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The work investigates the crystal structure of a non-stoichiometric oxide compound of the
composition Bis.ssReo.570s.29, belonging to the Bi:Os—Re:0; system, which attracts considerable
attention due to its high oxide-ionic conductivity and prospects for use in solid-state
electrochemistry. The relevance of the study is due to the need to search for new materials with
improved transport properties, in particular for use in solid oxide fuel cells and oxygen sensors.
The aim of the work is to establish the features of the crystal structure, cation ordering and
state of the oxygen sublattice of the studied compound. To achieve this goal, the X-ray powder
diffraction method was used with subsequent refinement of the structure by the Rietveld method.
The samples were obtained by melting the starting oxides with subsequent quenching, which
ensured the formation of a single-phase material. As a result of the study, it was established that
the compound Bis.«sReo.570s.20 crystallizes in the structural type 0-Bi:Os with cubic symmetry
and space group Fm3m. The unit cell parameter a = 5.7363(1) A was determined. It was shown
that Bi and Re atoms statistically occupy one crystallographic position, which indicates their
partial mutual substitution in the cation sublattice. It was established that the oxygen sublattice
is characterized by partial filling of positions, which indicates the presence of a significant
number of oxygen vacancies. These vacancies play a key role in the formation of high oxide-
ionic conductivity, creating effective migration paths for oxygen ions. The non-stoichiometric
composition contributes to additional structural defects and stabilization of the high-temperature
0-phase at room conditions. The obtained results are consistent with the literature data and
confirm that the studied compound belongs to the class of defective fluorite-like oxides. The
revealed structural features, in particular the disorder of the oxygen sublattice and the statistical
distribution of cations, determine the prospects of the material as an effective oxide-ionic
conductor. The work expands the understanding of the mechanisms of defect structure formation
in oxides of the Bi—Re—O system and can be used for further targeted synthesis of new functional
materials.
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3aeooannuit B. B. Kpucmaniuna cmpykmypa cnonyku Bis.ssReo.s7Q6.29

YV pobomi docnidsiceno Kpucmaniuny cmpykmypy HecmexioMempudnoi OKCUOHOI CHOLyKu
ckaa0y Bis.s3Reo.570s.29, o Hanescums 0o cucmemu Bi:0s—Re:07, axka npuseepmae 3Hauny yeazy
3A605KU BUCOKIU OKCUO-IOHHIT RPOBIOHOCME MA NEPCREKMUBAM GUKOPUCTNAHHSL Y MEEePOOMIIbHILL
enekmpoximii. AKmyanbHicms 00CHIONCEHHS 3YMOBILEHA HeOOXIOHICMIO NOULYKY HOBUX Mamepi-
anis i3 NOKpaweHUMUu MpaHCROPMHUMU 6LACMUBOCMAMU, 30KpeMa OJisl 3ACMOCYBAHHA Y Meep-
OOKCUOHUX NATUBHUX eTIeMEeHAX MA CeHCOPAxX KUCHIO.

Memoro pobomu ¢ gcmanogienHs 0coonugoCcmell KpUucmaniunoi cmpykmypu, KamioHHO20
6NOPAOKYBAHHS MA CMAHY KUCHEBOI NiOTpamku O00CHOHNCY8aHoi cnoiyku. [[nsi 0ocseHeHHs
NOCMABAEHOI Memu 3aCMOCOBAHO MENOO PEHM2EHIBCLKOT NOPOUKOB8OT Oupparyii 3 nooarbuum
VMOUHEHHAM CmpyKkmypu memooom Pimeenvoa. 3pasxu ompumyeanu wisxom naaeienHs uxio-
HUX OKCUOI8 13 NOOALUUM 2APMYSAHHAM, W0 3a0e3neyuno GopmyeanHs 00HOPA3H020 Mame-
piany.

YV pezynomami 0ocnioscenna ecmarnogieno, wo cnoayka Bis.ssReo.s70s.20 kpucmanizyemocs
y cmpykmypnomy muni 6-Bi:Os 3 Kybiunolo cumempicio ma _npocmoposolo epynoio Fm3m.
Busnaueno napamvemp eremenmaproi komipku a = 5.7363(1) A. Tloxazano, wo amomu Bi i Re
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CMamucmudto 3aimMaioms 00Hy KpUCManozpagiuny no3uyir, wo ceioyums npo ix yacmkose
83a€MHe 3aMilenHsl Yy KamioHHIU nioTpamyi.

Bcmanosneno, wo Kucresa niorpamka Xapakmepusyemucs 4acmrko8uM 3an08HeHHAM NO3u-
yill, Wo 6KA3YE€ HA HAABHICMb 3HAYHOI Kintbkocmi Kuchegux eaxancit. Came yi eaxancii gidiepa-
H0Mb KIHOHU08Y POilb Y (POPMYBAHHT BUCOKOI OKCUO-IOHHOI NPOBIOHOCMI, CMBOPIOIOYU edheKMUBHI
winsxu miepayii ionig kucwio. Hecmexiomempuunuii ckiao cnpuse 000amkosii 0eghekmuocmi
cmpykmypu ma cmaobinizayii gucokomemnepamyphoi o-@asu npu KiMHAmHux yMoeax.

Ompumani pesyromamu y320024CyI0MbCs 3 AIMePamypHUMU OGHUMU Ma NIOMEEPOACYIOMb,
wWo 00CHIONCYBAHA CHONYKA HALEH UMb 00 KAACY OeheKmHUX uioopumonodioHux okcuois.
Busigneni cmpykmyphi 0cobiusocmi, 30kpema po3ynopsioKO8aHiCnb KUCHE80T nioTpamku ma cma-
MUCMUYHUIl po3N0OiN KAmionie, GU3HAYAIOMb NEPCNeKMUSHIiCIy Mamepiany K eghexmusHozo
OKCUO-IOHHO020 npogionuka. Poboma poswupioc yaenenus npo mexauizmu gpopmysanis oegex-
muoi cmpykmypu 6 okcuoax cucmemu Bi—Re—O ma mooce bOymu suxopucmara 01 no0anisuio2o
YINeCnpsMOBAH020 CUHME3Y HOBUX (DYHKYIOHANLHUX MAMepIais.

Kmogoei C06a: PEeHM2EeHOCMPYKMYPHUU  aHATI3, KPUCMANIYHA CMPYKMypd, Memoo
Pimesenvoa.

Introduction. Complex oxide materials based on bismuth occupy an important place
among functional inorganic compounds due to their high oxide-ionic conductivity, sig-
nificant defectivity of the crystal structure, and the ability to stabilize high-temperature
phases at room temperature [1-3]. Of particular interest is the d-modification of Bi2Os,
which is characterized by a fluorite-like crystal structure with a high concentration of
oxygen vacancies. It is the presence of a large number of vacancies in the oxygen sublat-
tice that provides extremely high values of oxide-ionic conductivity, which significantly
exceed the indicators of most known solid electrolytes [1, 3]. It is known that stabiliza-
tion of 6-Bi20s is possible by doping with high-valence cations, in particular transition
metals [2, 3]. As a result of such doping, complex oxide systems with a structure related
to fluorite are formed. Among such systems, the Bi2Os—Re20- system is of considerable
interest. In the Bi-enriched region of this system, a series of oxides of the composition
Bi2«RecOsax is formed, which are characterized by a defective fluorite-like structure [4,
5]. The structural features of these compounds are determined by the complex interac-
tion between cation ordering and the distribution of oxygen vacancies. The thermal evo-
lution and structural properties of the 8-Bi2Os-related compound BisReO17 were studied
using neutron and synchrotron powder diffraction, as well as electron diffraction [6]. It
was found that this phase is stable up to a temperature of about 725 °C, after which a
transition occurs to a disordered phase similar to 3-Bi:Os, which is described by a cubic
structure of the Fm3m type with a lattice parameter a = 5.7809(1) A [6]. In [7], a com-
bined experimental and computational study of the oxide-ionic conductor BizsRe20a0
was carried out, which allowed us to establish the mechanisms of oxygen ion migration
in this material. It was shown that the variable coordination of rhenium atoms plays a
key role in the formation of ionic conductivity mechanisms. The interaction between
the Bi—O and Re—O sublattices ensures the formation of additional O*  vacancies and
forms effective diffusion paths for oxygen ions. Despite a significant number of studies
of phase relations in the Bi-Os—Re20- system, the structural features of non-stoichio-
metric compounds with a composition different from the stoichiometric phases remain
insufficiently studied [4-7]. The search for new functional oxide materials with high
oxide-ionic conductivity is an important direction in modern materials science and sol-
id-state chemistry. Such materials can be used as electrolytes in solid oxide fuel cells,
oxygen sensors and other electrochemical devices [1, 2]. Establishing the regularities
of the formation of a defect structure in complex oxides of the Bi—-Re—O system is
necessary for understanding the mechanisms of ionic conductivity and developing new
functional materials. In this context, the study of a non-stoichiometric compound of the
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composition Bis.«3sReo.570s.20 is relevant, since it allows establishing the relationship
between the cation ratio, the features of atomic ordering and the formation of a defective
oxygen sublattice, which directly affects the physicochemical properties of the material
[5-7]. The aim of the work is to establish the crystal structure of a non-stoichiometric
compound of the composition Bis.szReo.s70s.209, as well as to determine the features of
atomic ordering and the defective oxygen subsystem.

Presentation of the main material. To achieve the goal, it is necessary to solve
the following tasks: Generate the diffraction spectrum of the studied compound using
the ICDD PDF-2 (2004) database under card number 00-043-0195 Determine the
phase composition of the synthesized sample by X-ray powder diffraction. Establish
the parameters of the unit cell of the studied phase. Carry out indexing of the com-
pound. Refine the crystal structure by the Rietveld method [8]. Analyze the distribution
of Bi and Re cations in the crystal lattice. Investigate the features of the arrangement of
oxygen atoms and the possible presence of oxygen vacancies. Assess the influence of
non-stoichiometry on the structural stability of the obtained phase. Methods. Samples
for studying the diffraction spectrum were obtained by melting a mixture of Bi-Os and
ReO: at 920 °C for 3 minutes with subsequent quenching in ice water. [9]. The powder
diffraction spectrum was recorded on a copper filtered radiation (A=1.54060A0) with
Bragg-Brentano imaging geometry [9]. The obtained diffraction spectrum was analyzed
based on literature data using the HighScore 3.0 program and the attached pdf-2 data-
base for 2004. The 6-Bi203 structure type was chosen as the basis for studying the
crystal structure of the compound Bis.4sReo.570s6.20 [10]. As a result of refining the crys-
tal lattice parameters by the Rietveld method [9], it was established that the compound
belongs to the 6-Bi203 structural type [10] with the microstructural parameters given
in Table 1, has a cubic lattice and belongs to the space group Fm3 “m (225) with lattice
periods a=5.7363(1).

Table 1
Microstructural parameters of the crystal structure
of the compound Bis,«:Reo,570s,20
Atom Wyck. s.o.f. X y z
Bi 4a 0,857500 0 0 0
Re 4a 0,142500 0 0 0
0 32f 0,786250 0,924(1) 0,924(1) 0,924(1)

The calculated crystal structure data are given in Table 2.

The divergence factor R=4.05%. The obtained results of X-ray structural analysis
indicate that the synthesized compound of the composition Bis.4sReo.570s.20 crystallizes
in the structural type 6-Bi-0s with cubic symmetry and space group Fm3m. The unit
cell parameter a = 5.7363(1) A agrees well with the literature data for oxides of the
Bi—Re—0 system, which have a defective fluorite-like structure.

It was established that Bi and Re atoms statistically occupy the crystallographic
position 4a, which is typical for §-Bi.Os-like structures. Partial replacement of Bi** by
Re cations leads to a redistribution of the electron density in the cation sublattice and
contributes to the stabilization of the high-temperature 5-phase at room temperature.
A similar stabilization mechanism is observed for other doped modifications of Bi2Os.
The oxygen sublattice plays a special role in the formation of the structure. According
to the refined structural parameters, oxygen atoms occupy the 32f position with par-
tial filling (s.o.f. = 0.786250), which indicates the presence of a significant number
of oxygen vacancies. It is such vacancies that are a characteristic feature of defective
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fluorite-like structures and determine their high oxide-ionic conductivity. Comparison
of the calculated and experimental values of interplanar distances and diffraction angles
shows their good agreement. Small deviations between 26cal and 20o0bs do not exceed
the limits of experimental error, which confirms the correctness of the indexing and
the adequacy of the proposed structural model. The value of the discrepancy factor R
= 4.05% indicates a high quality of the structure refinement by the Rietveld method.
The non-stoichiometric composition of the studied compound causes the appearance of
additional structural defects, which can affect the stability of the crystal lattice and the
transport properties of the material. The inclusion of Re atoms in the cationic sublattice
changes the local coordination environment of oxygen and promotes the formation of a
branched network of oxide-ion migration pathways. This is consistent with the literature
data on the increased ionic conductivity in bismuth-rhenium oxides. Thus, the obtained
results confirm that the compound Bis.ssReo.s70s.20 15 a representative of defective fluo-
rite-like oxides, which are characterized by significant structural disorder of the oxygen
sublattice and a high concentration of vacancies. It is these features that can ensure
the prospects of the studied material as a potential oxide-ionic conductor. In this struc-
ture, the Bi and Re atoms occupy the same crystallographic site (partial replacement),
therefore: * they have the same local environment ¢ accordingly, form the same type of
coordination polyhedron In the image, this is shown as two separate, but geometrically
identical polyhedra: BiOs and ReOs

Table 2
Calculated values (20 angle, interplanar distances and relative intensities) and

siven in ICDD for the compound Bis,ssReo,570s,29.

29{‘2] 291\"!1‘ dl‘ul dl\h( I(‘ﬂl Il\hc H K L
1 26,8925 26,390 3,31264 | 3,31300 100 100 1 1 1
2 31,1519 31,160 2,86874 | 2,86800 45,42 36 2 0 0
3 44,6380 44,647 2,02837 | 2,02800 25,71 27 2 2 0
4 52,8879 52,880 1,72976 1,73000 24,92 23 3 1 1
5 55,4368 55,441 1,65611 1,65600 7,68 5 2 2 2
6 64,9718 64,982 1,43420 1,43400 2,21 2 4 0 0
7 71,6468 71,653 1,31610 1,31600 8,85 4 3 3 1
8 73,8108 73,796 1,28277 1,28300 6,438 3 4 2 0
9 82,274 82,250 1,1709 1,17120 5,92 2 4 2 2
10 88,496 88,491 1,1040 1,10400 5,4 1 5 1 1
11 105,205 105,176 0,9696 0,96980 2,42 1 5 3 1
12 107,358 107,350 0,9560 0,95610 4,98 1 4 4 2

Each central atom (Bi or Re) is surrounded by eight oxygen (O) atoms (coordination
number 8). The polyhedron is a distorted orthogonal (eight-coordination) polyhedron.
It is not a perfect cube or square antiprism, but a deformed 8-vertex polyhedron. The
reasons for the distortion are different bond lengths Bi—O / Re—O, features of the crystal
lattice and mixed population of Bi/Re sites. The central atom can be Bi or Re, oxygen
atoms form the vertices of the polyhedron. Edges are drawn between oxygen atoms and
form a closed geometric structure. A common Bi/Re site means statistical substitution,
i.e. there are bismuth or rhenium atoms. Oxygen atoms connect the polyhedra to each
other. BiOs / ReOs polyhedra are the basic building blocks of the structure, their connec-
tion determines: packing density, electronic properties, ionic conductivity
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Fig. 2. Coordination polyhedra for Bi, ,Re, O,
(central site Bi/Re with cubic O8 coordination)

Conclusions and prospects for further research.

1. The crystal structure of the non-stoichiometric compound Bis.«sRe0.5706.20 Was
studied by X-ray powder diffraction.

2. It was established that the studied compound crystallizes in the structural type
8-Bi20s with cubic symmetry and space group Fm3m (Ne 225).

3. As a result of the refinement of the structure by the Rietveld method, the unit cell
parameter a = 5.7363(1) A, as well as the position of atoms in the crystal lattice, were
determined.

4. It is shown that Bi and Re atoms are statistically distributed in the 4a position,
while oxygen atoms occupy the 32f position with partial filling, which indicates the
presence of a significant number of oxygen vacancies.
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5. The presence of vacancies in the oxygen sublattice and partial replacement of
bismuth cations by rhenium atoms stabilize the defective fluorite-like structure and can
contribute to the formation of effective migration paths for oxide ions.

6. The obtained results expand the understanding of the structural features of non-sto-
ichiometric oxides of the Bi2Os—Re20- system and can be used in the further search for
new materials with high oxide-ionic conductivity.
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