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Abstract Solid solutions BisV,_Fe,»,Nb,»,015 (x=0.05—
1.0) and BigV,.,.,Fe,Nb,O; s (with fixed x or y=0.2 and
variable x or y=0.2-0.5 with step 0.1) were synthesized by
the standard ceramic technology in the temperature range
773-1113 K and by mechanochemical activation method
using Bi,03, V,05 Fe,05, and Nb,O5 oxides as initial com-
pounds. The formation of solid solutions was studied. Ranges
of stability and temperature values of phase transitions for
different polymorphous modifications were defined using
dylatometric and thermo gravimetric studies. The morphology
and the local chemical composition of the ceramic samples
were studied. Samples with concentration of dopants x>0.3
contain two phases; both major and impurity phases are solid
solutions of the BIFENBVOX type although the dopants
atoms distribution between them is random. The thermal ex-
pansion coefficients (TEC) were measured. The electrical con-
ductivity of ceramic samples was investigated in a wide range
of temperatures. The highest conductivity values among the
studied solid solutions are observed for the sample with a
small amount of dopants x=0.25.
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Introduction

Bi,05-based complex oxides form a wide range of materials
which drive attention of fundamental and applied science.
Among the practically important physical-chemical properties
of these compounds, there are oxygen-ionic and mixed elec-
trical conductivity at the intermediate temperature range (500—
900 K), ferroelectric and magnetic effects. The trend of the
modern scientific investigations has become a complication of
composition and structure of bismuth-containing compounds
in order to find materials which are characterized by not only
high electrical conductivity but also by sufficient stability in
reducing atmospheres, absence of polymorphic transitions
with varying temperature. BisV,01;-based solid solutions
where vanadium is partly substituted by another cation Me
form the BIMEVOX family. There are two different notations
of these solid solutions which are used in scientific literature:
BiyV,. . Me 01,5 [1-3] or Bi,V;..Me.Os 5.5 [4], where z=x/2.
The highest conductivity of the family members is usually
characteristic for high-temperature tetragonal y-modification.
Its stabilization at room temperature can be achieved by some
methods including doping of vanadium by several (more than
one) cations. A number of publications concern double sub-
stitution of vanadium by metal cations resulting in the forma-
tion of BIMEME'VOX solid solutions, where ME is bivalent
cation, ME' is tetravalent or pentavalent metal cation due to
possible enhance of ionic conductivity. Authors [5] performed
double substitution of vanadium by copper and titanium to
form a solid solution BICUTIVOX
(Bi,V(.9Cuq 05Tip.0505.4). All calculated X-ray profiles, cell
parameters, and theoretical density values corresponded to
the y-BICUVOX.10 (Bi,V(.99Cug 105 35) sample. The con-
ductivity value of Bi, V oCuyg 05Tl 0505 4 at 573 K was equal
to 1072Q " ¢cm ' and was comparable to that of
BICUVOX.10. The paper [6] concerns composition
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synthesized by the standard solid state technology as well as
by hot compression method. The latter sample was character-
ized by a slightly higher relative density (97 %) comparing to
the solid state sample (95 %). Electrical conductivity was es-
timated by means of impedance spectroscopy method. For the
sample synthesized by hot compression method, the conduc-
tivity was equal to 7x102Q " cm ™" at 773 K. Authors [7—10]
showed that solid solution BICUTIVOX (Bi4V,_Cu,,Tiy
»011_5) is formed by simultaneous doping of vanadium
sublattice by copper and titanium and is crystallized in
tetragonal y-modification only at 0.25<x<0.30 (Sp.gr.
I14/mmm). But at the same time, inserting of titanium
atoms into the solid solution crystal lattice is random
and is accompanied by formation of non-controlled mi-
cro-impurities of phases enriched by titanium. Moreover,
prolong stability of BICUTIVOX <y-modification is im-
possible as it was shown by long-term annealing at
heating-cooling cycles [9].

Authors [11] synthesized Bi,V9C0q 1., T1,05 35+, (0.02<x
<0.08) through standard solid state reaction method, and it
was found that the tetragonal 'y-phase was stabilized and
Yy phase transition was observed for all compositions
studied. The thermal dependence of total ionic conductivity
revealed maximum (2.64x107*Q " ecm™') for x=0.04 at
573 K.

The article [2] concerns double substitution of vanadium
by niobium and copper with the summary amount of dopants
10 %. The BiyV; gCug . Nb,O1¢ 7.3, solid solution crystal-
lizes at 0<x<0.05 in tetragonal y-phase and at 0.1<x<0.15
forms orthorhombic 3-modification. Electrical conductivity
values of BiyV; 3Cug 15Nbg 05010625 are higher than that of
the doped by copper solely BiyV| gCug,0;07. The authors
note that increasing of the final temperature and time of syn-
thesis results in increasing of grain sizes (from 8—12 pum at
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1073 K to 15-20 um at 1103 K) and appearance of cracks on
the surface of the sintered pellets of BiyV; gCug . Nb,O1¢ 7.5.

Samples of BICUMGVOX (BizCUo,107ngxV0.9O5_35)
were synthesized by citrate sol-gel method [12]. It was found
that the highly conductive y—phase was effectively stabilized
at room temperature for compositions with x>0.06, and their
thermal stability increases with Mg content. The highest value
of conductivity 1.5x102Q " em ! at 573 K is obtained fiuk
the composition x=0.06.

The efficiency of iron and niobium atoms as dopants for
formation of stable and high-conducting phases of
BIMEVOX solid solutions was shown in the articles
[13—17]. The present paper concerns synthesis and properties
of solid solutions denoted as BIFENBVOX with variation of
iron and niobium atoms ratio namely BisV,_Fe,»Nb,,0;;s
and Bi4V2_x_yFebey01 1-5-

Single-doped solid solutions BINBVOX and BIFEVOX
were studied previously, and it was shown that niobium and
iron are the most prospective dopants from the stability and
conductivity values point of view. In the present work, we
tried to combine these systems.

Experimental
Synthesis procedures

The objects of the present paper are two series of solid solu-
tions of the following compositions: BisV,_Fe,nNb,»Os
(x=005—10) and Bi4V2_x_yFebey011_5 (Wlth fixed x or y=
0.2 and variable x or y=0.2-0.5 with step 0.1). Synthesis was
made using Bi,O3, V,05 Fe,05, and Nb,Os oxides as initial
compounds and by two methods. The standard ceramic
technology was used for synthesis in the temperature
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Fig. 1 X-ray patterns of single- and double-substituted BIFENBVOX samples with different dopants concentration: a BiyV,_Fe,nNb,»O11.5; b BigV,.

.r-yF ebeyO 11-8
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range 773-1113 K with the step 50 K and stepwise
regrindings in ethanol. Mechanochemical activation
method involved the AGO-2 balling mill (maximum
centrifugal factor g=60) treatment by steps and the
maximum treatment time ¢=23 min.

Characterization of powders and ceramics

The phase composition of the products was controlled
by X-ray method (DRON-3 diffractometer, CuK,-radia-
tion, pyrolitical graphite monochromator, and reflected
beam). Calculation of the unit cell parameters was made
using TOPAS [18] and LMGP [19] software packages.
Particle sizes were estimated by means of SALD-7101
disperse analyzer. The obtained powders were pressed
into pellets followed by annealing at 1093 K during
2 h. Microstructure analysis of the samples was carried
out using scanning electron microscope JEOL JSM
6390LA, equipped with EDX micro-analyzer JED
2300. Frequency vibration characteristics of metal-
oxygen bonds were determined by means of IR
Fourier method (Thermo Scientific Nicolett 6700 spec-
trometer, diffuse reflection method). Dilatometric analy-
sis of the sintered pellets was carried out by means of
DIL 402 C Netzsch dilatometer (heating rate 2 deg/min,
temperature range 293-923 K). Differential thermal
analysis was carried out in the temperature range 293—
973 K using STA 409 PC Luxx Netzsch thermoanalyzer
(Al,O5 as a reference standard). Electrical conductivity
was measured by impedance spectroscopy method (im-
pedance meters Elins Z-2000, Elins Z-350 M) within
the temperature range 1073—473 K and the frequency
range 1 Hz-2000 KHz.
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Fig. 2 X-ray characteristics of BiyV,_ Fe,nNby»Oq;.5 solid solutions
synthesized by solid state method (cm*=cn/3; a*=a2)

Table 1 Composition of the powder mixtures at different stages of
mechanochemical synthesis of Bi;V; 7Feg 15Nbg 150115

Stage of mechanical
activation (min)

Composition of the mixture

05 Bi,05+Bi,Fe,O0t
+BigNb;3057+Bix3V401435

BisV1.7Fe).15Nbg.15011.57BiVO,
BisV1.7Fe).15Nbp.15011.57BiVO,
Bis V1 7Fe).15Nbp.15011.5+BiVO,
Bis Vi 7Fe0.15Nbo.15011.5

3 BisVi 7Fe0.15Nbo.150115

23 BisV 7Fe0.15Nbo.150115

Annealing at 873 K

— 0 N B~

7Y-phase of BigV 7Feg.15Nbg 150115

Results and discussion
BIFENBVOX powders and ceramics characterization

According to the X-ray diffraction analysis data, the homoge-
neity region of the Bi4V,_Fe,»Nb,»O1;_s solid solutions with
the equivalent dopants concentration in the studied series was
determined to be equal to x<0.575. Increasing summary con-
centration of the dopants higher than that of x>0.575 results in
formation of BiVO, impurity phase. It was determined that at
x=0.1-0.15 the monoclinic x-modification of the solid solu-
tions is formed (Sp.gr. C2/m). Samples with 0.2<x<0.575
crystallize at room temperature as 'y-modification (Sp.gr. 74/
mmm).

All BiyV,.,.,Fe,Nb,O,,s samples had tetragonal structure
and were attributed to 'y-modification (Sp.gr. 14/mmm).
However, the excess of niobium (x=0.2, y=0.5) results in
appearance of BiVO, bismuth vanadate impurity. Thus, com-
positions with the fixed concentration of niobium y=0.2 and

4000 - Y=BigV4 770 15NPg 150115

| e

I
| v'
¢

— T T
0 10 20

BiVO

4
L L A |
40 50 60 70 80 90

20

Fig. 3 X-ray patterns of BiyV, ;Feq 15Nbg 150115 in steps for different
times of treatment at mechanochemical synthesis. Time of treatment: /—
0.5 min; 2—2 min; 3—4 min; 4—6 min; 5—8 min; 6—13 min; 7—
23 min
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Table2 Major characteristic bands in IR-spectrum of Bi,V,_Fe,,Nb,,

20115

X Vg (V-0) vy (V-0) 8, (O-V-0) v (Bi-O) v (Fe-O)
(cmfl) (cmfl) (cmfl) (cmﬁl) (cmfl)

00 742 930,854 571,484 435,427,417 -

0.1 708 929, 1001 476, 462 438, 427 -

02 700 1002 475, 461 422 -

025 708 - - 428,410 665

035 686 - - 425,412 659

045 679 - - 425, 401 660

variable concentration of iron up to x=0.5 are included into
the homogeneity region of the solid solutions, and the limit in
this case is x>0.5. To the contrary, the solid solutions series
with x=0.2 (fixed amount of iron) have a limit of homogeneity
region y<0.5. Figure 1a, b shows the examples of X-ray plots
of single- and multi-phase samples with different dopants
concentration.

Figure 2 shows an example of unit cell parameters plots vs.
dopant concentration for BiyV,_Fe,»Nb,,»,0;;.s where re-
gions of different structural modifications are marked.
Inessential change of parameters corresponds to the closeness
of radii of dopant ions with the appropriate coordination
(VI)—iron, niobium, and vanadium ions (ry° =0.54 A,
rre =0.55 A, and r,> " =0.64 A).

In order to determine the mechanism of the mechanochem-
ical synthesis of BiyV,_Fe »,Nb,»O11_s (x=0.3), the diffrac-
tion spectra of the mixtures treated during different periods of
time were analyzed. Compositions of the mixtures are shown
in Table 1. The mixture treated during 0.5 min contains the
highest amount of different intermediate phases. The initial
Bi,0; oxide is present in the mixture as both «- and 3-mod-
ifications. It reacts totally with other components forming
complex oxides after 2 min of mechanical activation. The final
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product BisV,_Fe,,Nb,,O;,_s starts to appear also after
2 min of mechanical activation. Solid solutions formation
goes through formation of BiVO, vanadate which is charac-
teristic for BIMEVOX solid solutions synthesis [9, 15-17].
The y-phase of BIFENBVOX is formed after 8 min of me-
chanical treatment and is totally crystallized after additional 3-
h annealing at 873 K. Figure 3 shows the evolution of the X-
ray patterns of mechanochemical synthesis of
BiyV 7Feq 15Nbg 150115 in steps for different times of treat-
ment. This corresponds to the general way of mechanochem-
ical synthesis of BIMEVOX where the dopants are solely iron
or niobium [15, 16]. The average grain size of the synthesized
powders does not significantly depend on dopants concentra-
tion and lies within the 1-50 pwm range with the maximum at
10-30 pm. Applying mechanochemical method of synthesis
allows obtaining powders with larger part of small particles of
about 1-5 um size.

The frequency characteristics of metal-oxygen groups were
determined by means of IR-spectroscopy. Major characteristic
lines for some compositions are given in Table 2. The IR-
spectra of the pure bismuth vanadate «-BisV,0;; and
BIFENBVOX solid solutions are characterized by a series of
bands corresponding to valent and deformational oscillations
of V=0 bonds in VO, polyhedra, valent, and deformational
oscillations of O—V—0 bonds in the (VO3.5|:|0.5)2_ layer and
Bi-O oscillations in the Bi,O, layer (Table 2). These results
correspond to those in the paper [20] indicating mainly tetra-
hedral coordination of vanadium atoms surrounded by oxygen
atoms. Bands in the low-frequency region 70-200 cm ' ac-
cording to the paper [21] also correspond to the oscillations of
the bismuth-oxygen Bi,O, layer. Asymmetric oscillations in-
dicate possible distortions of V-O polyhedra. Oscillations of
the FeO, group were observed in the 600-800 cm ™' region
[22]. Increasing of dopant concentration results in decreasing
of intensity and number of asymmetric valent V-O oscilla-
tions, as well as of frequency of symmetrical valent
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Fig. 4 Dylatometric curves: a Bi4V1_9Feo_05Nb0_05011_5, b Bi4V1_425F€0_2875Nb0_2875011_5

@ Springer



Tonics (2015) 21:2815-2823 2819
Fig. 5 TG-DSC plot for T, K
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oscillations. As it was previously mentioned with respect to
other BIMEVOX systems (ME=Ca, Hf) such a change of IR-
spectrum may indicate the insertion of a dopant (in our case
Nb and Fe) into vanadium positions in the VO, poly-
hedra [23, 24].

In order to establish possible polymorphism of
BIFENBVOX, the dilatometric and thermal methods were
used. Samples which crystallize at room temperature in o~
modification, e.g., BigV, FeynNby»0115 (x=0.1) (Fig. 4a),
are characterized by significant changes of the linear dimen-
sions and TEC values due to o« 3«<>y phase transitions dur-
ing heating and cooling. These changes are accompanied by
evident temperature hysteresis. Compositions that crystallize
at room temperature in 'y-modification show practically linear
behavior of the plots (Fig. 4b). Increasing of dopants

m . 7  4

Fig. 6 Photomicrography of the surface (a) and a cross-section (b) of the Bi4V; 4Nbg >Feq 4011_s pellet. Images are made in secondary (a) and reflected

electrons (b)

concentration results in diminishing hysteresis between
heating and cooling plots which indicates increasing of struc-
ture stability. LTEC values for BIFENBVOX are equal to (14—
18)x10°® K! and correspond to those of the compositions
doped with iron solely [15].

The DSC/TG plot recorded for the BisV; ¢Feg2Nbg 0115
sample is presented in Fig. 5 as an example for the system.
The absence of any peak in the DSC plot and gassing during
heating-cooling cycle of the y-phase samples confirms its te-
tragonal symmetry and is in a good agreement with the above
mentioned X-ray results.

In order to study the electrical conductivity, the
BIFENBVOX powders were pressed into pellets with the
sintering density of 75-80 % which is less than for
BIFEVOX or BINBVOX (more than 90 %). Microstructure
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Fig. 7 Nyquist plots and modeling results for the Bi;V 75Feg 125Nbg 1250115 sample at 548 K (a) and 923 K (b). Signs—experimental data, /ine—

calculations

of the sintered pellets on the surface and in the bulk was
studied by means of scanning electron microscopy method
(SEM). As for example, Fig. 6 shows the photomicrographies
of the surface and cross-section of BizV; 4Nbg >Feg 40115 bri-
quette where pores with approximate diameter 1-2 pum are
seen. The surface contains impurities which are characterized
by enlarged concentration of iron comparing to the major
phase. This was also proved by EDX method. Similar impu-
rities are detected also in the cross-section of the briquettes but
in a significantly smaller amount. The second phase cannot be
seen by XRD method. The similar situation was observed for
BICUTIVOX samples [9] where the impurity phase was de-
scribed as BIMEVOX composition with only one dopant. Its
structure was described as tetragonal unit cell (Sp.gr. /4/mmm)
like in the major phase, and its unit cell parameters were close
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to those of the major phase. In our case, the iron concentration
in the impurity phase is approximately 2.5 times larger than in
the major phase, and the ratio of the major components (Bi:V)
is close to the theoretical (4:1.4). Therefore, both major and
impurity phases are solid solutions of the BIFENBVOX type
although the dopants atoms distribution between them is
random.

Electrical characterization of BIFENBVOX

Electrical conductivity of BIFENBVOX was studied by
means of impedance spectroscopy method using platinum
electrodes. Typical experimental Nyquist plots of
BIFENBVOX at different temperatures and modeling results
using equivalent circuits approach are shown in Figs. 7 and 8.

.30 —
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Fig. 8 Nyquist plots and modeling results for the BisV sFeq,Nby 30115 sample at 623 K (a) and 1073 K (b). Signs—experimental data, /ine—

calculations
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Table 3 Results of equivalent ] T ] ]
circuit fitting for Bi;V,_Fe,,/ Equivalent circuit element BigV) 75Fe0.125Nbo 1250115 BisV1.sFepaNbg 30115
5Nb,,0;.5 and Bis V..
,Fe,Nb, Oy _s in two temperature 548 K 923 K 623 K 1073 K
ranges
R1, Q 7.4x10° 28.8 47x10° 111.6
CPEI-T, F 2.5%x10°1° - 34x10 1 -
CPEI-P 0.90 - 0.99 -
R2,Q 73%10° 65 7.7%10* 14
CPE2-T, F 1.4x1078 23x107° 9.8x1071° 44x10°°
CPE2-P 0.72 0.81 0.77 0.81
R3,Q 2.4x10° 97.4 1.2x10° 127
CPE3-T, F 14x10°° 3.8x10°% 7.2x107 1.1x107*
CPE3-P 0.50 0.57 0.50 0.59

Modeling of the diagrams was carried out using Zview soft-
ware package (Version 2.6b, Scribner Associates, Inc.).
Examples of equivalent circuits modeling in two temperature
ranges are presented in Table 3. According to the CPE1-T and
CPE2-T values equal to 107" and 107'° F accordingly, the
high-frequency semicircle at low temperature is attributed to
the bulk conductivity of the sample and the low-frequency one
describes the blocking effect of the grain boundaries [25].
Thus, the total conductivity of the sample without taking into
consideration the electrode processes is calculated as R=Ry,+
Ryp-

Increasing temperature results in the change of the shape of
the diagram and at the same time the sum of bulk and grain
boundary resistances corresponds to R1 resistance of the ap-
propriate equivalent circuit.

According to the impedance measurements data, the tem-
perature dependencies of the BIFENBVOX total conductivity
were plotted (Fig. 9). The general shape of the temperature
conductivity plots of the solid solutions studied is character-
istic for the BIMEVOX family. For the samples with low
dopant concentration (up to x+y<0.2), the changes of slope
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are observed in the temperature range 823-743 K. They cor-
respond to consecutive phase transitions of y— G— « poly-
morphs and are characterized by change of conductivity acti-
vation energy. While increasing dopants concentration, the
plots smooth out and become almost linear. Insignificant
change of slope of the lg 0—10°/T plot accompanied by in-
creasing of activation energy from 0.4-0.6 eV to 0.7-0.9 eV
while cooling corresponds to transition into the ordered y-
modification of the solid solutions [26]. There is a very good
convergence of both conductivity values and general shape of
conductivity plots for the samples synthesized by convention-
al solid state route and by mechanical activation method. As
for example, Fig. 10 shows the temperature conductivity de-
pendencies for the x=0.3 sample. The highest conductivity
values among the studied solid solutions are observed for
the sample with a small amount of dopants x=0.25 which is
typical for BIMEVOX family. As a whole conductivity,
values of BIFENBVOX are comparable to that of the
BIFEVOX and BINBVOX (Table 4). However, the conduc-
tivity values of these compounds are slightly lower than those
observed for BiysV,0;; doubly substituted samples. But

2 —1+—x=0.2, y=0.4
—»—x=0.4, y=0.2
—+—x=0.3, y=0.2
- 34
'€
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‘E 44
=
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g. 9 Total conductivity plots vs. temperature for BisV,.Fe,,Nb,,0;5 (a) and BisV>...,Fe,Nb, 0,5 (b).
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Fig. 10 Total conductivity plots vs. temperature for Bi,V,_Fe,,Nb,,

20115 (x=0.3) samples, synthesized by conventional solid state route
and mechanochemical method.

ceramics are different concerning the relative density, for ex-
ample, BiyV; gCuq 15sNbg 05019 625 With relative density 84 %
had conductivity 107 'Q " ¢cm™ ' at 873 K [2];
Bi,V.9Cug 05Tig 05054 at 573 K with relative density 97 %
had the conductivity value equal to 6.9x102Q " cm™" [6].
For Bi;V( 9Co0g.1.xTixO5.35+x [11] and Bi,Cug 0
— Mg, V(90535 [12], values of relative density are unknown.

In the whole, the wide region of structural stability of the
solid solutions BIFENBVOX and high enough conductivity
value makes the studied compositions prospective for further
investigation and testing as components of electrochemical
devices.

Conclusions

Solid solutions BisV,_Fe,»Nb,»,011.5 (x=0.05-1.0) and
Bis V.. FeNbyOy 5 (with fixed x or y=0.2 and variable x
or y=0.2-0.5 with step 0.1) were synthesized. Samples with
concentration of dopants x>0.3 contain two phases; both ma-
jor and impurity phases are solid solutions of the

Table 4  Total conductivity values of different series of solid solutions

Composition o, Q "xem™! Literature
750 °C 350 °C

BiyV|7Fep3011.5 27x1072  52x107°  [13]

BisV, sFeysO11s 27x107°  1.8x107°  [13]

BiyV; §Nbo»O0115 22x107°  48x107  [14]

B14V1 .75Nb0A125Feo‘125011_5 2.2x 1072 1.7x 1074 present article

BisV; -Nby 1sFeo 1501125 9.1x10°  1.9x107°

B14V1 _5Nb0_2F€0_301 1-8 8.5x% 1073 4.3x% 1075

BiyVi sNbg 3Fe 20115 2.1x107°  27x10°°

@ Springer

BIFENBVOX type although the dopants atoms distribution
between them is random. The homogeneity region of the
Bi4V,_(Fe,»Nb,»0q.5 solid solutions with the equivalent
dopants concentration in the studied series was determined
to be equal to x<0.575: at x=0.1-0.15, the monoclinic o-
modification of the solid solutions is formed (Sp.gr. C2/m).
Samples with 0.2<x<0.575 crystallize at room temperature as
y-modification (Sp.gr. /4/mmm). However, the excess of nio-
bium (x=0.2, y=0.5) results in appearance of BiVO, bismuth
vanadate impurity. Thus, compositions with the fixed concen-
tration of niobium y=0.2 and variable concentration of iron up
tox=0.5 are included into the homogeneity region of the solid
solutions and the limit in this case is x>0.5. To the contrary,
the solid solutions series with x=0.2 (fixed amount of iron)
have a limit of homogeneity region y<0.5. The mechano-
chemical synthesis of BIFENBVOX corresponds to the gen-
eral way of the process of BIMEVOX where the dopants are
solely iron or niobium, forming single-phase solid solution
after 8—13 min of treatment. Linear TEC values for
BIFENBVOX are equal to (14-18)x 10 K" and correspond
to those of the compositions doped with iron solely. The
highest electrical conductivity values among the studied solid
solutions are observed for the sample with a small amount of
dopants x=0.25 (around 10 Q" cm™ " at 1073 K). Activation
energy of total conductivity is 0.4-0.6 eV at high temperatures
and 0.7-0.9 eV at low temperatures.
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