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Abstract: The formation mechanisms of pyrochlore-type BipCoj /,Cr; /,NbyOg, o (space group Fd-3m,
a =10.4838(8) A), in the temperature range from 400 to 1050 °C were studied by employing X-ray
diffraction, scanning electron microscopy and energy-dispersive spectroscopy. An extensive reaction
between the binary metal oxides was found to begin at temperatures above 550 °C, following
the transition of monoclinic x-Bi,Os into a tetragonal 3-Bi;O3 polymorph. The synthesis process
occurs in several stages when Bi-rich intermediate products (BigCrOj;, BigCrO;5, and BisNb3Oj5)
transform into bismuth-depleted BiNbO,4 and a chromium-—cobalt spinel is formed. The formation
of a single pyrochlore phase occurs at the final reaction stage at 1050 °C via the doping of bismuth
ortho-niobate, BiNbOy, by the transition metal cations. The observed mechanism is essentially similar
to the mechanism of tantalate-based phases except for the formation of BisNb3Oj5 at the intermediate
reaction stages.

Keywords: pyrochlore; pyrochlore; phase formation; Co and Cr co-doping

1. Introduction

Bismuth-containing oxide phases with A;B,OsO’ pyrochlore structures possess unique
dielectric and photocatalytic properties, promising a variety of potential applications [1-4].
This crystal structure may be considered to consist of two in the course of the solid-
state synthesis of Bi AyO and B;Og units [5,6]. The framework of ByOg4 octahedra with
relatively small A cations comprises voids accommodating large A cations, such as Bi**,
and one additional O” anion per each (BO3), formula unit. The tolerance of this structure
with respect to cation substitutions and vacancy formation in the oxygen sites and in
one of cationic sublattices makes it possible to vary the compositions and functional
properties of the pyrochlore-based materials. In recent decades, a significant amount
of attention has been focused on bismuth tantalate and niobate pyrochlores [7-16]. The
important features of these phases refer to cation vacancies in the bismuth sublattice and
the distribution of 3D transition metal cations between both A and B sites, leading to
attractive relaxation phenomena [17,18]. For instance, ceramic materials made of bismuth
tantalate doped with transition metal cations (Cu, Ni, Fe, Cr, Co, and Zn) exhibit the
low dielectric losses and moderate dielectric permittivity values necessary for practical
applications [3,8,12,19-21]. High values of permittivity, 141-151, and dielectric loss, ~0.2,
at 30 °C and 1 MHz are exhibited by pyrochlores in the BiO3-Fe,O3-Nb,Os5 system [22].
The dielectric characteristics of pyrochlores based on bismuth tantalate are much more
modest, which is explained by the formation of highly porous ceramics. It is shown that
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iron-containing pyrochlores, Biz 35Fe2 0s+xTaz 56—xO14.56—x (—0.32 < x < 0.48), exhibit lower
dielectric constant (~78-92) and dielectric loss tangent (~10~1) (MHz, ~30 °C) values [23].
Bip 48+yCu1.92-xTa3 64x—yO14.643x/2—y solid solutions [24] demonstrate moderate values of
permittivity (¢ ~ 60-80) and dielectric loss (tand = 0.01-0.20, RT, 1IMHz). Magnesium-
containing pyrochlores, Bis,5,/2xMgo_xTas_3/2¢O14—x (0.12 < x < 0.22), are characterized
by comparable values of e~70-85 and a low dielectric loss tangent 6~107 at 1 MHz and
30 °C [25,26]. For the pyrochlore Bij 5ZnTa; 50y, the permittivity is 58 [27,28]. The electrical
characteristics of cobalt pyrochlores are comparable to those of nickel- and magnesium-
containing preparations of the similar composition Bi;Mg(Ni)Ta;Oy, the permittivity and
dielectric loss tangent of which are 20 (32) and 2 x 1073(6 x 1072) at RT and a frequency
of 1 MHz [29,30]. As shown in [31], BioMg;_xNixTayOg (x = 0.3, 0.5, 0.7) samples are
insulators, with high activation energies of ~2.0 eV, average values of permittivity (~24-28)
and a dielectric loss of ~0.002 at 1 MHz and 21 °C.

Investigations of the pyrochlore phase formation mechanisms in these materials re-
vealed key stages of the solid-state reactions, including the appearance of «-BiTaOy as
an intermediate product transforming into pyrochlore [32-36]. In the case of chromium
doping, intermediate phases containing Cr(VI) were found to form [35]. Continuing this
research, the present work focused on the analysis of pyrochlore formation in bismuth
niobate co-doped with chromium and cobalt, and its comparison with tantalate-based
oxide systems. The purpose of the experiment was to determine the optimal conditions
for the synthesis of multielement pyrochlore based on bismuth niobate and to identify
differences with pyrochlores based on bismuth tantalate.

2. Experimental

The solid-state synthesis of BiyCo; /,Cry /,Nb2Og, 4 samples was carried out using high-
purity BiyOs, NbyOs, CrpOs and Coz Oy (all analytical reagent grade) as starting materials. The
oxides were taken in such molar ratios n(BipO3)n(Nb,Os5):n(CryO3):n(Coz04) = 1:1:1/4:1/6.
The mass of bismuth oxide was 2 g. The stoichiometric mixtures were carefully homog-
enized using an agate mortar for one hour and then pressed into disks. For the studies
of phase formation process, the samples were sequentially calcined in air at temperatures
from 400 to 1050 °C (in steps of 50 °C) for 10 and 15 h at each stage of the solid-state
reaction. After each calcining step, the samples were ground, homogenized and pressed
into disks again. X-ray diffraction (XRD) patterns were collected by employing a Shimadzu
6000 instrument (CuKy-radiation; 26 = 10-80°; scanning rate of 2.0° /min). The microstruc-
ture and elemental distribution were studied via scanning electron microscopy coupled with
energy-dispersive spectroscopy (SEM/EDS, Tescan VEGA 3LMN microscope equipped
with an INCA Energy 450 spectrometer). The unit cell parameters were refined by the
Topas 5.0 program, employing the Pawley approach and using CSD software (CSD-4,CSD-
universal program package for single crystal and powder structure data treatment, Russia,
Akselrud, L.G. et al) [37]. The background was described by 12 Chebyshev polynomials,
and the peak shape was modelled via the Thompson-Cox-Hastings pseudo-Voigt function.

3. Results and Discussion

The pyrochlore phase evolution in the temperature range of 400-1050 °C was analyzed
using the example of Bi;Coq /,Cr1/,NbyOg, 4, a model composition with equal concentra-
tions of cobalt and chromium cations. This composition was selected due to the existence
of single pyrochlore phases in Cr- and Co- co-doped bismuth tantalate systems reported
elsewhere [21,38], and due to the positive effects of the chromium and cobalt additions
observed in the course of the solid-state synthesis of BixMg(Zn);_xMxTayOg5_5 (M =Cr,
Fe) and BiyCr; /sMny /gFe; /6Coq /6Ni1 6Cuy /6 TagOg.a pyrochlores [34,35]. Figures 1 and 2
display XRD patterns of the BipCoq/,Cry/2NbyOg, after calcining at different tempera-
tures. A summary of the phase composition, determined from the XRD and SEM results, is
presented in Table 1.
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Figure 1. XRD patterns of Bi;Co; /2Cry /2NbyOg,p calcined at temperatures from 400 to 650 °C (10 h
each step).
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Figure 2. XRD patterns of Bi;Coj /,Cr1/,NbyOg, 4 calcined at temperatures from 650 to 1050 °C (10 h
each step).
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Table 1. Phase composition of Bi;Coq /,Cr1,2NbyOg, 4 as a function of calcining temperature, evalu-
ated from the XRD and SEM/EDS results.

Ten?;;::::f °C Phase Composition

400 Nb205/ 06-131203
450 Nb205, Oc-Bi203, B-BigOg,

500-550 Nb,Os, 3-Bi,O3
600 Nb,Os, BisNb3Oq5(traces), BigCrO1y, BigCryOy5
650 Nb,Os, BisNbzO5, BigCryO15, BiNbOy(traces), pyrochlore (traces)
700 Nb,0Os, BisNbzOj5, BigCrpO15 (traces), BiNbOy, pyrochlore
750 NbyOs, BisNb3O15, BiNbOy, pyrochlore
800 Nb,Os (traces), BisNb3O15, BiNbOy, pyrochlore
850 Pyrochlore, BisNb3O15(traces), BiINbOy

900-1000 Pyrochlore, BiNbOy
1050 Pyrochlore

In the low-temperature range, 400450 °C, the XRD patterns comprise peaks of the
starting binary metal oxides, in particular, 3-NbyOs [39] and monoclinic x-BipO3 [40]
(Figure 1). At temperatures around 500 °C, the latter phase with space group (5.G.) P21/c
transforms into a tetragonal 3-BipO3 polymorph (S.G. P-421c). At 600 °C, the products of
the bismuth oxide reaction with chromium and niobium oxides, namely, BisNb3O;5 (S.G.
P4/mmm), BigCrO1; and BigCr;Oq5 (S.G. Ccc2) [41-43], appear in the XRD patterns. The
formation of chromium (VI) compounds is responsible for the orange-brown color of the
ceramic samples annealed at 500-650 °C (Figure 3). Notice that the intermediate products
containing Cr(VI) were detected earlier during the synthesis of Bi;Mg(Zn);_xCrxTayOg 5
pyrochlores up to 700 °C [35].

When the calcining temperature increases up to 650 °C, the bismuth-rich BigCrOj;
transforms into BigCr,Oq5, which may be associated with parallel reactions resulting in the
formation of BisNb3O15 and orthorhombic «-BiNbOy (S.G. Pnna). Such behavior originates
from the higher level of chemical reactivity of bismuth oxide compared to niobia. An
extensive interaction of the components begins to occur at temperatures of 650 °C and
above. At 650 °C, XRD patterns exhibit the reflections of monoclinic 3-NbyOs (mp.rp.
P2/m), BigCryOq5, BisNb3Oj, and pyrochlore and BiNbO, in trace amounts (Table 1).
No peaks of niobia are observed for the samples calcined at temperatures of 850 °C and
higher; BigCr,O15 and BisNb3O15 disappear at 750 °C and 900 °C, respectively. The thermal
dissociation of BigCr,Oq5 into Cr(Ill)-containing compounds causes the green color of
the materials annealed above 700 °C (Figure 3). Significant amounts of the pyrochlore
phase begin to appear at 750 °C, when the contents of Nb,Os and BigCryO15 substantially
decrease. This indicates that the pyrochlore formation kinetics are essentially governed
by the chemical inertness of Nb,Os. One should also mention that the intermediate
product in the pyrochlore synthesis reaction is BisNb3Oyjs; its Bi-rich analogue in the
synthesis of pyrochlore-type bismuth tantalate was, however, Bi3TaO7 (S.G. Fm-3m) [44],
and isostructural BizNbOy is also known in the literature [45]. Upon a further increase
in the calcination temperature, BisNb3O;5 turns into «-BiNbOy [46,47]; the dissolution of
chromium and cobalt cations in the latter phase results in the final pyrochlore formation.
In the temperature range of 900-1000 °C, XRD patterns demonstrate the co-existence of the
pyrochlore and «-BiNbOy (Figure 2).

No reflections of chromium and cobalt oxides can be distinguished in the XRD patterns
due to relatively small amounts of these components in the reacting mixtures and peak
overlapping. In order to assess the transition metal cation distribution, EDS mapping of
the ceramic samples annealed at 650-1050 °C was performed (Figures 4 and S1).
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Figure 3. Colors of the powdered Bi;Coyq /2Cry /2NbyOg, o samples after calcining in the temperature
range of 650-1050 °C.

The results show, in particular, that Cr and Co cations tend to concentrate in the same
zones (Figure 5). This trend may indicate the formation of ternary chromium-—cobalt oxide
compounds at the intermediate reaction stages.
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1050 °C

Figure 4. EDX elemental mapping of the Bi;Coq /,Cry /oNbyOg, A samples, synthesized at the temper-
atures 650, 950 and 1050 °C.
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Figure 5. Distribution maps of Co and Cr cations in Bi;Coq /,Cr; /,NbyOg, , ceramics annealed at
650, 800, 900 and 1050 °C.

Indeed, the EDS analysis demonstrated that the compositions of the Co- and Cr-
enriched zones are close to the spinel CrCo,0Oy4 (i.e., Co™2Cr*3Co*30y) [48]. In accordance
with the XRD and EDS results, a single pyrochlore phase with uniform distribution of
all the components was only obtained at the final calcination temperature, 1050 °C. Note
that increasing the calcination time from 10 to 15 h at each annealing stage did not lead to
any qualitative changes in the phase composition; only the concentration ratio between
the main reaction products was altered (Table S1, Figure S2). One should mention that
the content of the BiNbOy phase becomes larger as the thermal treatment time increases.
This behavior originates from the grain growth at relatively low temperatures, hampering
further reaction between the phases.

On the basis of these results, the following approximate mechanism of the pyrochlore
phase formation can be suggested:

550-600 °C
5Bi,O3 + 3NbyO5 = 2BisNb3Oy5;
6Bi, 03 + Cr,0;3 + 3/20,= 2BigCrOm»
6Bi, 05 + 2Cr,0;5 + 30,= 2BigCry05
650750 °C
BisNbsOs5 + Nb,Os = 5BiNbO,

2Bi6Cr012 + 18Nb205 = Bi6CI‘2015+1.2Bi5Nb3015
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Bi6Cr2015 + 22Nb205 + C0304 = BizCrO'SNb209+A + 0.8B15Nb3015 + 1.5CrCo,04 + (15-05A)02

750-1050 °C

Bi5Nb3015 + Nb205 = 5BiNbOy

2BiNbO4 + 0.5CI’C0204 + BizCr0.5Nb209+A = ZBiQCI‘O.5COO.5Nb209+A

In these equations, a tentative BipCr5NbyOg, s pyrochlore formula is used in order to
emphasize the higher reactivity of the Cr(III) compounds with respect to cobalt and the
only possibility of pyrochlore formation via the BiNbO, reaction.

The formation of bismuth-rich compounds in the early stages of the synthesis could
be due to the high reactivity of bismuth oxide and the low reactivity of niobium(V) oxide.
The second reason is the inhomogeneity of the mixture of precursors, which causes local
concentrations of certain precursor phases in ceramics. The third reason may be that the
interaction of bismuth oxide with the reagents proceeds through their dissolution in the
oxide and the formation of solid solutions with large excesses of the fraction of bismuth
atoms. With an increase in the calcination temperatures of the samples, the reactivity of
niobium(V) oxide increases, which causes its interaction with the bismuth compounds to
form bismuth-poor compounds.

Figure 6 displays typical SEM micrographs of multi- and single-phase Bi,Crg 5Cog 5NbyOg, o
ceramics sintered in the temperature range of 650-1050 °C. At temperatures below 1050 °C,
the microstructures are clearly inhomogeneous, with a variety of inclusions formed by
the impurity phases. The final reaction stage at 1050 °C leads to the densification and
homogenization of the material. The energy-dispersive spectroscopy (Figure S3) showed
that its chemical composition, Big 95Cog 50Crp 51Nb2Og, A, is nominal within the limits of the
experimental uncertainty of the EDS technique. The full-profile Rietveld refinement of the
corresponding XRD pattern (Figure 7) confirmed the formation of a single pyrochlore phase.

The cubic unit cell parameter of the BiyCry5Coy5NbyOg,p pyrochlore (S.G. Fd-3m) is
equal to 10.4838(8) A (Figure S3). This value is higher than that of the chromium-containing
BiyCrNb>Og,y (2 = 10.459(2) A) [49], in agreement with larger radius of the Co(II) cations with
respect to Cr(III): R(Cr(II) = 0.615 A and R(Co(I1))c.. ¢ = 0.745 A [50]. Taking into account that
ionic radii of Ta(V) and Nb(V) are equal to one another (R(INb(V)/Ta(V))cn.—6 = 0,64 A) [50],
the unit call parameters of the pyrochlore phases based on bismuth niobate and tantalate
should be comparable. Indeed, the parameter of Bi;CrTayOg, (a = 10.45523(3) A)[21]is
similar to that of the Cr-containing bismuth niobate. At the same time, the parameter of the
BiyCro5C0p5NbyOg,.p synthesized in this work is close to that of BipCrpsMgp5NbOg,a
(a =10.47702 A) [51], again due to the similarity of the ionic radii of magnesium and cobalt
(R(Mg(II) = 0.72 A and R(Co(IT))cn._6 = 0.745 A) [50].

We followed the nature of the change in the unit cell parameter of the pyrochlore
with an increase in the calcination temperature of the samples calcined for 10 and 15 h.
(Figure 8). As can be seen from the figure, in the course of synthesis, the unit cell parameter
generally increases for both series of samples, but at different rates. The samples calcined
from 400 °C for 10 h are characterized by higher values of the cell constant compared
to the samples calcined from 650 °C for 15 h each. The differences can be considered
significant, since the calculation of the unit cell parameters of the newly prepared samples
and samples calcined in the range of 650-1050 °C for 15 h showed similar results. First of
all, it should be noted that the cell parameter increases almost uniformly over the entire
temperature range for both series of samples. Apparently, this is due to the inclusion
of large ions, for example, Co(Il) ions, into the pyrochlore phase as a result of a high-
temperature solid-phase reaction. As shown in [34], Co(II) and Ni(Il) oxides interact at
elevated temperatures. In addition, as shown above, an impurity phase of a complex
cobalt-chromium oxide of the CrCo,04 type was found in the samples synthesized up to
1000 °C. Significant differences in the cell constant are observed in the range of 750-950 °C,
which may be due to the most productive synthesis of the pyrochlore phase in the samples
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calcined for 10 h. This is indicated by the smaller amounts of BiNbO, impurity in the
samples calcined for 10 h. This seeming contradiction is resolved if we take into account the
repeated homogenization of the samples of this series. Indeed, after calcination at 400 °C,
the samples were crushed and thoroughly mixed. Apparently, the repeated procedure
of the fragmentation and homogenization of the samples, starting from low calcination
temperatures (400 °C), affected the accelerated synthesis of the pyrochlore phase in these
samples. In addition, the shorter duration of calcination did not contribute to the growth of
the ceramic grains. This had a positive effect on the synthesis and phase compositions of the
ceramics. The close values of the unit cell parameters of the pyrochlore phase in the samples
of both series and between themselves at temperatures of 950 and 1000 °C, 10.4670 A and
10.4702 A and 10.4708 A and 10.4681 A, respectively, may indicate that the completion of
the synthesis process is close. It is interesting to note that for tantalum pyrochlores, the
change in the unit cell parameter was different. No monotonic growth of the cell constant
was observed. Apparently, this difference is associated with the reactivity of niobium(V)
oxide and mainly the high-temperature formation of the pyrochlore phase. The method
of scanning electron microscopy did not show the presence of a bismuth orthoniobate
impurity in the sample calcined at 1050 °C. A quantitative analysis of the sample via the
EDS method showed (Figure S3) that the chemical composition of the sample practically
corresponded to the specified composition Big 95Cog 50Crp.51NbyOga.

MIRA3 TESGAN)

00

™

L
MIRA3 TESGAN

TesCAN MIRA3 TES

0 um

Figure 6. SEM images of the surface microstructures of BipCrg5Cop5NbyOg,p ceramics annealed at
temperatures from 650 to 1050 °C.
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Figure 7. Rietveld refinement results for BipCrg 5Cop5NbyOg,p pyrochlore synthesized at 1050 °C.
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Figure 8. Changes in the unit cell parameter of the pyrochlore phase in the Bi;Cry5Cog5NbyOga
sample depending on the temperature and time of calcination at each stage.

4. Conclusions

The process of BiyCoq /2Cry/,NbyOg, 4 pyrochlore formation was studied in the tem-
perature range of 400-1050 °C. An extensive reaction between the binary metal oxides
begins at temperatures above 550 °C, following the transition of monoclinic -Bi,O3 into
a tetragonal (3-Bi;O3; polymorph. The synthesis occurs in several stages when the Bi-rich
oxide compounds transform into Bi-depleted ones and a chromium-—cobalt spinel is formed.
The pyrochlore formation occurs via the doping of bismuth orthoniobate by the transition
metal cations. The final reaction stage resulting in single pyrochlore phase, accompanied
with significant densification of the ceramics, was only observed at 1050 °C. The unit cell
parameter of the pyrochlore phase increases over the entire temperature range studied.
Cobalt and chromium oxides interact with each other, forming a complex oxide that is fixed
as an independent phase up to 1000 °C.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11070288/s1, Figure S1: EDS elemental mapping of the
Bi2Cr0.5C00.5Ta209+A samples, synthesized at temperatures from 650 to 1050 °C; Figure S2: X-ray
diffraction patterns of Bi2Co1/2Cr1/2Nb209+A sample, synthesized at temperatures from 650 to
1050 °C (15 h); Figure S3: Microphotograph and EDS analysis of the Bi2Co1/2Cr1/2Nb209+A sample
calcined at 1050 °C; Table S1: Ratio between pyrochlore and BiNbO4 phases in Bi2Co1/2Cr1/2Nb209+A
samples, sequentially calcined for 10 and 15 h at each temperature step.
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