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The research results of the crystallographic structure and spectroscopic AC impedance properties of a new
twice substituted bismuthvanadatesynthesized as BiyV; (Ni;3Nby;3),0s.5.5 (abbreviated BININBVOX) are presented.
The synthesis was carried out by a simple solid-phase reaction at 750 °C for 20 h, for compositions 0.15 <x <(0.25.
The structure and phase composition were studied by X-ray diffraction analysis (XRD) and differential thermal
analysis (DTA) during heat treatment. The results of AC impedance spectroscopy were used to evaluate the
electrical properties of the BININBVOX system dependence on the temperature and dopant concentration. X-ray
analysis (according to Rietveld) together with the DTA results showed clear stabilization of the tetragonal y"-phase
with the spatial group I4/m mm for all synthesized compositions at room temperature. The lattice dimensions
slightly increased along the c¢ axis and changed slightly along the a axis with an increase in the Ni—Nb(x) content.
The calculated bond lengths of V-O(1) and V/Ni/Nb—O(3) were almost the same for all compositions, whereas
V/Ni/Nb—O(2) and V/Ni/Nb—O(4) decrease significantly with increasing Ni-Nb content. This may be due to the in-
creased substitution of V’* for both Ni** and Nb’* in the perovskite vanadate layers. The values of the measured
dielectric permittivity at 300 and 600 °C showed a sharp rise with increase of the Ni-Nb dopant concentration,
which indicates that the migration of oxygen vacancies and the accompanying charge accumulation in the
perovskite-vanadate layers depend on the composition. It is interesting that the rise in the Ni-Nb dopant concentra-
tion significantly increased the overall BININBVOX electrical conductivity over the entire temperature range, which
is also higher than that of the related single-substituted Ni/Nb in Bi;V ;s s.
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CBOLICNE UMNEOAHCA NEPEMEHHO20 MOKA HOBO2O OBANCObL 3AMEUEHHO20 8AHANAMA BUCMYMA, CUHMEIUPOBAHHOZO
6 suoe BirV; (Ni;3Nby3),0s 5. (coxpawgenno BININBVOX). Cunmes nposoounu npocmot meepooasznoti peaxyueti
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npu 750 °C 6 meuenue 20 u, o cocmasos 0,15 <x < 0,25. Cmpykmypy u pazoewviii cocmas 6 npoyecce mepmooo-
Pabomu uzyHAIU ¢ HOMOWBIO peHmeeHoCmpykmypHoeo anamsa (P®@A) u ouggepenyuanvrhoco mepmuyeckoco
anamuza (ATA). s oyenxu 3asucumocmu snexmpuyeckux ceoticms cucmemvi BININBVOX om memnepamypol u
KOHYEeHmpayuy 1e2upyroueti npUmMec UCNOIb306A PEe3yIbImanibl CHEKIMPOCKONUU UMNEOAHCA NEPEMEHHO20 MO-
Ka. Ananuz penmeenocpamm (no Pumeenvoy) emecme c pesynomamamu J{TA sicho céudemenbcmeosau 0 Cmaouiu-
3ayuu MempazoHaIbHou y'-gaszel ¢ npocmparncmeenHol epynnou 14/m mm Ot 6cex CUHMESUPOBAHHBIX COCMABOS
npu KoMHamHot memnepamype. Pazmepvl pewiemiu He3nayumenvHo yeeauyueaiuch no oCU ¢ U He3HAYUMeIbHO
MEHUCL no ocu a npu yeemdenuu cooepoicanusi Ni-Nb(x). Pacuemnvie onunbt ceszei V-0O(1) u V/Ni/Nb—O(3)
OKA3AUCh NPAKMUYECKU OOUHAKOBbIMU Ol 8cex cocmagos, mozoa kax V/Ni/Nb—O(2) u V/Ni/Nb—O(4) zamemmo
yMenviaemes: ¢ yeenusenuem cooepicanusi Ni-Nb. Dmo moicem Goimp cea3aHO ¢ nOGbLUEHHbIM 3ameuyeruem V'
kax Ni**, max u Nb** & cnosix neposckum-eanadama. 3uauenus: usmepennoti OudeKmpu4eckoli RpOHUYaAeMoc
npu 300 u 600 °C noxazanu peskoe yseiuuerue no mepe yseauderus KonyeHmpayuu recupyrouyett npumecu Ni—Nb,
umo YKa3uleaem Ha mo, 4mo MUSpayust KUCIOPOOHbIX BAKAHCULL U CONPOBOACOaIOUee ee HAKONIEHUe 3apsiod 8 Co-
SIX NEPOBCKUM-BAHAOAMA 3a6Ucsim om cocmasa. Mnmepecho, 4wmo yeeauuenue KOHYeHmpayuuy necupyroweti npu-
mecu Ni-Nb snauumenvho yeenuquno oowyio snekmponposoorocms BININBVOX 6o écem duanaszone memnepa-
myp, KOmMopast makoice gblule, Yem )y COOmeemcmeyiouux 00Hokpammo 3amewennvix Ni/Nb ¢ cocmage BiVO:s s.

Karwuessie ciioBa: xpucramiorpadus, BIMEVOX, cnekrpockonusi epeMEeHHOro TOKa, JBOWHOE 3a-
MellleHHe, JTeTUPOBaHUE.

Introduction

BIMEVOXes (BI = bismuth, ME = dopant metal ion, V = vanadium, and OX = oxide)
constitute a family of layered Aurivillius-type compounds, derived by the partial substitu-
tion of Me for V in the parent compound-bismuth vanadate, Bi,VOs s, and formulated as
Bi;Me,V,..Os 5. These functional materials were first discovered by Abraham, F. et al. in
1990 [1], and then extensively investigated by several researchers for their structure, phase
changes and ionic conductivity upon a metal doping [2], [3].

The BIMEVOXes like the parent compound are structurally shown as intergrowth of
two alternating bismuthate layers; a bismuthate layer, Bi,O, with square pyramidal coordi-
nation and a perovskite vanadate layer, V,..Me,O3 5095, where & stands for an oxide ion
vacancy [4]-[6]. The ionic conductivity in Bi;VOss and their derivates, BIMEVOXes is
entirely attributed to the existence of such vacancies in the perovskite vanadate layers
which thereby facilitate the mobility of oxide ion through. The vacancy ordering in the
perovskite vanadate layer Bi,VOs s is associated with the occurrence of two-phase transi-
tions; monoclinic-a to orthorhombic-f3 at 447 °C, and B to tetragonal-y at 567 °C [7].

Many attempts have been made for enhancement of their ionic conductivity by either a
single substitution [8]-[13] or double substitution [14]-[16] of transition metal ions which
led to the stabilization of highly conducting tetragonal, y’-phase at room temperature and
conferred the stabilized y-phase a promising application as a polycrystalline solid electro-
lyte for intermediate temperature-solid oxide fuel cells (IT-SOFCs). Among these,
v-BINIVOX showed better ionic conduction and high performance, as its ionic conductiv-
ity reached ~ 0.1 S cm ' at 600 °C [17].

The ionic conductivity of substituted bismuth vanadate in the range of 0.1 at 600 °C
and lead to better ionic conduction and high performance of this family at low temperature.

The main aim of this paper is to present a detailed investigation on crystallographic
structure and AC impedance spectroscopic properties of a new BIMEVOX obtained by the
partial substitution of 1/3 Ni*" and 2/3 Nb>" for V°" site of the parent compound, using
a conventional solid-state reaction at 750 °C. The resulting compound is formulated as
B1,V1.(Ni;3Nb,3),Os 55, and acronymized as BININBVOX. This study has been carefully
performed by focusing on three compositions (i. e., x = 0.15, 0.20, and 0.25), where the
conducting tetragonal, y'-phase is effectively stabilized at room temperature.
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Materials & Methods

Sample synthesis

Accurate molar amounts of starting materials, as per the following balanced equation,
were thoroughly mixed, and grinded together with analytical-grade acetone using agate
mortar for homogeneity:

Bi,0, + (1;2")\/205 +§Ni0 +§Nb205 — Bi,V,_(Ni,;Nb,,) O,..

The resulting paste was then calcined in air at 750 °C for 20 h with intermediate cool-
ing and grinding with acetone to obtain pure microcrystalline powder. The final calcined
powder was isostatically pressed into pellets with same dimensions; 13 mm diameter and
I mm thickness using Spectra-lab SL-89 at 350 MPa.

Crystallography

Powdered samples of the BININBVOX system were investigated by XRD using a Ri-
gaku/Max-B X-ray diffractometer with Ni-filtered CuK, radiation (A = 1.54060 A). Data
were recorded with the Bragg—Brentano geometry at a scan time of 0.6 s/increment in the
range 5° <26 < 90°. The unit cell and bond parameters were calculated by the Rietveld re-
finement method using the X~ Pert Plus software program.

Differential thermal analysis

The DTA measurements were performed using a Shimazu SC-TA 60 Thermal Analyzer.
About 20 mg of BININBVOX sample were heated in in a nitrogen atmosphere supplied at
a flow rate of 100 mL min' from 40 to 900 °C at a constant heating rate of 10 °C min ™.

Electrical measurements

The prepared pellets were sintered at 750 °C in a muffle furnace for 5 h. The silver
paste was applied for coating both pellet faces. AC impedance measurements were carried
out in air in the frequency range 20 Hz—1 MHz using a Wayne Kerr LCR Meter 41.00 from
100 to 700 °C in a step of 20 °C with 20 min stabilization time for each measurement. The
values of circuit parameters were estimated by non-linear least square fitting using Zview
software program. The complex impedance can be written as complex number
Z (w) = Z' + Z", where Z' represents the real part of impedance and Z” represents the
imaginary part of impedance. The total resistance below ~ 400 °C is equal resistance of
grain and grain boundary, R, = R; + Rg. The total conductivity is calculated as
o = L/ARA), where L/A 1s the thickness/area ratio of pellet. At higher temperature the resistance
is obtained from the intercept of line inclined with real axis Z’ (R; = Z'intercept). The total conduc-
tivity was depicted as Arrhenius plot (logo7 vs.1/T). The dielectric permittivity had been deter-
mined at constant frequency 1Hz. The dielectric constant calculated using the equation
& = (Civuz /€°) * (L/A), where €° is the permittivity of free space (8.854 x 10* F cm™).

Results & Discussion

Figure 1 shows the XRD patterns of the Bi,V_(Ni;3Nb,/3),Os.55 system measured at
room temperature and refined by the Rietveld method using Bi,V(3Co0¢ 205, as the starting
model [2]. Agreed with DTA results (not presented here), the Rietveld refinement clearly
evidences the stabilization of tetragonal, y'-phase with a space group, I14/m mm for all syn-
thesized compositions at room temperature. The values of refined unit cell parameters,
crystallite size (D), and crystallographic density (dxrp) are summarized in Table 1. It can
be observed that the lattice dimensions slightly increase along c-axis and insignificantly
change along a-axis as the Ni-Nb content (x) increases. However, the a and ¢ parameters
refined for all compositions of the Bi,V..(Ni;,3Nb,/3),Os 55 system are remarkably greater
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than those for the first composition with stabilized y'-phase in the single Ni-substituted
B1,VOs 5.5 system, 1. . Bi,V 87Nig 1305 405.5, as reported earlier [3].
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Fig. 1. Rietveld-refined XRD patterns of the Bi,V_,(Ni;;3Nb,3),0s 5.5 system
for various compositions measured at room temperature
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Table 1
Refined unit cell parameters, phase stabilization, average crystallite sizes
and crystallographic densities of as-prepared samples
of the BizV].x(Ni]/3Nb2/3) x05.5-6 system
Unit cell parameters Phase stabilization p
x D(pm) | X0 R% | R,,% | Rep¥%
a@) | c@ | MAY | Phase | SPace |PUM gy Bo% f Ru% ) Koy

group

0.15 [3.975(5)[15.388(5)122.35(4) v |l4/mmm| 4.96 | 6.47 | 5.83 819 | 5.87
0.20 [3.973(2)[15.392(3)122.31(3) ' |l4/mmm| 4.87 | 6.52 | 556 | 7.64 | 5.33
0.25 [3.977(4)[15.398(7)122.49(4) ' |l4/mmm| 492 | 653 | 634 | 6.82 | 6.27

The idealized Aurivillius-type structure of Bi;V.(N1;3Nby3),Os55 1s illustrated in
Fig. 2, which is built of alternating pyramidal bismuthate, (Bi,O,)*" layers and perovskite
substituted vanadate, (V/Ni/NbO3,56o,5)27 layers, where o stands for an oxygen vacancy. In
the perovskite vanadate layer, two apical oxygen sites; O(1) and O(3), and two equatorial
oxygen sites; O(2) and O(4) were involved in the refinement as partially occupied, while
the occupancy of V/Ni/Nb remained constant as per the calculated stoichiometry of the
prepared compositions. An equivalent oxygen site, O(5) of the bismuthate layer was con-
sidered as fully occupied. It is interesting to appoint that the occupancy numbers of O(1)
and O(3) remain almost same for all compositions, while that of O(2) and O(4) decrease
with increasing Ni-Nb content, indicating an increased oxygen vacancy concentration in
the equatorial planes of perovskite vanadate layers [4]—[6].

Oxygen vacancy

Perovskite vanadate layer

V"(

Q O Bismuthate layer

4
00

Fig. 2. Layered Aurivillius-type structure of Bi;V_(Nij;3Nby;3) ,Os .55

Some selected bond lengths of perovskite vanadate and bismuthate layers for the
B1,V1.(Ni;3Nb,3),Os.55 system are listed in Table 2. It is clearly observed that the bond
lengths of V-O(1) and V/N#/Nb—O(3) remain almost same for all compositions, while that
of V/NI/Nb-O(2) and V/Ni/Nb-O(4) remarkably decrease as the Ni-Nb content increases.
This can be attributed to the increased substitution of both Ni** and Nb°* for V°" in the va-
nadate layers. Moreover, the constancy in the bond lengths of Bi—Bi, Bi~O(5), and
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O(5)-0(5) with all compositions is also evidence for the substitution of only V in the va-
nadate layers by Niand Nb, as revealed by the XRD Rietveld refinement.

Table 2
Variation of some important bond lengths
of the Bi,V;_.(Ni;;3Nb;/3),05.5.5 system with composition
Layer Bond Bond length (A)
x=0,15 x=0,20 x=0,25
Vanadate V-0O(1) 1.543(3) 1.545(6) 1.546(2)
V/Ni/Nb-O(2) 1.598(7) 1.593(4) 1.592(4)
V/Ni/Nb-O(3) 1.746(2) 1.747(4) 1.745(2)
V/Ni/Nb-O(4) 1.896(8) 1.892(7) 1.890(3)
0(1)-0(2) 2.646(9) 2.652(1) 2.656(4)
0(2)-0(3) 2.355(4) 2.356(4) 2.359(1)
0(3)-0(4) 2.466(1) 2.471(3) 2.468(2)
0(1)-0(4) 2.716(3) 2.718(4) 2.719(3)
Bismuthate BB 2.918(6) 2.917(5) 2.917(4)
2.754(2) 2.754(6) 2.754(4)
Bi-0(5) 2.341(2) 2.342(3) 2.341(6)
0(5)-0(5) 2.716(3) 2.716(7) 2.716(7)

Complex plane plots of AC impedance data scanned at 260 °C for equally dimensional
sintered pellets of all compositions are shown in Fig. 3. For each composition, two de-
pressed semicircular arcs are clearly observed in all presented plots. A large high-
frequency arc is assigned to the grain interior contribution, and the low-frequency arc
represents the minor contribution of grain boundaries. However, beyond the letter the
scanned impedance data takes the form of a curved inclined spike at the extreme low-
frequency terminal which reflects the impedance contribution of the electrode-electrolyte
interface. The interesting point to be emphasized here is that the two semicircular arcs
drastically disappear with increasing temperature upto ~ 440 °C, where the impedance data
behind this temperature can be visualized as the only inclined spike (not presented here) as
a consequence of the limited instrumental frequency range and the rapid increase of im-
pedance — time response as a function of temperature [7]. The typical electric equivalent
circuit applied for fitting of the impedance data is presented as an inset of Fig. 3, which
models the three aforementioned contributions below ~ 360 °C for all compositions.
A non-linear least squares method was applied to fit the impedance data using Zview soft-
ware program, where x* and WSS were taken into account for testing the validity of fitting
procedure. The estimate values of the equivalent circuit parameters obtained from the im-
pedance plots shown in Fig. 3 are illustrated in Table 3. It can be observed that the values
of R, are much greater than that of R, and CPE, is found to be 100 times greater than
CPE, for all compositions. This indicates that the contribution of the grain interiors to the
total ionic conductivity is much more pronounced compared to that of grain boundaries,
and that the permittivity associated with charge accumulation predominantly increases at
the vicinity of grain boundaries. However, the noticeable decrease of 1, with increasing
Ni—Nb content suggests the short-range diffusion of oxygen vacancies within the grains as
observed for singly substituted systems [8], [9], as well as doubly substituted one [18].
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Fig. 3. Complex impedance plane plots of the Bi, V. (Nij;3Nby/3),05 5.5 system

for various compositions measured at 260 °C. The inset shows the equivalent circuit model

used for fitting the impedance data: R, — resistive contribution of grain interiors; R, — resistive
contribution of grain boundaries; CPE,, — constant phase element of grain interiors;

CPE,, — constant phase element of grain boundaries; W — Warburg impedance element;
Cdl — double layer capacitance: —— —x=0.15; —0— —x=0.22; —0— —x=0.25

Table 3

Refined equivalent circuit parameters deduced from impedance plane plots measured
at 260 °C for the BizV]_x(Ni]/3Nb2/3)x05‘5_5 system

Equivalent circuit Bi,V1.(Ni;3Nb,;3),0s.5.5 compositions
parameters x=0.15 x=0.20 x=025
R,(x10%), Q 64.38 58.26 53.43
R (x10%), Q 21.76 20.02 18.25
Co(x10'%), F 3.46 3.21 2.88
Cer (X107, F 6.56 6.37 6.06
W(x10%), F 433 4.87 5.62
Cu(x107), F 2.74 3.58 3.89
T, (x107), s 2.23 1.87 1.54
T (X107), s 1.43 1.28 1.11
¥ (x107) 1.18 1.02 1.16
WSS 0.155 0.121 0.142

*y* and WSS represent the validation parameters of non-linear fitting procedure.

The dielectric permittivity, € was computed from CPE,my, the value of the constant
phase element at a frequency of 2 MHz corresponding to the real part of complex plane
plot. Figure 4 presents loge-T plots of the Bi,V.(Ni;3Nb,/3),Os.55 system on the first heat-
ing run. The temperature corresponding to the subtle discontinuity observed for each plot
can be considered as the y' — v transition temperature, which could not be detected in the
DTA thermograms of the Bi; V. (Ni;3Nby3),Oss55 system. The values of ¢ at 300
and 600 °C are listed in Table 4, which show a drastic increase as Ni-Nb dopant concen-
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tration increases, indicating that the oxygen-vacancy migration and accompanied charge
accumulation in the perovskite vanadate layers are compositionally dependent.

3.2 —————117

3.1

3.0

29

loge
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Fig. 4. Temperature dependence of dielectric permittivity on heating run
for the Bile_x(Ni1/3Nb2/3)x05,5_5 system:
—— —x=0.15;—0— - x=0.20; 0— —x=0.25

Table 4

Estimate values of the dielectric permittivity, electrical conductivity,
and activation energy of conduction of the Bi,V_.(Ni;3Nb23),O5.5.5
system at high- and low-temperature region

X | g | cw@em)x107 | g | o (Sem™)x 107 f‘g; R | Eq@EV) | R

0.15 |458.14 0.77 731.13 2.29 0.53 |0.9937 0.89 0.9945
0.20 {502.34 1.48 790.68 4.48 0.54 |0.9965 0.86 0.9941
0.25 1553.35 2.31 868.96 5.67 0.57 ]0.9968 0.77 0.9980

The total electrical conductivity, ¢ was deduced from impedance data considering the
total resistance, R, = R, + Ry at temperatures below ~ 440 °C, and the value of Z' to which
the inclined spike is extrapolated at temperatures higher than ~ 440 °C, where the two
semicircular arcs can not be recognized well in the impedance plane plots. Arrhenius plots
of electrical conductivity of the Bi,V;.(N1;3Nby/3),Os55 system on heating run are shown
in Fig. 5. Two lines of different slopes are visualized in each plot due to the y" — vy transi-
tion with a discontinuity temperature approximately similar to that observed in the corre-
sponding temperature dependence of dielectric permittivity (Fig. 4). Values of activation
energies of electrical conduction, E,1), and E,) computed from two different slopes in the
temperature regions, 200-380 °C, and 440-800 °C, respectively for all compositions are
seen in Table 4 along with the measured values of ¢ at 300 and 600 °C. Interestingly, the
increase of Ni-Nb dopant concentration remarkably enhances the total conductivity over
whole temperature range, except some anomalies in the region of discontinuities. This is
accompanied with a slight increase of E,1), and lowering in E,). The interesting point to
be emphasized here is that the total electrical conductivities of the Bi, V1 (N1;3Nby3)Os55 Sys-
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tem are higher than those of corresponding singly Ni/Nb substituted Bi,VOss. This evi-
dences that the Ni—-Nb double substitution enhances the ionic conductivity of the
BIMEVOX material due to the optimal matching of Ni*" and Nb°" radii in the perovskite
vanadate layer, resulting in reduction of association energy between oxide-ion vacancy and
both Ni and Nb ions. Similar results have also been reported for the Ti-Nb substituted bismuth
vanadate [19].

logoT(S em ™' K)

0.9 1.2 1.5 1.8 2.1
1000/T(K ™"

Fig. 5. Arrhenius plots of total electrical conductivity on heating run
for the Bile_x(Ni1/3Nb2/3)x05,5_5 system:
—— —x=0.15;—0— —x=0.20; 0—. —x=0.25

Conclusions

The crystallographic structure and electrical properties of a new BININBVOX system
were carefully investigated for the following compositions: x = 0.15, 0.20, and 0.25, where
the conducting tetragonal, y'-phase is effectively stabilized at room temperature. Interest-
ingly, the occupancy numbers of O(1) and O(3) remained almost same for all composi-
tions, while that of O(2) and O(4) decreased with increasing Ni-Nb content, indicating an
increased oxygen vacancy concentration in the equatorial planes of perovskite vanadate
layers. This has been reflected by enhancement of electrical properties of the BININBVOX
system as compared with singly substituted Ni/Nb systems, due to the optimal matching of
Ni*" and Nb”" radii in the perovskite vanadate layer, resulting in reduction of association
energy between oxide-ion vacancy and both Ni and Nb ions.
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