
Introduction

Bi4V2O11 is obtained from the 2Bi2O3–xV2O5 solid so-

lution, where 0.86≤x≤1.0 [1]. It presents three poly-

morphs [1–5]: the α-Bi4V2O11 phase is the stable

polymorph at room temperature. It has orthorhombic

unit cell, which is a superstructure with tripled a pa-

rameter and a=5.53 �, b=5.61 � and c=15.28 �

[1–4]. The β phase is only stable in the 450–580°C in-

terval; it has a tetragonal unit cell, with duplicated a

parameter and a=b=11.29 � and c=15.40 � [1–5]. Fi-

nally, the γ polymorph also has a tetragonal unit cell,

with a=b=4.00 � and c=15.49 �. Its stability occurs

above 580°C [1–5].

Although α and β phases present weak perfor-

mance as ionic conductors, the β↔γ transition,

at 600°C, enables a great increase of ionic conductiv-

ity [1, 6], due to the disorder in the anion sublattice.

γ-Bi4V2O11 presents perovskite-type structure with

(Bi2O2)
2+

and (VO3.5)
2–

alternated layers and numer-

ous oxygen vacancies in the V–O layer [1–5]. The γ’

polymorph, with the same crystalline system (tetra-

gonal) and cell parameters of the γ phase, is described

as a result of ordered sites in a vitreous matrix [7].

Hence, γ-Bi4V2O11 is a promising oxygen-con-

ducting solid electrolyte. It finds application in oxy-

gen sensors [8], mainly as a substituting ceramic for

stabilized zirconia [9]. Technologically, there is a

need for superior ionic conductivities at lower tem-

peratures [10, 11], and zirconia electrolytes cannot

match these requirements.

Partial substitution of V
5+

in the α-Bi4V2O11

structure by some lower valence cations stabilizes the γ

phase, by forming oxygen vacancies in the V–O layer

of the perovskite structure [1–8, 12–19]. Previous re-

ports described compositions applying 10 mol% of

Co
2+

or Cu
2+

[14–17], while when using Fe
3+

[18] and

Fe
2+

[19], several substitution degrees were evaluated.

For Fe
2+

-substituted bismuth vanadate, the γ-like phase

was stabilized at x=0.20 (10 mol% of substitution de-

gree) using a lower dopant content than that for

Fe
3+

-substituted ceramics [18]. The present work pro-

poses the study of Bi4V2–xBaxO11–1.5x (0.02≤x≤0.50) se-

ries by means of structural characterization, using Fou-

rier-transform infrared spectroscopy (FTIR) and X-ray

powder diffraction (XRPD) as short-range and

long-range analysis, respectively. Differential scan-

ning calorimetry (DSC) was performed in order to sus-

tain the former results.

Experimental

The Bi4V2–xBaxO11–1.5x compounds were obtained

from oxide mixing of precursors Bi2O3 (Riedel-de

Haën, 99.5%), V2O5 (Merck, 99.5%) and

BaO (Aldrich, 99%) in an agate mortar, using acetone

(Merck) to aid the homogenization process. Each

solid mixture was heated at 100°C for 24 h to activate

the precursors, then calcined at 800°C in a platinum

crucible and quenched to room temperature after 16 h

of reaction.

XRPD was performed at room temperature by

using a Shimadzu diffractometer, with CuKα radiation

and 0.05° per step. Each diffraction pattern was col-

lected in the range 10°≤2θ≤50°. Identification of

Bi4V2–xBaxO11–1.5x polymorphs from diffraction pat-
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terns was done with help of literature data [2] by us-

ing a least-squares program.

Fourier-transform infrared spectra were obtained

in the 4000–400 cm
–1

range by a Nicolet Magna spec-

trometer, with 4 cm
–1

resolution. Samples were pre-

pared using the KBr pellet technique.

DSC curves were acquired by using a Mett-

ler TC 11 equipment, coupled to a DSC 25 calorimeter,

with 5°C min
–1

step under an N2 flow, in the range

of 25–500°C. Approximately 7 mg of each sample were

weighed in an aluminum cell for curve acquisition.

Results and discussion

According to the polymorph identification procedure

described in the X-ray diffraction experimental sec-

tion, orthorhombic unit cell of α−Bi4V2O11 [2] is ob-

tained in the 0.02≤x≤0.10 interval (Fig. 1, Table 1). A

closer look at these diffraction patterns evidences that

the increase of barium content leads to the exchange

of peak intensity between the reflections at 31.62

and 32.04° in the cited composition interval. Also the

peaks at 47.92 and 48.22° indicate the complete co-

alescence at x=0.10. These long-range structural

modifications are consequences of Bi2O3–V2O5–BaO

solid solution formation.

On the other hand, the x=0.14 diffraction pattern

(Fig. 1) gives characteristic tetragonal unit cell of

γ-Bi4V2O11 (Table 1) [2] in addition to the peaks

at 10.90 and 28.10°. These correspond to a minor phase

which is detected in the reacted mixture until x=0.30.

The increase of barium content above x=0.14 leads

to the deterioration of γ-Bi4V2O11 alike phase, since the

characteristic peaks at 11.5 and 23.3° progressively van-

ish until x=0.50. Simultaneously, a new phase begins to

form at x=0.20, relative to 26.70 and 32.50° reflections,

with completion at x=0.50. These modifications above

x=0.10 point out the end of compositional domain of

Bi2O3–V2O5–BaO solid solution.

FTIR spectrum of Bi4V2O11 (Fig. 2) shows the

broad band of VOy group centred at 760 cm
–1

. Table 2

presents the assignment of the vibrations modes for

the compounds in the 0.00≤x≤0.14 interval. Previous

reports [5, 12] have stated four different geometries

for VOy polyedra in α phase (two distorted octahedral

and two distorted tetrahedral [5]). The band

at 812 cm
–1

is relative to the asymmetric stretching

mode of VO
4

3–
[20], while the modes at 765, 717

and 615 cm
–1

are relative to the V–O stretching in oc-

tahedral units. These bands also appear for x=0.02

and 0.06. For the former, the presence of shoulders

at 1053 and 928 cm
–1

which are relative to the stretch-

ing of V=O bonds, signals the formation of vanadium
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Fig. 1 XRPD patterns of nominal compositions having the general formula Bi4V2–xBaxO11–1.5x, where x values are indicated

Table 1 Unit cell parameters and crystalline system determined for each composition of Bi4V2–xBaxO11–1.5x series

Composition

Unit cell parameters/�
Crystalline system

a b c

x=0.00 16.616±0.006 5.611±0.002 15.305±0.006 orthorhombic

x=0.02 16.61±0.02 5.617±0.007 15.33±0.02 orthorhombic

x=0.06 16.632±0.005 5.604±0.002 15.330±0.005 orthorhombic

x=0.10 16.65±0.02 5.604±0.007 15.33±0.02 orthorhombic

x=0.14 3.94±0.01 3.94±0.01 15.41±0.06 tetragonal



polyoxyanions [21]. This result sustains the formation

of solid solution between the reactants for these com-

positions. These vibration modes vanish in x=0.10

spectrum, in which the intensity maximum of VOy

band dislocates from 760 (x=0.00) to 715 cm
–1

. This

short-range structural modification is supported by a

unique, octahedral geometry for vanadium in the

tetragonal Bi4V2O11 compound [12] since there is an

increase of the reduced mass of VOy polyhedra. How-

ever, one IR band, assigned as T1u triply degenerate

asymmetric stretching, would be observed if only oc-

tahedral units were present. Table 3 shows that the de-

crease in symmetry from Oh to D4h and D2h point

groups produces an increase of the band number in IR

spectrum. Two intense bands at 819 and 715 cm
–1

are

observed for x=0.10 and 0.14 compositions, Fig. 2,

which means that vanadate units have vacancies in

the oxygen sublattice. The main effect here is the low-

ering of the group symmetry. These vacancies are

generated by cationic substitution, according to the

process expressed by the following equation:

2 2 2 3BaO Ba O
(Bi V O

V O
4 2 11

)
⎯ →⎯⎯ ′′′ + + �

O

••

(1)

where Ba
V
′′′ is the impurity center with triply negative

charge, which is formed by the aliovalent substitution

of V
5+

by Ba
2+

; OO represents the partial filling of

sites in the oxygen sublattice; �
O

••

is the double-ion-

ized anionic vacancy with effective positive charge in

the oxygen sublattice. FTIR results let one conclude

that, at short distance, tetragonal phase is formed ear-

lier (x=0.10 composition) than expected by XRPD re-

sults. For x>0.14, the number of IR bands increases

due to the formation of a new compound, as showed

by the XRPD data.

DSC curves, Fig. 3, show the orthorhombic↔

tetragonal transition at 430°C in the 0.02≤x≤0.10 inter-

val. For x=0.14, two thermal events are observed. As a

minor phase is formed simultaneously with the

tetragonal phase, it may correspond to at least one of
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Table 2 IR assignments of Bi4V2–xBaxO11–1.5x compounds in the 1200–600 cm
–1

range

IR assignment
Composition

0.00 0.02 0.06 0.10 0.14

νS(V–O)

765 s

615 w

870 w

768 s

623 w

771 s 758 s

–

νAS(V–O)

812 s

717 s

831 s

723 s

827 s

723 s

820 m

715 s

820 m

710 s

ν(V=O) –
1053 w

928 w
– – –

s – strong, m – medium, w – weak, νS – symmetric stretching mode, νAS – asymmetric stretching mode

Table 3 Correlation between IR vibrational activity and

point groups for the V–O asymmetric stretching in

vanadate group

Point group
IR vibrational

activity

Number of IR

bands

Oh T1u 1

D4h A2u+Eu 2

D2h B1u+B2u+B3u 3

Fig. 2 FTIR spectra of nominal compositions having the general

formula Bi4V2–xBaxO11–1.5x, where x values are indicated

Fig. 3 DSC curves of nominal compositions having the gen-

eral formula Bi4V2–xBaxO11–1.5x, where x are indicated



these events. However, as XRPD data showed, this mi-

nor phase is also formed for x=0.20, but the DSC curve

for this composition presents no peaks. Hence, these

thermal transitions are related to the tetragonal phase

formed at x=0.14. The exothermic peak at 300°C cor-

responds to a disorder–order transition, as the

tetragonal↔orthorhombic one. This is coherent with

the fact that numerous oxygen vacancies are present in

the tetragonal γ phase while α polymorph has ordered

domains. As expected, vacancy extinction is exother-

mic and this is the case of the disorder–order transition.

The contrary process, vacancy formation, is endother-

mic, hence the peak at 430°C is generated by the

orthorhombic↔tetragonal transition, as those ob-

served in the 0.02≤x≤0.10 interval. No thermal events

are verified for x=0.50 composition.

Conclusions

The Bi4V2–xBaxO11–1.5x series was studied in

the 0.02≤x≤0.50 interval. XRPD data pointed out the

compositional domain of the Bi2O3–V2O5–BaO solid

solution in the range 0.02≤x≤0.10. At x=0.14, a minor

phase was obtained simultaneously with γ phase;

above this composition, a new phase began to form,

with completion at x=0.50.

FTIR analysis signaled, at short-range, the for-

mation of γ phase at x=0.10. Vacancies in the oxygen

sublattice lowered VOy symmetry, hence more bands

than expected for vanadate octahedral geometry were

observed in x=0.10 and x=0.14 spectra.

DSC curves showed disorder–order and or-

der-disorder transitions at 300 and 430°C, respec-

tively. The former was only verified for x=0.14 com-

position, hence it was associated with γ phase.

The present report sustains the use of thermal

analysis to evidence the polymorphism of bismuth

vanadates. It represents a part of our continuous work

on obtaining inorganic electrolytes to apply in

solid-state devices as oxygen sensors.
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