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Abstract. Cubic pyrochlore of the composition BizCo.5Cro.5sNb2Ogya (sp. gr. Fd-3m, a = 10.4838(8)
A) was synthesized in several stages using a solid-phase reaction from oxide precursors at a final temper-

ature of 1050 °C. 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 °C, 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~ 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
Bi2Co0.5Cro.5NbaOg+ A, synthesized at 1050 °C, 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
A5B20g0’ is formed by two interpenetrating cationic sublattices A;O’ and BoOg [4]. Octahedral
positions B are occupied by relatively small cations (Nb?), larger ions (Bit?) 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
BizCog 5Crg 5 NbyOg 4 o showed [13] that during the synthesis (at 650 °C) 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 °C. It has been established that the formation of the
pyrochlore phase occurs through the reaction of solid-phase interaction of orthorhombic bismuth
niobate (a-BiNbOy) 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
BisCop.5Crp 5NbaOg A 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 BizCog 5Crg 5NbaOg A sample, oxides of bismuth (III),
niobium (V), chromium (III) and cobalt (ILIII) 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 °C 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 (CuKa radiation; 20 = 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 €V 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 BiaCog 5Crp 5NbeOga during ceramic
synthesis reversibly changes its color in the temperature range of 500-650 °C 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 °C. According to X-ray
phase analysis of a sample calcined at 650 °C, 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 BigCr2O15 (sp.gr. Cec2), bismuth niobates BisNbgOq5
(sp.gr. P4/mmm) and BiNbOy (sp.gr. Pnna), monoclinic 5-NbsOs (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 °C.

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 BigCop 5Crg5NbaOgya ceramics synthesized at 650 °C 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 Cr2p3z,, and Cr2py /5 spectra of the sample.
Comparison of the spectra of the samples with the spectra of the oxides CrOjz, CrOz, Cry0j3
and potassium dichromate KoCryO7 [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 KyCrsO7, 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 CrOi_ ions, similar to KoCroO7, 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 °C) they practically coincide with the NEXAFS Cr2p spectrum of K;CroO7, and those
calcined at high temperature (1050 °C) — with the spectra of CryOs.

Indeed, signals appear at 577 eV and 578 €V, 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(IIl). 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 BigCog 5Crg 5NboOgy A, synthe-
sized at 650 and 1050 °C, oxides Cry03, CrO2, CrOj3, CoO, Co304 and potassium dichromate
KQCI‘QO7

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 BigCraO15 is
practically not detected at 750 °C, and BisNb3O15 — 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 NboO5 and BigCraO15 decrease significantly. Apparently, low-temperature
synthesis of pyrochlore is difficult due to the chemical inertness of NbyOg5. It is interesting to
note that the intermediate phase in the synthesis of pyrochlore is BisNb3O;5, 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 BizTazO15 is unknown.

For other reasons, it can be assumed that the reactivity of chromium (IIT) oxide is higher than
that of niobium (V), so bismuth oxide reacts with Cr2Og first and in significant quantities. Its
maximum relative content is recorded at 750 °C, then its share in the sample rapidly decreases.
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Fig. 2. X-ray diffraction patterns and photographs of BiaCog 5Crp 5Nb2Og4a samples sequen-
tially calcined at temperatures of 650, 850, 950, 1000 and 1050 °C

BisNbsOjy5 is replaced by a-BiNbOy, which, interacting with oxides of transition elements, forms
a pyrochlore phase of a given composition. In the temperature range of 900-1000 °C, reflections
of the pyrochlore and a-BiNbO, phases are clearly observed.

The precursors oxides CroO3z and Co3z04 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
(IT1) oxide. It is interesting to note that, according to NEXAFS spectroscopy, cobalt (ILIIT)
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 Co304 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 °C,
mainly in the form of Co(II) ions. Taking into account that a temperature of 1050 °C corresponds
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Fig. 3. Element maps of BisCop 5Cr¢ 5NbaOga samples synthesized at 650 °C and 1050 °C

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 BizO3-NbyOs5-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 °C into CoO and
oxygen [31].

As shown by elemental mapping of a sample (Fig. 4) synthesized at temperatures below
1050 °C, 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 Co30,4 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 °C 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 °C. A low-porosity, dense microstructure was formed in the sample synthesized
at a temperature of 1050 °C. 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 °C), while larger crystallites in the range of
2-10 pm (1050 °C) were determined using a scanning electron microscope (SEM). Apparently, the
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Fig. 4. Microphotographs of the surface of Bi;Cog 5Crp.5NbsOg A samples synthesized at tem-
peratures of 650, 850, 950, 1000 and 1050 °C

crystallites in the micrographs are aggregated ceramic grains of much smaller sizes. Full-profile
analysis by the Rietveld method showed that the BisCog 5Crg.5NboOg4a sample synthesized at
1050 °C is single-phase [13].

The unit cell parameter of the BizCop 5Crg 5NbyOga sample is 10.4838(8) A and exceeds
the cell constant of chromium-containing pyrochlore BioCrNbyOg,,, (a = 10.459(2)) [32], which
is explained by the large radius of Co(II) ions compared to Cr(ITI) ions (R(Cr(III)) = 0.615 A,
R(Co(II))c.n.-6 = 0.745 A) [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 BiaCrTasOgya
(a = 10.45523(3) A) [34] which is due to the closeness of the ionic radii (R(Mg(I)) = 0.72 A,
R(Co(II))c.n.-6 = 0.745 A). Unit cell parameter for cobalt-containing pyrochlores based on
bismuth tantalate Bij 49CogsTa; 6070 a = 10.54051(3) A and for Bij 6CopsTa; 6O74n a =
10.5526 (2) A 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(Ill)) = 0.615 A, R(Co(IT))cn. 6 = 0.745 A) [36,37]. Local chemical analysis
using energy-dispersive spectroscopy showed that the chemical composition of the synthesized
BisCog.51Crg.52Nbg 95091 A sample is close to the nominal composition. Thus, the atypical ther-
mal behavior of the BisCog 5Crg 5sNbaOg A 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
BisCog 5Crg.5NbaOg A 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(IIT) 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 Co3Oy4. In the composition of pyrochlore BisCog 5Crg.5NbaOg4a,
synthesized at 1050 °C, 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 a-BiNbOy4 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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Konsepcusi Cr(III) u Co(Ill) B mporecce cunTe3a KOOAIbT-

XPOMCOAEpKaIllero MUPoXJopa Ha OCHOBE HMODATa BHCMYTA
mo JauabiMm NEXAFS

Kcenua A.Baganuna
ChBIKTBIBKAPCKUI rocyapcTBeHHbli yHuBepcurer uMmenu [Inrupuma CopokuHa
CrikTbiBKap, Poccuiickast Pemepariust

Cepreii B. HekurneJsion

Ousuko-mMaremarndeckuit nHCTUTYT Komu Hayunoro nearpa YpO PAH
CoikThIBKap, Poccniickas Deneparnns

Aunexkceii M. JIebenen

Harmonasbaerit uccsrefoBaresnbeknit enTp — KypuaToBekuit HHCTHTYT
Mocksa, Poccunitickas @enepariust

Hanexnga A. 2Kyk

ChBIKTBIBKAPCKUI rocyiapcTBeHHblii yHuBepcurer uMmenn [lutupuma CopoknHa
CoikrbiBKap, Poccniickas Peneparust

Amvutpnit C. BesnocukoB

DenepaabHOE TOCYIAPCTBEHHOE YHUTAPHOE NpeaupusTue «lJIaBHbI pajIrnoIacTOTHBIH IEHTP>
CoikrbiBKap, Poccniickas Peneparust

Awnnoranus. Ky6maeckuii mupoxiop cocrasa BizCog 5Cro.sNbaOg i a (1p.rp. Fd-3m, a = 10.4838(8) A)
CHHTE3UPOBAJIA B HECKOJIBKO 9TAIIOB METOJIOM TBEPJAOMA3HON PEaKINU U3 OKCHIHBIX IIPEKYPCOPOB IIPH
dunanbuoit remueparype 1050 °C. ITo nanubim NEXAFS-crieKTpocKonuu nccyieI0BaHO 3JIEKTPOHHOE CO-
CTOSTHIE MOHOB KODAJIbTa M XPOMa B MPOIECCE CHHTE3a. YCTAHOBJIEHO, ITO 0 (hopMUpOBaHUs (HaA30BOIN-
croro nupoxiiopa nonsl Cr(I1I) npespamatorcs B Cr(VI), a 3arem caosa B Cr(I1I); nonst kobassra Co(I11)
Boccranasausatorcst 10 Co(II). NEXAFS Cr2p-criekTpbl KepaMuKH, cHHTe3upoBaHHO# 1pu 650 °C, mo
OCHOBHBIM XapaKTEPHUCTUKAM CIHEKTPa cOBIaIatoT co crieKTpoM KoCraO7 u CBHIETENIBCTBYIOT O COEpIKa-
HIZ XpOMa B OKCHIHOH KepaMuKe B BHje Terpasapudecknx monos CrO3 ™, a mo xapakrepy Co2p-creKkTpa
nonsl Kobasbra Haxogarest B cocrosinnu Co(II) u Co(III). B cocrase nupoxiiopa BizCog.5Cro.sNbaOgya,
cunTesnpoBanuoro npu 1050 °C, KoGaAIbT U XpOM NPOSBIAIOTCA npenMynecTseHno B Buae nonos Co(11)
n Cr(IIT). Ananus da30BbIX IPEBpAIEHn TOKA3aJI, YTO U3MEHEHHE CTEIICHN OKHMCIIEHHs HOHOB II€PEXO0/I-
HBIX 2JIEMEHTOB U IBETa KEPAMUKH CBsI3aHO ¢ 00Pa30BAHUEM MPOMEXKYTOUYHBIX IIPOJYKTOB CHHTE3A.

KiroueBsle ciioBa: nupoxjop, uuobar sucmyra, NEXAFS, kobanbt.
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