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Abstract. Cubic pyrochlore of the composition Bi2Co0.5Cr0.5Nb2O9+∆ (sp. gr. Fd-3m, a = 10.4838(8)
Å) was synthesized in several stages using a solid-phase reaction from oxide precursors at a final temper-
ature of 1050 ◦С. Using NEXAFS spectroscopy data, the electronic state of cobalt and chromium ions
during the synthesis process was studied. It has been established that before the formation of phase-
pure pyrochlore, Cr(III) ions are converted to Cr(VI), and then again to Cr(III); Cobalt ions Co(III)
are reduced to Co(II). NEXAFS Cr2p spectra of ceramics synthesized at 650 ◦С, according to the main
characteristics of the spectrum, coincide with the spectrum of K2Cr2O7 and indicate the chromium
content in the oxide ceramics in the form of tetrahedral CrO2−

4 ions, and according to the nature of
the Co2p spectrum, cobalt ions are in the Co(II) state and Co(III). In the composition of pyrochlore
Bi2Co0.5Cr0.5Nb2O9+∆, synthesized at 1050 ◦С, cobalt and chromium appear predominantly in the form
of Co(II) and Cr(III) ions. Analysis of phase transformations showed that changes in the oxidation state
of transition element ions and the color of ceramics are associated with the formation of intermediate
synthesis products.
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Introduction

Currently, pyrochlores based on bismuth niobate are being actively studied due to their
promising dielectric properties [1,2]. Exhibiting low values of dielectric losses and high dielectric
constant, tunable temperature coefficient of capacitance, chemical inertness with respect to low-
melting conductors, materials based on oxide pyrochlores are promising as multilayer ceramic
capacitors and tunable microwave dielectric components [3]. The crystal structure of pyrochlores
A2B2O6О’ is formed by two interpenetrating cationic sublattices A2O’ and B2O6 [4]. Octahedral
positions B are occupied by relatively small cations (Nb+5), larger ions (Bi+3) are distributed in
eight-coordinated positions A. A feature of bismuth-containing pyrochlores is the partial vacancy
of the bismuth sublattice and the distribution of dopants - ions of transition 3d elements (Co,
Cu, Zn , Mn) in both cation sublattices of bismuth and niobium, causing relaxation processes
in ceramics [5,6]. New studies of pyrochlores based on bismuth niobate doped with transition
3d ions (Cr, Mn, Fe, Co, Ni, Cu, Zn) [5–11] have shown that low-porosity ceramics with low
dielectric losses and high values of dielectric constant are formed. The possibility of solid-phase
synthesis of multielement pyrochlores containing various combinations of atoms of 3d elements
was shown in [12]. A study of the phase formation of a representative of mixed pyrochlores
Bi2Co0.5Cr0.5Nb2O9+∆ showed [13] that during the synthesis (at 650 ◦С) the color of the ceramics
strikingly and reversibly changes from green to brown, and the synthesis of phase-pure pyrochlore
occurs at a temperature not lower than 1050 ◦С. It has been established that the formation of the
pyrochlore phase occurs through the reaction of solid-phase interaction of orthorhombic bismuth
niobate (α-BiNbO4) with oxides of transition elements. In the presented work, based on X-ray
spectroscopy data, the oxidation states of cobalt and chromium ions in ceramics are analyzed
and the reason for the change in the color of ceramics is established. The phase composition of
Bi2Co0.5Cr0.5Nb2O9+∆ ceramics at intermediate stages of solid-phase synthesis was studied in
detail. The data obtained contribute to a deep understanding of the processes occurring during
high-temperature processing of materials.

1. Materials and methods
For the solid-phase synthesis of the Bi2Co0.5Cr0.5Nb2O9+∆ sample, oxides of bismuth (III),

niobium (V), chromium (III) and cobalt (II,III) of analytical grade taken in stoichiometric quan-
tities were used. The stoichiometric mixture of oxides was thoroughly homogenized in an agate
mortar for one hour, then pressed into disk shapes. The main stages of pyrochlore phase forma-
tion were studied using X-ray phase analysis of samples sequentially calcined at temperatures
of 650, 850, 950, 1000 and 1050 ◦С for 15 hours at each stage of heat treatment. After each
calcination step, the sample was carefully homogenized and pressed back into disk shape to
ensure tight contact of the ceramic grains. X-ray data were obtained using a Shimadzu 6000
X-ray diffractometer (CuKα radiation; 2θ = 10 – 80◦; scanning speed 2.0 ◦/min). The study of
the microstructure and elemental mapping of the surface of the samples was carried out using
scanning electron microscopy and energy-dispersive X-ray spectroscopy (Tescan VEGA 3LMN
scanning electron microscope, INCA Energy 450 energy-dispersive spectrometer). The unit cell
parameters of pyrochlores were calculated using the CSD software package [14]. Research using
NEXAFS spectroscopy was carried out at the NanoFES station of the KISI synchrotron source
at the Kurchatov Institute (Moscow). NEXAFS spectra were obtained by recording the total
electron yield (TEY) with an energy resolution of 0.5 eV and 0.7 eV in the region of the Cr2p
and Co2p absorption edges, respectively.
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2. Results and discussion

As a review of the literature shows [12,13,15], the solid-phase synthesis of mixed pyrochlores
based on bismuth niobate is a multi-step process, which is associated with the low reactivity of
niobium (V) oxides and some transition elements, which include CoO, NiO [12,16]. In addition,
the features of the solid-phase synthesis method are the duration of calcination and the multi-
stage heat treatment process with intermediate remixing of the reaction mixture, which are
necessary to accelerate the reaction and obtain a homogeneous synthesis product [17]. It was
previously established that a sample of the composition Bi2Co0.5Cr0.5Nb2O9+∆ during ceramic
synthesis reversibly changes its color in the temperature range of 500–650 ◦С from green to
brown. In order to investigate the unusual thermal behavior of the complex oxide, the charge
state of transition element ions in ceramics was studied using NEXAFS spectroscopy and the
phase composition of samples calcined at 650, 850, 950, 1000 and 1050 ◦С. According to X-ray
phase analysis of a sample calcined at 650 ◦С, the X-ray diffraction pattern shows reflections
of intermediate products of the interaction of bismuth (III) oxide with chromium (III) and
niobium (V) oxides - bismuth chromate Bi6Cr2O15 (sp.gr. Ccc2), bismuth niobates Bi5Nb3O15

(sp.gr. P4/mmm) and BiNbO4 (sp.gr. Pnna), monoclinic β-Nb2O5 (sp.gr. P2/m) and pyrochlore
(sp.gr. Fd-3m) [5, 18–23]. Noteworthy is the formation of bismuth chromate, which has its own
intense red-orange color due to electronic transitions with charge transfer [20, 21]. The fact
is that chromium (III) oxide does not oxidize under these synthesis conditions; this requires an
oxygen atmosphere, a long duration and temperature of calcination. Meanwhile, the formation of
chromium (VI) compounds can be indirectly indicated by the orange-brown color of the ceramics
(Fig. 2) synthesized at 650 ◦С.

In order to establish or refute the presence of chromium (VI) ions in the sample, NEXAFS
studies of the charge state of the ions were carried out. NEXAFS spectra of chromium ions in the
composition of Bi2Co0.5Cr0.5Nb2O9+∆ ceramics synthesized at 650 ◦С are presented in Fig. 1.
As the figure shows, the spectra have a rich structure; in particular, absorption bands at 578,
580.5 and 589 eV can be clearly distinguished in the Cr2p3/2 and Cr2p1/2 spectra of the sample.
Comparison of the spectra of the samples with the spectra of the oxides CrO3, CrO2, Cr2O3

and potassium dichromate K2Cr2O7 [24–27] shows that the low-energy bands in the spectrum
coincide in the energy position of the peaks with the spectra of CrO3 and K2Cr2O7, which
indicates that chromium ions in the composition of the samples have charge state of Cr(VI)
and are in a tetrahedral environment in the form of CrO2−

4 ions, similar to K2Cr2O7, which is
consistent with the results of X-ray phase analysis. It is interesting to note that the spectra
of chromium change significantly with increasing temperature: in the low-temperature sample
(650 ◦С) they practically coincide with the NEXAFS Cr2p spectrum of K2Cr2O7, and those
calcined at high temperature (1050 ◦С) — with the spectra of Cr2O3.

Indeed, signals appear at 577 eV and 578 eV, and in the region of 586-588 eV, characteristic
of Cr(III) ions in an octahedral environment [27]. This allows us to assert that the charge state
of chromium ions changes with increasing temperature of heat treatment of the sample from
Cr(VI) to Cr(III). As X-ray phase analysis shows, the reason for the change in the charge state
of chromium ions is the formation of an intermediate synthesis product — bismuth (VI) chromate,
which is stable in a given temperature range and gives the ceramic a brown color. Apparently,
with an increase in the synthesis temperature, bismuth chromate thermally dissociates with the
formation of oxygen and oxide compounds of chromium (III), as evidenced by the disappearance
of its reflections in the X-ray diffraction pattern of the sample synthesized at a temperature
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Fig. 1. NEXAFS Cr2p-spectra (a) and Co2p-spectra (b) of the Bi2Co0.5Cr0.5Nb2O9+∆, synthe-
sized at 650 and 1050 ◦С, oxides Cr2O3, CrO2, CrO3, CoO, Co3O4 and potassium dichromate
K2Cr2O7

of 850 ◦C. The dissociation products interact with precursors to form a pyrochlore phase at
1050 ◦C, in which chromium ions are predominantly in the form of Cr(III) ions, as evidenced by
NEXAFS data. According to X-ray diffraction data, active interaction of precursors is detected
at temperatures above 650 ◦C. Reflections of niobium (V) oxide are not detected in the X-ray
diffraction patterns of samples synthesized at 850 ◦C and above; bismuth chromate Bi6Cr2O15 is
practically not detected at 750 ◦C, and Bi5Nb3O15 — at 900 ◦C. The pyrochlore phase appears
in noticeable quantities in samples obtained at a temperature of 750 ◦C. At this temperature,
the concentrations of Nb2O5 and Bi6Cr2O15 decrease significantly. Apparently, low-temperature
synthesis of pyrochlore is difficult due to the chemical inertness of Nb2O5. It is interesting to
note that the intermediate phase in the synthesis of pyrochlore is Bi5Nb3O15, while the analogue
in the synthesis of pyrochlores based on bismuth tantalate is Bi3TaO7 (sp.gr. Fm-3m) [28]. This
is partly due to the fact that the compound Bi5Ta3O15 is unknown.

For other reasons, it can be assumed that the reactivity of chromium (III) oxide is higher than
that of niobium (V), so bismuth oxide reacts with Cr2O3 first and in significant quantities. Its
maximum relative content is recorded at 750 ◦С, then its share in the sample rapidly decreases.

– 562 –



Ksenia A.Badanina . . . Conversion of Cr(III) and Co(III) During the Synthesis . . .

Fig. 2. X-ray diffraction patterns and photographs of Bi2Co0.5Cr0.5Nb2O9+∆ samples sequen-
tially calcined at temperatures of 650, 850, 950, 1000 and 1050 ◦С

Bi5Nb3O15 is replaced by α-BiNbO4, which, interacting with oxides of transition elements, forms
a pyrochlore phase of a given composition. In the temperature range of 900–1000 ◦С, reflections
of the pyrochlore and α-BiNbO4 phases are clearly observed.

The precursors oxides Cr2O3 and Co3O4 do not appear on the X-ray diffraction patterns of
the samples due to their low content in the initial charge and the high reactivity of chromium
(III) oxide. It is interesting to note that, according to NEXAFS spectroscopy, cobalt (II,III)
oxide in ceramics synthesized at 650 ◦C is present as an independent impurity phase. Indeed, as
the NEXAFS Co2p spectra of the sample show, the spectrum of the composite in terms of the
shape of the spectrum and the energy position of the spectral details is similar to the spectrum
of Co3O4 oxide, in which cobalt ions are found in the form of octahedrally coordinated Co(II)
and Co(III) ions [29]. Meanwhile, as the heat treatment temperature of the sample increases, the
charge state of cobalt changes and cobalt ions are detected in ceramics synthesized at 1050 ◦С,
mainly in the form of Co(II) ions. Taking into account that a temperature of 1050 ◦С corresponds
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Fig. 3. Element maps of Bi2Co0.5Cr0.5Nb2O9+∆ samples synthesized at 650 ◦С and 1050 ◦С

to the production of phase-pure pyrochlore, it can be stated that cobalt ions in the composition of
pyrochlore are mainly in the Co(II) state, which is confirmed in the work devoted to the study of
cobalt-containing pyrochlores in the ternary system Bi2O3-Nb2O5-CoO [30]. The change in the
oxidation state of cobalt during high-temperature treatment of the sample may be associated
with the process of thermal dissociation of Co3O4 at a temperature of 920 ◦С into CoO and
oxygen [31].

As shown by elemental mapping of a sample (Fig. 4) synthesized at temperatures below
1050 ◦С, cobalt atoms are unevenly distributed on the surface of the sample, which indicates
that cobalt atoms are not part of the pyrochlore, but represent an impurity phase, which may
be Co3O4 oxide, which was subsequently subjected to thermal decomposition. Thus, cobalt
enters into a high-temperature reaction with bismuth orthoniobate in the form of CoO oxide.
This may be the reason that cobalt ions in pyrochlore are predominantly in the Co(II) state.

Microphotographs of the surface of the synthesized samples at temperatures of 650, 850, 950,
1000 and 1050 ◦С are shown in Fig. 4. A heterogeneous microstructure with heterogeneous
grains and inclusions of impurity phases is characteristic of samples calcined at a temperature
of 650-1000 ◦С. A low-porosity, dense microstructure was formed in the sample synthesized
at a temperature of 1050 ◦С. On the surface of the ceramic, both individual small grains and
partially fused grains with the formation of large agglomerates are observed, which contributes to
the formation of a monolithic microstructure. The average crystallite size determined by X-ray
diffraction using the Scherrer formula is ∼58 nm (1050 ◦С), while larger crystallites in the range of
2-10 µm (1050 ◦С) were determined using a scanning electron microscope (SEM). Apparently, the
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Fig. 4. Microphotographs of the surface of Bi2Co0.5Cr0.5Nb2O9+∆ samples synthesized at tem-
peratures of 650, 850, 950, 1000 and 1050 ◦С

crystallites in the micrographs are aggregated ceramic grains of much smaller sizes. Full-profile
analysis by the Rietveld method showed that the Bi2Co0.5Cr0.5Nb2O9+∆ sample synthesized at
1050 ◦С is single-phase [13].

The unit cell parameter of the Bi2Co0.5Cr0.5Nb2O9+∆ sample is 10.4838(8) Å and exceeds
the cell constant of chromium-containing pyrochlore Bi2CrNb2O9+y (a = 10.459(2)) [32], which
is explained by the large radius of Co(II) ions compared to Cr(III) ions (R(Cr(III)) = 0.615 Å,
R(Co(II))c.n.-6 = 0.745 Å) [33]. Since the radii of Ta(V) and Nb(V) ions (R( Nb(V)/Ta(V))c.n.-6
= 0.064 nm) are equal, the lattice constants for pyrochlores based on bismuth niobate
and bismuth tantalate can be comparable. Indeed, the unit cell parameter Bi2CrTa2O9+∆

(a = 10.45523(3) Å) [34] which is due to the closeness of the ionic radii (R(Mg(II)) = 0.72 Å,
R(Co(II))c.n.-6 = 0.745 Å). Unit cell parameter for cobalt-containing pyrochlores based on
bismuth tantalate Bi1.49Сo0.8Ta1.6O7.0 a = 10.54051(3) Å and for Bi1.6Co0.8Ta1.6O7±∆ a =
10.5526 (2) Å significantly exceeds the parameter of chromium-cobalt-containing pyrochlore,
which is associated with a significant difference in the radii of chromium (III) and cobalt (II)
ions ( R(Cr(III)) = 0.615 Å, R(Co(II))c.n. 6 = 0.745 Å) [36, 37]. Local chemical analysis
using energy-dispersive spectroscopy showed that the chemical composition of the synthesized
Bi2Co0.51Cr0.52Nb2.05O9+∆ sample is close to the nominal composition. Thus, the atypical ther-
mal behavior of the Bi2Co0.5Cr0.5Nb2O9+∆ sample is associated with the formation of an impu-
rity phase of bismuth chromate, as shown by X-ray phase analysis and NEXAFS spectroscopy.

Conclusions

Using NEXAFS spectroscopy and X-ray phase analysis, it was determined that the
change in the oxidation state of cobalt and chromium ions during the synthesis of the
Bi2Co0.5Cr0.5Nb2O9+∆ sample is associated with the peculiarities of obtaining pyrochlore by
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the solid-phase method. It has been established that before the formation of phase-pure py-
rochlore, Cr(III) ions are converted to Cr(VI) in the composition of bismuth chromate as an
intermediate product of the synthesis, and then again to Cr(III) during the decomposition of bis-
muth chromate and the formation of pyrochlore; Cobalt ions Co(III) are reduced to Co(II) as a
result of thermal dissociation of Co3O4. In the composition of pyrochlore Bi2Co0.5Cr0.5Nb2O9+∆,
synthesized at 1050 ◦С, cobalt and chromium appear predominantly in the form of Co(II) and
Cr(III) ions. The process of phase formation of pyrochlore is a series of sequential solid-phase
reactions involving precursors. A strategically important intermediate product of the synthesis
is bismuth orthoniobate α-BiNbO4 due to the fact that doping bismuth orthoniobate with atoms
of transition elements leads to the formation of the pyrochlore phase.

The NEXAFS study was carried out within the framework of the topic 122040400069-8, as
well as with the financial support of the Ministry of Science and Higher Education of Russia
under agreement No. 075-15-2021-1351.
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Конверсия Cr(III) и Co(III) в процессе синтеза кобальт-
хромсодержащего пирохлора на основе ниобата висмута
по данным NEXAFS

Ксения А. Баданина
Сыктывкарский государственный университет имени Питирима Сорокина

Сыктывкар, Российская Федерация
Сергей В. Некипелов

Физико-математический институт Коми научного центра УрО РАН
Сыктывкар, Российская Федерация

Алексей М. Лебедев
Национальный исследовательский центр – Курчатовский институт

Москва, Российская Федерация
Надежда А. Жук

Сыктывкарский государственный университет имени Питирима Сорокина
Сыктывкар, Российская Федерация
Дмитрий С. Безнoсикoв

Федеральное государственное унитарное предприятие «Главный радиочастотный центр»
Сыктывкар, Российская Федерация

Аннотация. Кубический пирохлор состава Bi2Co0.5Cr0.5Nb2O9+∆ (пр.гр. Fd-3m, а = 10.4838(8) Å)
синтезировали в несколько этапов методом твердофазной реакции из оксидных прекурсоров при
финальной температуре 1050 ◦С. По данным NEXAFS-спектроскопии исследовано электронное со-
стояние ионов кобальта и хрома в процессе синтеза. Установлено, что до формирования фазовочи-
стого пирохлора ионы Cr(III) превращаются в Сr(VI), а затем снова в Cr(III); ионы кобальта Co(III)
восстанавливаются до Сo(II). NEXAFS Cr2p-спектры керамики, синтезированной при 650 ◦С, по
основным характеристикам спектра совпадают cо спектром K2Cr2O7 и свидетельствуют о содержа-
нии хрома в оксидной керамике в виде тетраэдрических ионов CrO2−

4 , а по характеру Co2p-спектра
ионы кобальта находятся в состоянии Co(II) и Сo(III). В составе пирохлора Bi2Co0.5Cr0.5Nb2O9+∆,
синтезированного при 1050 ◦С, кобальт и хром проявляются преимущественно в виде ионов Co(II)
и Сr(III). Анализ фазовых превращений показал, что изменение степени окисления ионов переход-
ных элементов и цвета керамики связано с образованием промежуточных продуктов синтеза.

Ключевые слова: пирохлор, ниобат висмута, NEXAFS, кобальт.
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