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Abstract:

In this study, the possibility to stabilize 0% ion conductors in Bi,0;-V,05 system was
investigated. Six pseudo-binary Bi;0;-V,0s mixtures [3.50 < x(V,05) < 8.50 mol% ] were
thermally treated at 1000 °C for 1 h. The samples were characterized by XRD,
HRTEM/SAED, DTA and EIS techniques. The high-temperature reaction between o Bi,O;
and V,0s resulted in formation of microcrystalline single-phase specimens containing the
phase based on 0-Bi,O; if V,Os content was >4.63 mol%. The obtained phases exhibited main
diffraction peaks corresponding to the simple cubic 0-Bi,O; (space group Fm-3m) but
Rietveld refinement showed a threefold repeat on a simple cubic sublattice indicating that the
true unit cell is 3x3x3 supercell. Within proposed supercell, the octahedrally coordinated
V’*ions fully occupy 4a Wyckoff position and partially occupy 32f. The Bi’* ions are placed
at the rest of 32f and at 24e and 48h with full occupation. In total, 22 % of anionic sites are
vacant. The ionic conductivity of phase with the lowest dopant content, i.e. Bi;y;V50 47,
amounts 0.283 S cm™" at 800 °C with the activation energy of 0.64(5) eV, which is comparable
to the undoped 6-Bi;O; known as the fastest ion conductor.
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1. Introduction

The demand for new environmental-friendly technologies for energy production
increases the interest in electrolytes based on oxide ion conductors because of their
application in solid oxide fuel cells (SOFCs) whose development and widespread use might
become a keystone in the near future [1-4]. In general, the oxide ion conducting materials
should possess highly symmetric structure with significant number of oxygen vacancies [5] as
it is the case with commercially used yttria stabilized zirconia (YSZ), i. e. the ZrO,
crystallizes in a cubic structure having oxygen vacancies provided by Y,O; [6] and cubic
gadolinium-doped ceria (GDC) [7] in which the substitution of 10-20 % of Ce*" by Gd’*
generates enough oxygen vacancies in the lattice for optimal ionic conductivity [8]. The
greatest disadvantage of YSZ is its very high operating temperature (about 1000 °C) [9, 10]
while GDC is sensitive to reducing conditions and possesses undesirable electronic
conductivity [11]. As a solution, Wachsman and Lee [12] have proposed a bilayer electrolyte,
which consists of GDC layer on the anode side and erbia stabilized 3-B,O; on the cathode
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side. In this way, the stability of electrolyte could be preserved. The 6-Bi,O; polymorph
demonstrates one of the highest conductivity, which are one to two orders of magnitude
higher than that of YSZ or GDC at corresponding temperatures [ 12]. This is the consequence
of highly symmetric pseudo-fluorite structure in which 25 % of oxygen sites are vacant.
Besides, Bi’* ions possess the 6s” lone electron pair, providing a highly polarizable cation
network that facilitates higher anion mobility.

However, there are still a lot of controversies about this structure. At the beginning, it
was considered as a simple cubic pseudo-fluorite structure. In 1937, Sillén [13] was first to
propose a structural model according to which 6-Bi,O; phase crystallizes in Pn3m space
group [a = 5.525(5) Al with the oxygen vacancies ordered along <111>. A similar atom
arrangement and cubic symmetry were also suggested by Gattow and Schroder [14] 25 years
later. According to this model, 6-Bi,O; phase crystallizes in Fm3m space group [a =5.665(8)
A] with Bi atoms located at 4a site with disordered oxygen sublattice, in which the vacancies
randomly take 25 % of available 8c sites. None of these models can account this particularly
high ionic conductivity, which could be only associated with the disordered state comparable
to 75 % of the liquid state [15]. Harwig [16] and Willis [17] suggested the moving of O” jons
from tetrahedral 8c to octahedral 32f sites, which results in an occupancy factor of 3/16.
Battle [18] and Yashima and Ishimura [19] proposed a random distribution of O” ions over
these two positions with a partial averaged occupancy.

The 3-Bi,O; phase is however a high-temperature polymorph, unstable upon cooling.
Namely, on heating the stable low-temperature polymorph a-Bi,O; transforms to 3-Bi,O;
phase at 730 °C, which melts at about 825 °C. On cooling two transitions are possible:
5-B1,0; — B-Bi,0;5 at 650 °C or 6-Bi,O; — y-Bi,0; at 640 °C, dependently of dopant [16,
20]. Still, the cubic 5-B,O; phase can be stabilized down to the room temperature by doping
with elements of group 5 (V, Nb, Ta) and some lanthanides [1, 21] which is regularly
accompanied with the decreasing of conductivity. The doping complicates the crystal
structure determination even more because the additional ordering between cationic positions
of bismuth and dopant is expected together with the mentioned vacancy ordering. As a
consequence, the modulated structures based on pseudo-fluorite structure could be formed.

Boyapati et al. [22, 23] reported the difference in 0-Bi,O; structure at higher and
lower temperatures due to different vacancy arrangements as a consequence of doping. The
so-called order-disorder transition occurs at 600 °C. While the short-range vacancy ordering
along <111> in domain-like way is characteristic for disordered structures, the long-range
vacancy ordering along same directions exists in ordered structures and is followed by the
displacement of almost all the oxygen ions from the regular 8c to the interstitial 32f positions.
The authors describe the disordered structure in terms of combination of Gattow/Schroder
[14] and Willis [17] models, whereas the ordered structures with a mixed Sillén-Willis model
[13, 17]. Aidhy et al. [24] even reported the combination of vacancy ordering along <110>
and <111>, which leads to a doubling of the unit cell that results in a 2 x2 x 2 fluorite
supercell accompanied with symmetry lowering from Fm3m to Fm3 space group.

In order to obtain a highly conductive material, a lot of authors were investigating the
Bi,05—V,05 system. Based on microscopic experiments, Zhou [25, 26] divided possible
superstructures within Bi,O;—V,0s5 system into types: I (cubic 3x3x3) if 6.67 < V,0s mol% <
10, II (triclinic) if 10 < V,0s mol% < 25, III (tetragonal) if 25 < V,0s5 mol% < 50, and IV
(Aurivillius phases) for 50 mol% of V,Os. For the simplest type I, cubic 3x3x3 superstructure
has been built up for BijoVsO,79 composition because the V-atoms could be completely
isolated from each other. With higher V,0s content, it is not possible to separate all V atoms
by at least one Bi atom and thus V,0,, clusters are formed on the (111) plane of each cubic
subcell within type II. The superstructure of type III is a hybrid of fluorite and pyrochlore
structure. As mentioned, the Aurivillius phases and hence BIMEVOX (bismuth metal
vanadium oxide) [27-29] compounds belong to the type IV. Other superstructures reported in
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the literature mainly consider higher V,0s concentration: triclinic for 14.8 [30] and 25.5 [31],
monoclinic for 7.4 [32], 14.8 [33, 34] and 20.2 [35], orthorhombic for 11.6 and 33.0 [35],
tetragonal for 15 [36], and hexagonal for 10 [37] mol% of V,0s.

In this study, the thermal treatment of six pseudo-binary Bi,0;-V,0Os mixtures in
Bi,0;-rich region [3.5 < x(V,0s) < 8.5 mol%] were investigated in order to find a minimal V
concentration that stabilizes 8-Bi,O; phase down to room temperature giving a highly
conductive material that could be used as a functional electrolyte for SOFCs. Moreover, a
new structural model for V-doped 6-Bi,0O; is proposed with the aim to finally clarify the
nature of this superstructure.

2. Materials and Experimental Procedures

Six stoichiometrically different mixtures (Table I) of a-Bi,O; (Alfa Aesar, 99.975 %)
and V,0s (Aldrich, 99.9 %) were dry homogenized by hand-grinding for about 30 min in an
agate mortar, heated at 1000 °C for 3 h (heating rate 4 °C min ') in an open Pt crucible and
then furnace cooled to room temperature. The obtained samples were examined on an Ital
Structure APD 2000 X-ray powder diffractometer using Cu Ko radiation (A = 1.5418 A) and
step-scan mode (26 = 20-70 °). The unit cell parameters were calculated by least-squares
method using the LSUCRIPC software [38]. The ICSD database was used for the phase
identification [39].

Specifically, X-ray powder diffraction data of Bi;(,V¢Oi6s were collected in a
range 4 — 125° 26 with a step-width of 0.02° and a constant counting time of 7.5 s per step.
The FULLPROF software was used for the Rietveld refinement [40] in WINPLOTR
environment [41]. The profiles were described by the pseudo-Voigt function as the most
frequently used function in this type of analysis [42, 43] with n in nxFWHM equal to 30 and
limit for the peak asymmetry set to 90° 26. In the first stage of the refinement, the background
was modeled by using a linear interpolation between 77 selected points and in the last cycles
the Fourier filtering method with the window size set to 8000 was used. In final cycles of the
refinement, a total of 21 parameters were refined using 6050 data points and 502 reflections.
The site occupation factors were not refined. During the refinement of isotropic atomic
displacement parameters (B;,,) of V and O atoms either nonpositive values were observed or
the refinement became unstable. This can be explained by a great difference of Bi X-ray
scattering powers compared to light V and O atoms. To avoid this problem, B;,, for light
atoms were fixed to the values obtained within their individual refinement.

The cyclic differential thermal analysis (DTA) of the products was performed on an
SDT Q600 instrument (TA Instruments) in N, atmosphere (flow rate: 100 cm’ min heating
rate: 20 °Cmin”'), ranging from room temperature to 1000 °C. The powders were also
investigated using a FEI TECNAI G2 F20 FE high resolution transmission electron
microscope (HRTEM). To obtain dense (obtained densities exceeded 90 %) disk-shaped
pellets for the electrochemical measurements, the powders were first uniaxially pressed under
pressure of 200 MPa and then sintered at 800 °C for 3 h. The sintered pellets (prepared by
applying Au paste on both sides followed by thermal treatment: 100 °C for 2 h and 750 °C for
30 min) were characterized by electrochemical impedance spectroscopy (EIS) using a HIOKI
3532-50 LCR HiTESTER in a frequency range 42 Hz-1 MHz and temperatures between 750
and 800 °C. The impedance spectra were fitted by EIS Spectrum Analyzer Software [44].

3. Results and Discussion

As shown in Table I, if V,05 content was > 4.63 mol% the high-temperature reaction
between a-Bi,O; and V,0s resulted in formation of microcrystalline specimens containing a
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phase based on 9-Bi,0;, which is denoted as 6*-Bi,0;. The only composition that did not lead
to single-phase sample was the one with the lowest dopant content, Bijo4V4O 4. If we take
into account the initial composition of this mixture and its final phase composition, then the
minimum dopant content necessary to stabilize the 6-Bi,O; can be calculated giving 4.24
mol% of V,0s. As mentioned in the introduction, from the conductivity point of view, the
maximum dopant content is not important and hence was not determined in this research but
according to the Bi,0;—V,0;5 phase diagram [45], it amounts 12.1 mol% of V,Os.

Tab. I Characteristics of prepared microcrystalline samples.

Starting V,05 content Phase composition Unit cell parameters of

composition (mol %) (wt. %) obtained phases (A/")
As+ = 16.6579(3)
a, = 5.866(5)
Bij04 V4O 166 3.70 0*-B1,O3 (84) + a-Bi,O; (16) b, = 8.199(6)
co = 7.536(7)
B, = 112.91(7)
Bi;03 V50,67 4.63 0*-B1,0; as« =16.6651(4)
Bi]02V60]68 555 8*-Bi203 As+ = 166522(4)
Bi101V70169 6.48 5*-Bi203 As+ = 166367(2)
Bij0oVsOi70 7.40 0*-B1,0; as- =16.6327(3)
BisyVoO 17, 8.33 5*-Bi,0, as- = 16.6325(2)
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Fig. 1. XRD patterns of microcrystalline samples. The strong reflections are indexed for
simple cubic pseudo-fluorite cell. The symbol a is used to denote the peaks of a-Bi,O; phase.
Inset: the enlarged part of Bi;0, V0163 XRD pattern with reflections indexed in 3x3x3
supercell based on cubic pseudo-fluorite subcell.
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The obtained 6*-Bi,0; phases show main diffraction peaks (Fig. 1) corresponding to
the cubic 8-Bi,O; (space group Fm3In and a = 5.6 A). However, the detected weak
reflections indicate a threefold repeat on a simple cubic sublattice saying that the true unit cell
could be 3x3x3 supercell with a ~ 16.6 A. According to Zhou's type I, the cubic 3x3x3
superstructure could be built up for BijoyV3O;79 composition, i.e. 108 cationic sites. So we
presented the composition of obtained phases in that sense. The obvious decreasing of
a-parameters with the dopant amount increasing is the consequence of smaller dopant ionic
radius {r;(V>*) =0.54 A and r,(Bi’*) = 1.03 A in the six-coordinated environment [46] }.
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Fig. 2. The observed, calculated and difference profiles for the
Rietveld refinement of Bi]onéO]ﬁg.

Tab. II Structural parameters for Bijp, V5O ¢s.

Bij02V6Oi6s ~
space group: Fm3m

Aoms K ion y © B aen

Vi 4a 0 0 0 2 1

Bil 24e 0.32905) O 0 2.7(4) 1
Bi2/V2 32f 0.3371(2)  0.3371(2) 0.3371(2) 2.1(2) 1 (30/2)

Bi3 48h 0 0.17313)  0.1731(3) 3.1(2) 1

01 24e 0.895(6) 0 0 1 1

02 96k 0.361(2) 0.361(2) 0.207(3) 2 0.75

03 96k 0.148(2) 0.148(2) 0.437(3) 2 0.75

Ryy=17.9% R,=13.6% Ruy=9.08%

The fact that §*-Bi,O; phases crystallize in 3x3x3 supercell and space group Fni3m
is in agreement with the research of Zhou [25, 26]. Since we have obtained 3x3x3 modulated
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phases for 4.63 < V,05 mol% < 8.33, Zhou's type I could be assigned to here obtained phases
with the interval of V,0s concentration slightly extended to lower concentrations. In order to
check the assumed superstructure, the Bi;(,VsOi6s sample was chosen for the Rietveld
refinement (Fig. 2, Table II) because this sample showed the least visible weak reflections in
the XRD pattern. The number of oxygen vacancies in Bijg;,VsOies (48 which is 22 %) is
slightly lower comparing to the simple undoped 8-Bi,O; (25 % of anionic sites are vacant)
because of the partial replacement of trivalent Bi by pentavalent V.

Fig. 3. The geometry of cations at 4a (a), 24e (b), 48h (c) and 32f (d) sites.

Within here proposed supercell, the octahedrally coordinated V" ions (Fig. 3a) fully
occupy 4a Wyckoff position, i.e. the corners and face centers of cubic supercell, and partially
occupy 32f. The Bi’* ions are placed at the rest of 32f and at 24e and 48k with full occupation.
At 24e, 32f and 48h site, the cations are eight (Fig. 3b), six (Fig. 3c) and four (Fig. 3d)
coordinated, respectively. The space required for Bi lone electron pair is visible for all
proposed coordinations of Bi’*. The only oxygen site with full occupation is that of O1, i.e.
24e, since this atom takes part of vanadium coordination sphere. The rest of oxygens are
situated at two crystallographically different 96k sites with 75 % of occupancy providing 25
% of oxygen vacancies.

This structural determination provided probable positions for all cations and anions in
addition to the Zhou’s research [25], which offered only positions for V°>*. Both approaches
assume that V" ons occupy fully 4a and partially 32f with the difference in V’*-coordination
at 4a. Namely, according to Zhou's type I, V¥ is surrounded by 4 oxygens in tetrahedral
environment and 4 vacancies also tetrahedrally arranged. In this research, we wanted to
preserve the initial idea that 3-Bi,O; demonstrates such great conductivity not just because of
increased number of oxygen vacancies but because of Bi** roll in this process. In that way, all
assumed vacancies in the here proposed modulated structure are located around Bi’*. The
unusual bismuth coordination confirms its adjustability to any environment as a consequence
of stereochemically active lone electron pare and thus the polarizability of Bi’*.

The thermal behavior of obtained 6*-Bi,O; phases, given in the form of cyclic DTA
curves, is presented in Fig. 4. All five phases show very similar behavior on heating. With
slight difference in temperatures, three endothermic peaks are visible and could be assigned to
6*%*-BL,0O; — y-Bi,O3; — 6*-Bi,0; — B1,05(]) transitions. On cooling, 6*-Bi,0O; phases
crystallize from the melts and remain stable down to about 530 °C. At this temperature, an
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order-disorder transition takes place for all samples but for Bij,V¢Ojes. This is partially in
accordance with the XRD findings since the weak XRD reflections, which point out to the
existence of a supercell, were the least visible for this sample. In order to clarify this mild
contradiction between DTA and XRD analysis, the HRTEM was employed. According to the
high-resolution TEM image (Fig. 5a) of Bij0,V¢Oies, the dopant is well integrated into the
cubic crystal structure with no evident defects. However, the periodical repeating of the same
plane groups (three in a row) in both directions is visible on HRTEM image as well as on
SAED pattern (Fig. 5b). The reflections are easily indexed in F7:3# space group and 3x3x3
supercell. This means that one order-disorder transition should exist as well for Bi;p, VOjes,
but it was not detected by performed DTA procedure.
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Fig. 4. DTA cyclic curves of single-phase microcrystalline samples. The temperatures (°C) of
each phase transition are shown on corresponding curve and are in accordance with the
Bi,0;—V,0s phase diagram [42].

Fig. 5. (a) HRTEM image (b) SAED pattern of Bi;,VsOi4s grain in [001] zone axis.

The ionic conductivities (Table III) were calculated from the total electrical resistance
determined from the impedance spectra (Fig. 6 is an example). It is clear that the sample with
the lowest dopant content, i.e. Bijg3;VsO,¢7;, demonstrates the highest conductivities at
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corresponding temperatures. This can be attributed to the mentioned replacement of trivalent
cation (Bi'*) by pentavalent one (V") and, as a consequence, to the decrease in number of
vacancies. The experiment was performed for 800-750 °C temperature interval since the
8-B1,O; based phases, which were not previously melted, behaved differently on cooling than
the one obtained from the melts. Namely, according to Bi,O;—V,0Os phase diagram [45], the
0-Bi,0O; — y-Bi, 05 transition takes place on cooling at about 750 °C if 6-Bi,O; phase was not
previously melted.
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Fig. 6. Impedance spectra of V-doped 6*-Bi,O; phases in form of Nyquist plots at 750 °C.
The electrical model in the inset has been used to fit the impedance data.

The Arrhenius plots (Fig. 7), which were extracted from the values of total resistance
measured at different temperatures, confirm that the sample with the lowest dopant content is
the best conductor, i.e. the activation energy (E,) for Bijp;VsOj4; is the lowest. This is
certainly due to the highest B1 content and mentioned polarlzablhty of Bi’*. However,
according to Kuang et al. [47] V>*-ion also has an active role in the process of conduct1v1ty if
the distance between two V>*-ions is larger than 6.7 A. This could be the reason why E, of
Bijp3 V50,67 is not significantly higher than that of the undoped 8-Bi,0;, which is 0.3 eV [48].
Indeed, according to the here proposed 3x3x3 superstructure the content of V is such that
V>*-ions occupy mostly 4a site and thus the distance between them is about 11.8 A. With
increase in V content, more of V> *-ions are closer to each other since the content of V exceed
4q site and more of V°* -ions are additionally placed at 32f since. The distance between V" at
4q and 32f is about 6.7 A and, as a consequence, E, for other obtained samples are higher. The
trend of increasing E, with V-content increasing is preserved with the exception of
Bi;9»VsOi6s. This is probably due to experimental error since the standard deviation is quite
high for this measurement. If we do not consider the result at 750 °C, activation energy will
amount 0.74(3), which is more logical value.

In summary, the Bi;(3Vs0,6; conductivity of 0.283 S cm ' at 800 °C is one of the
highest among all published V-containing Bi,O; phases [31, 49-52]. This is valid also for
0-B1,O; type phases doped and double doped with other cations such as Nb and various
lanthanides [53—-59]. The closest value of conductivity (0.75 S cm™ ') was obtained for
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Bi;,Tb;0,,5 but at 880 °C [1] and for Tm-doped 6-Bi,0; type phases (0.312 — 0.398 S cm’!
at 800 °C dependently of Tm content) [21].
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Fig. 7. Arrhenius plots of V-doped 6*-Bi,O; phases.

4. Conclusion

In order to find a minimal V concentration that stabilizes 3-Bi,0; phase, six pseudo-
binary Bi,05-V,05 mixtures [3.50 < x(V,05) < 8.50 mol%] were thermally treated at 1000 °C
for 1 h. The single phase microcrystalline specimens containing a phase based on simple
cubic 6-Bi,0O; were obtained if V,05 content was > 4.63 mol%. The crystal structure analysis
showed a threefold repeat on a simple cubic sublattice. It means that all obtained phases
crystalize in  Fm3mspace group with 3x3x3 supercell The Rietveld refinement of
Bi;» V065 finally solved issues about this modulated structure. Octahedrally coordinated v
jons are located at 4a with full occupation while eight- and four-coordinated Bi** fully occupy
24e and 48h. The only cation site that is shared between V°* and Bi’* is 32f. Oxygen
vacancies are provided by two crystallographically different 96k sites with 75 % of
occupancy. Oxygen atoms belonging to the vanadium coordination sphere are located at 24e
with full occupation. In total, 22% of anionic sites are vacant. The suggested modulated
structure was confirmed by DTA and HRTEM/SAED.

The ionic conductivity of phase with the lowest dopant content, i.e. Bijo3VsOi47,
amounts 0.283 Scm ' at 800 °C, which is one of the highest conductivities among all
published vanadium doped Bi,O; phases. The activation energy for this process is comparable
to that of the undoped phase, which is related to the minimal quantity of V. With such high
conductivity and low activation energy, we can recommend this material as an electrolyte for
SOFCs having operating temperature around 800 °C.
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Casicemak: Y o6om pady ucnumusana je mo2yhnocm cmadouiu306area KUCEOHUUHUX jOHCKUX
npogoonuray cucmemy Bi,0;-V,0s. lllecm nceyoo-bunapuux cmeuta Bi;03-V,05 [3.50 <
x(V20s) < 8.50 mol%] je mepmuuxu mpemupano na 1000 °C moxom 1 h. [{obujenu y3opyu cy
okapaxmepucanu mexuuxama XRD, HRTEM/SAED, DTA u EIS. V crnuajesuma xaoa je
caopacaj V,0s 6uo > 4.63 mol%, peaxyujom usmehy o Bi,O; and V,0s nacmanu cy
MUKPOKPUCANHU JeOHOpasnu y3opyu Koju cy caopaicaru ¢aszy dasupany wa 0-Bi0;.
Hobujene ¢aze noxasyjy enasue peghrexcuje xoje ooeosapajy npocmom kyornom 0-BiO;
(npocmopna epyna Fm-3m), anu je Pumsendosum ymaurasarem ymaepherno oa 001asu 00
cmeapara 3 X3 x3 cynephenuje. Y 060j henujujonu V°* ¢y oxmaedapcxu koopounucanu na
nonocajy 4a u denumuuno saysumajy nonosxcaj 32f Jonu Bi’* donyrwasajy nonoscaj 32f u' y
nomnyHnocmu 3ayzumajy nonodxcaje 24eu 48h. 22 % anjonckux mecma je ynpasicroeHo. Joncka
nposodHocm ¢haze ca Hajmaroum caopacajem oonauma, Bi p;VsOisy, usnocu 0,283 S em' na
800 °C y3 enepeujy axmusayuje 00 0,64(5) eV, wimo je nopeougo ca nedonupanum 6-Bi,O;,
KOjU je najopaicu nosHamu jouHcku npo8ooOHUK.

Kwyune peuu: Bi,O;, V,0s, joncku npogoonuyu, cynephenuja.
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