 °C, the
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spectra of these samples are almost identical (Figure 9), which indicates that their crystal
structure is formed in an identical way and there are no impurities in the samples. The
appearance of the spectra themselves and their main peaks are generally characteristic

of pyrochlores.
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Figure 9. Raman spectra of Biy Mg 46Nig7Sb2O10:4 (M-Mg, Zn) ceramics synthesized at 750, 850,
and 1050 °C.

As is known [2,3], the face-centered cubic structure of pyrochlores consists of two
independent and interpenetrating sublattices, ByOg and A;O’. The cationic sublattice of
B,Og is formed by octahedra [BOg] connected at the corner apex. The sublattice A;O’ has
an anticristobalite structure, formed by tetrahedra [O’A4]. The group-theoretical analysis
for the ideal pyrochlore structure indicates the existence of 25 vibrational modes [49-52], as
shown in the following equation.

I'= A1g(R) + Eg(R) + 4F24(R) + 7F1(IR) + 4F2, + 2F1g + 3Ag, + 3Ey 3)

Among all the 25 optical modes, only 6 (A1, Eg, and 4F,;) are Raman active (R) and
include only the vibrations of oxygen atoms. Vibrations of A and B cations and oxygen
ions are observed in the IR spectrum. The structural disordering of the crystal lattices
of bismuth-containing pyrochlores leads to a decrease in the positional symmetry of A
and O’ atoms [52]. As a result of a decrease in the strictness of the selection rules, new
bands can be observed in their Raman spectra, which appeared due to the splitting of
optical modes, as well as bands active in the IR spectra. In addition, the variation in the
size and mass of the transition metal in the A and B positions results in changes to the
force constants for the A-O, A-O’, and B-O vibrational modes and leads to the observed
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shifts of the bands in the Raman spectra [51]. An attempt was made to identify the
spectra of Bip 7Nip7Mg.46Sb2010 (M = Zn, Mg) taking into account the data known from the
literature, characteristic of bismuth-containing pyrochlores and those doped with metal
atoms (Table 3). The identification of the vibrational modes and their symmetry was made
on the basis of an analysis of the data in the literature [24,49-57]. As Figure 9 shows, in
the Raman spectra of the studied pyrochlores, bands are observed in the ranges <200,
200-400, and 400-700 cm ™. In the Raman spectra of pyrochlores with an ideal structure,
the Raman bands lie in the region above 200 cm ! [56]. In this regard, the bands below
200 cm ™! are attributed to Flu modes active in the IR spectra, the appearance of which
is associated with disordering of the crystal lattice of pyrochlores [55,57]. As a rule, the
vibrations of oxygen ions associated with heavy Bi cations (O’-Bi-O’, O-Bi-O’, and Bi-BOg
vibrations) lie within this frequency range [53,55]. In the Raman spectra of the studied
samples, an intense line appears near 80 cm~! (Figures 9 and 10). It is interesting to
note that the position of the maximum for the Zn/Mg pyrochlore samples is different
(Figure 10a,b). It can be noted that for the zinc preparation, a shift in the maximum of the

band to the long-wave region of 93 cm !

is recorded. The observed discrepancy between
the position of the Flu mode for both pyrochlores indicates a different distribution of the
transition element cations, namely Mg, Ni, and Zn, in the bismuth position. Since the
mass of bismuth cations is greater than the mass of zinc, nickel, and magnesium cations,
and the shift is pronounced for zinc pyrochlore, it can be deduced that zinc or nickel
cations occupy bismuth positions to a greater extent than magnesium/nickel. Zinc cations
demonstrate a greater propensity for tetrahedral positions than nickel cations, thereby
resulting in a partial distribution of zinc cations in the bismuth position. In the region of
200-400 cm~!, in particular at 195-203 cm 1 and 397-400 cm ™!, vibrations are associated
with the Fo; mode [56]. Vibrations in the range of 400-700 cm ™! are typically attributed
to [BOg] octahedra. In the Raman spectra of “ideal” pyrochlores, as a rule, two bands are
observed, attributed to the Ajg and Fpg modes [55]. In the studied spectra from this range,
several bands can be distinguished near 493, 527-539, and 710-714 sm~! (Figures 9 and 10).

Table 3. Frequencies of vibrational modes in the Raman spectra of Biy7Mj46Nig7SbyO10:a
(M = Zn, Ni).

Frequency (sm~—1)

Ni/Mg Ni/Zn Symmetry Identification
Pyrochlore

Angular oscillations O-A-O, O-A-O/,

80 93 Fiu O’-A-O’, chemical bond vibrations
A-BOg

195 203 Eg + Fog Chemical bond vibrations A-O
400 397 Fag Chemical bond vibrations B-O
493 493 Aig Bond O-5b-O in the octahedron SbOg¢
539 507 Arg Bond O-M-O in the octahedron MO

(M-Ni, Mg, Zn)
710 714 Fog Chemical bond vibrations B-O
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Figure 10. Comparison of Raman spectra of Biy 7Mg 46Nig75b2019+4 (M = Mg, Zn) ceramics in the
ranges 50-600 em ! (a); 50-150 cm ! (b); and 450-600 cm ! (c).

The broad composite band near 540 cm ™! is a superposition of two closely located

bands at 493 and 527-539 cm~!, with an intensity that differs by a factor of two. The
intensity of the bands can correlate with the degree of polarization of the M/Sb-O, M = Mg,
Ni, Zn bond in the octahedra. According to the literature [55,56], these bands are attributed
to the Ajg vibrational modes of the corresponding octahedra. Since the band at 493 cm~!
did not change its position for both pyrochlores, it can be associated with vibrations of
the Sb-O bond in the antimony octahedra [SbOg]. The frequency of the most intense
band at 527-539 cm~! varies depending on the nature of the dopants. For the Mg/Ni
pyrochlore, it is equal to 539 cm~ !, and, for the Zn/Ni pyrochlore, it is lower and equal to
527 cm~!, which indicates vibrations of the [MOg] octahedra (M = Ni, Mg, Zn). The most
significant shift towards the long-wavelength region for the Mg/Ni pyrochlore correlates
with the masses of the dopants, in particular Mg(II), which occupy the octahedral positions
of antimony(V). The intense band at 710-714 cm~!, observed in the Raman spectra of
various bismuth pyrochlores, is attributed to the high-frequency Fy, vibration [56]. For
both pyrochlores, the position of the band changes insignificantly.

The results of the studies showed that the main bands in the low-energy region are
attributed to vibrations in the bismuth sublattice, and the high-energy ones are attributed
to vibrations in the BOg octahedron structure. This phenomenon is explained by the fact
that bismuth cations are significantly heavier than antimony cations and dopants. The
observed differences in the Raman spectra for the two compositions may mean that zinc,
magnesium, and nickel cations, in both samples, are introduced into crystallographic
positions differently. Cations in the Ni/Zn pyrochlore are predominantly introduced into
the bismuth positions, with the highest probability being zinc cations. The appearance of
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composite bands in the region of octahedral vibrations indicates the distribution of dopants
predominantly in octahedral positions.

The synthesized compounds may be promising as photocatalysts and high-frequency
dielectrics. The manifestation of these properties is favored by the microstructure of the
compounds, formed by grains in the nanometer range, and the low porosity of the ceramics.
Our conclusions do not contradict literary sources [19,20], according to which antimony
pyrochlores have outstanding catalytic properties in the visible and UV ranges with respect
to pollutants of an organic and inorganic nature.

4. Conclusions

The solid-phase synthesis of Biy 7Mg.46Nig70Sb2010+4 (M = Zn, Mg) pyrochlores is
a complex multi-stage process. For each system, the phase formation process in the
range of 500-1050 °C was analyzed, which occurs through the synthesis of poorly studied
intermediate phases of the BizM,; /35b7,3011 (sp. gr. Pn-3) and Big ¢6Ca; 09VOig5 (sp. gr.
Pnnm) types, which are not typical of tantalum and niobium systems. It was shown that
oxide precursors, including bismuth(Ill) and antimony(Ill, V) oxides, interact inactively
with each other and are fixed in the samples up to 750 °C. Single-phase pyrochlores are
synthesized at 950-1050 °C. With an increasing calcination temperature, the microstructure
of the ceramics becomes dense and low porosity and active grain growth is observed,
especially in the case of zinc-containing samples. The formation of phase-pure ceramics
in both cases is confirmed by studies using Raman spectroscopy. Raman spectroscopy
indicated a partial distribution of transition element cations in the bismuth position for the
Ni/Zn pyrochlore.
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/ /www.mdpi.com/article/10.3390/chemistry7040110/s1, X-ray powder diffraction patterns of the
Bip 7Zng 46Nig 70Sb2O104+a sample (synthesized at temperatures of 600, 650, 800, and 850 °C) and of
the Bip 7Mg(.46Nig 70Sb2O10+4 sample (synthesized at temperatures of 600, 750, and 800 °C).
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