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Abstract Bismuth vanadate, Bi4V2O11, and its doped

variations, Bi4(Co0.15V0.85)2O11, Bi4(Cu0.1V0.9)2O11, and

Bi4(Cu0.05Ti0.05V0.90)2O11 are investigated with respect to

relative processability and total conductivity. In conven-

tionally prepared (pressure-less sintered) ceramic disks, the

single-substitution compounds show signs of exaggerated

grain growth with significant c-axis preferred orientation.

The doubly substituted Bi4(Cu0.05Ti0.05V0.90)2O11 is found

to have the widest processing window, resulting in sintered

monoliths with the highest relative density and no preferred

orientation. It also shows the highest conductivity

(7 9 1022 (Xcm)21) at 500 �C, as measured by impedance

spectroscopy. Activation energies for conduction of the four

compounds are reported and found to be comparable to

earlier study. Hot forged samples of Bi4(Cu0.05Ti0.05

V0.90)2O11 are prepared for the first time, with only moderate

texturing achieved. We assert that the lack of texture in

Bi4(Cu0.05Ti0.05V0.90)2O11 is responsible for the higher

conductivity measured through the sample thickness when

compared to Bi4(Co0.15V0.85)2O11, Bi4(Cu0.1V0.9)2O11 and

other related compounds.

Introduction

Along with ‘‘green’’ technologies comes renewed interest

in functional ceramics for solid oxide fuel cells, gas sen-

sors, catalysts, and gas separation membranes. Bismuth

vanadate or Bi4V2O11 (abbreviated as BIVOX) and related

compounds with different chemical substitutions, including

Bi4(CoxV1-x)2O11 (BICOVOX) and Bi4(CuxV1-x)2O11

(BICUVOX), have high oxygen conductivity and exchange

characteristics that make them potential candidates for

these applications [1–5]. As proposed by Abrahams and

Krok [6], the mechanism for high oxygen ion conductivity

depends on the polarizability of the bismuth ions, the

variable coordination of the vanadium ions, and the large

oxygen vacancy concentration. The oxygen conductivity of

such compounds has been reported to be greater than that

of state of the art stabilized zirconia, particularly at mod-

erate temperatures of around 500 �C [6, 7].

BIMEVOX (ME: Cu2?, Co2?, Ni2?, Ti4? etc.) is an

acronym representing this group of solid oxide electrolytes.

The crystal structure can be generally described as an

alternate stacking of (Bi2O2)2? layers and [(V/ME)O3.5]2-

perovskite sheets. Several groups have reported analysis of

the structure using powders or single crystals [8–11].

Details vary due to superstructure modulations and varia-

tions in defect concentrations, but the room temperature

structure (a-phase) of BIVOX is usually found to be

orthorhombic, with cell parameters around a = 5.53 Å,

b = 5.61 Å, and c = 15.3 Å for the basic mean cell, and

a = 16.6 Å, b = 5.61 Å, and c = 15.3 Å for the super-

structure cell (with tripled cell volume) [9, 10]. The com-

pound then undergoes a series of transitions with increasing

temperature (a–b–c) with the high temperature phase

having tetragonal symmetry and high ionic conductivity

above about 570 �C. Structural refinement of the high

P. Fuierer (&)

Department of Materials and Metallurgical Engineering,

New Mexico Institute of Mining and Technology, Socorro,

NM 87801, USA

e-mail: fuierer@nmt.edu

R. Maier

Materials Research Laboratory, The Pennsylvania State

University, University Park, PA 16802, USA
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temperature X-ray data gives space group I4/mmm, with

a = 3.988 Å and c = 15.42 Å for the c-phase [9], with

high concentration of disordered oxygen ion vacancies

which serve to conduct oxygen ions. This c-phase can be

stabilized at room temperature by the aliovalent substitu-

tions mentioned above. The amount of substitution for

vanadium varies depending on specific ion, but is usually

around 10–15 at.% [11]. BICOVOX and BICUVOX

(Me = Cu or Co) have received most attention in the lit-

erature. While BICUVOX can exhibit increases in electron

transference number and phase instability issues with

reduced oxygen partial pressure, doubly substituted com-

pounds have shown some improvements [12]. Some of the

highest conductivities have been reported for double sub-

stitution compound Bi2V0.9Cu0.05Ti0.05O11 [13, 14].

Due to the layered structure, the conductivity of BIM-

EVOX compounds is expected to be anisotropic in nature,

which has been demonstrated in BIVOX and BICOVOX

[15–17]. For both single crystal and highly textured pellet

samples (uniaxially pressed from the powder, textured by

applying magnetic field), conductivity parallel to the

(Bi2O2)2? layer (a–b plane) has been observed to be a few

orders of magnitude higher than that perpendicular to the

a–b plane [15]. Consequently, microstructural texturing may

need to be considered for optimal performance of these

materials. The grains in sintered BIMEVOX ceramics can

grow to platelets as a consequence of the anisotropic crystal

growth habit of the material. Methods such as sol–gel,

modified sol–gel, co-precipitation, mechanical activation,

and combustion synthesis have been reported to achieve

small particle size materials which avoid this habit [18–21].

On the other hand, Roy and Fuierer [22] have recently used

molten salt synthesis of c-BICOVOX to enhance it. Gener-

ally, though, conventional solid-state reaction between oxi-

des has been used to prepare BIMEVOX.

Simner et al. [23] pointed out a lack in synthesis infor-

mation regarding these compounds, and thus carried out a

detailed study of BICUVOX. Solid state sintering resulted

in ceramics with densities above 95%, with grain size

6–8 lm, and conductivity at 400 �C of 2 9 10-2 (Xcm)-1.

Steil et al. [24] studied the grain size dependence of elec-

trical conductivity for BICOVOX. More recently, Steil

et al. [25] conducted a sintering study of group V-substi-

tuted BIMEVOX (Me = Nb, Ta, Sb) using dilatometry, and

found them to be more refractory and thermally stable than

BICOVOX and BICUVOX. However, relatively little study

has been done regarding processing-property relationships,

especially for such complex oxides. Double substitution

(for example Cu and Ti) has been done only recently, and

texturing techniques have only been utilized on two occa-

sions. Our objective is to determine the BIMEVOX

ceramics with greatest potential for high bi-dimensional

conductivity, and conduct texturing studies via hot-forging.

Experimental section

Along with BIVOX, three BIMEVOX compositions were

chosen due to their high conductivities reported in the

literature: Bi4(Co0.15V0.85)2O11 (BICOVOX), Bi4(Cu0.1

V0.9)2O11 (BICUVOX), and Bi4(Cu0.05Ti0.05V0.90)2O11

(BICUTIVOX). These were fabricated using established

and consistent solid-state procedures. Stoichiometric

amounts of reagent grade oxides (Bi2O3, V2O5, Co3O4,

CuO, and TiO2) were combined and milled for 18 h in a

planetary mill using zirconia media and cyclohexane

liquid. After drying, each batch was calcined in air at

630 �C for 12 h and then re-milled for 16 h, and 2 wt%

binder (polyethylene glycol, PEG 400) was added using

acetone as solvent. Homogenized, screened powders were

then pressed into � inch diameter disks at a pressure of

200 MPa. Disks were sintered in air at temperatures

ranging from 690 to 800 �C for a period of 10 h, followed

by slow furnace cooling (*1 �C/min).

X-ray diffraction (Siemens D 500, CuKa, 40 kV,

30 mA, calibrated using a Si standard) of all samples

(powders and ceramic monoliths) was performed over a

range of 2h (20�–60�) to observe phase content, crystal-

linity, and signs of texture. Densities of sintered pellets

were determined from mass and geometric measurements.

Impedance spectroscopy was performed on the densest

samples using a two-electrode (through thickness) method.

Surfaces of the disks were ground parallel and then pol-

ished using 9 lm diamond paste. Circular electrodes were

deposited by first sputtering a 150 nm layer of gold, fol-

lowed by application of gold paste to attach gold wire

leads. A 30 min anneal step at 740 �C was used to com-

pletely cure the paste. A computer controlled test station

integrating a small tube furnace and high resolution

dielectric analyzer (Novocontrol Alpha-Analyser) was used

to measure complex impedances over a range of frequen-

cies from 0.1 to 106 Hz, while cooling from 700 to 200 �C

in 25 �C intervals. Nyquist plots were constructed to sep-

arate bulk ceramic and electrode contributions to the total

impedance. The total bulk resistance of the ceramic was

obtained by fitting to the central semicircular arc and

finding its intersection with the real (impedance) axis

according to Cole–Cole analysis. Resistance values were

then converted to material conductivity using electrode

area and sample thickness dimensions. Arrhenius plots

were used to calculate activation energies for conduction

within different phase regimes.

Subsequently, BICUTIVOX specimens were prepared

by hot-forging. The same procedures as above were used

up through powder preparation, but taller cylindrical

samples (*15 mm in height) were pressed and bisque-

fired at 550 �C prior to forging. Hot-forging was performed

by squeezing the specimen between two polished stabilized
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zirconia ram surfaces inside a vertical clamshell furnace.

Multiple combined heating/loading schedules were

attempted to find appropriate forging conditions. A typical

successful forge involved heating to 750 �C at 10 �C/min,

increasing the load to maximum of 300 kg at 6 kg/min,

holding at maximum load and temperature for 2 h, removal

of load at 6 kg/min, followed by a 1 h hold at temperature,

and finally furnace cooling at 2 �C/min. Densities of forged

samples were determined by the Archimedes method.

Two surfaces of each sample were prepared for exami-

nation, the large surface perpendicular to the forging axis

(FA) and a surface parallel to the FA (revealed by cross-

sectioning). These surfaces were ground using 1200 grit

SiC followed by a 0.5 lm colloidal alumina polish. They

were then thermally etched at 700 �C for 10 min. The

parallel and perpendicular surfaces of each sample were

analyzed using X-ray diffraction, and the surfaces were

examined using a field emission scanning electron micro-

scope (Hitachi, S-800).

Results and discussion

Phase formation and sintering behavior

Figure 1 includes X-ray scans for calcined powder, remilled

powder, and sintered monoliths of BICUTIVOX. Single

phase material is retained throughout the process. Re-milled

powders show significant broadening of peaks due to particle

size reduction, but are still indexed to the same basic cell.

Figure 2 shows diffraction scans from the major surface of

each of the four compositions sintered at 800 �C. For

BIVOX, indexing of peaks is according to the unit cell of the

a-phase, with the orthorhombic splitting of peaks (020/200,

022/202, 024/204, 026/206, and the 133/313 couples)

apparent. In the case of substituted BIMEVOX, indexing is

according to the c-phase tetragonal cell (space group I4/

mmm) All prominent peaks are accounted for and the

ceramics appear to be single phase with the exception of

BICOVOX where, at this sintering temperature, three peaks

appear indicated by (*). These are likely due to a bismuth-

poor second phase BiVO4 (PDF 14-0688) or Bi1.33V2O6

(PDF 039-0105) [26, 27]. Significant c-axis texturing is

observed in singly substituted compounds, especially BIC-

UVOX as evidenced by increased (004), (006), and (008)

reflections. As sintering temperature increases, exaggerated

grain growth occurs with the formation of platelets whose

large faces tend to be oriented along the surface. On the other

hand, very little texturing is apparent in BICUTIVOX even at

high sintering temperature.

Figure 3 shows density curves for pressure-less sintered

compacts of the four compositions. In addition to suggesting

optimum sintering temperatures, the graph illustrates the

relative ease with which the four compositions can be pro-

cessed. BIVOX and BICUTIVOX display large windows for

densification; minimal variation in density over the range

investigated (690–800 �C). The sintering behavior was

good, exhibiting high densities and normal grain growth. The

single substitution compounds BICOVOX and BICUVOX

on the other hand have limited process ranges, showing

obvious signs of over-firing (exaggerated grain growth and

loss of density) above about 750 �C. The average maximum

density obtained for each composition are given in Table 1,

and compared to theoretical values. Relative bulk densities

(BD) are highest for the BIVOX and BICUTIVOX. The

lower densities achieved in the single-substitution com-

pounds may be attributed to porosity, vacancy defects, and/

or formation of second phase(s). Micro-cracking may also

be a culprit. As reported by Steil [24] for BICOVOX,

the anisometric crystal growth above a critical size of

platelet grains may induce excessive strain resulting in

micro-cracks.
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Fig. 1 X-ray diffraction scans of BICUTIVOX; powder after calci-

nation at 630 �C, after remilling, and after sintering of monoliths.
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phase
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Conductivity

Figure 4 is a plot of total conductivity versus inverse tem-

perature. Of the four compositions, BIVOX is seen to have

the lowest conductivity at low temperatures, but the highest

conductivity at high temperature ([560 �C). BICUTIVOX

has the highest conductivity at 500 �C, approaching 0.1

(Xcm)-1. Absolute total conductivity values at this tem-

perature are in reasonable agreement with previous studies

for all four compositions (see Table 2), and are presumed to

be dominated by oxygen ion conduction.

The a–b–c series of phase transitions is obvious in

BIVOX as temperature is increased. The BIMEVOX com-

pounds only exhibit a single change in slope, as expected,

since the amount of dopant was chosen so as to stabilize the

c-phase at room temperature. This behavior is in agreement

with reports for BICUTIVOX [13], BICUVOX [23, 28], and

BICOVOX [11, 30]. The discontinuity is due to the c0–c
phase transition, with an accompanying disordering of

oxygen vacancies. The ordering at low temperature increases

the activation energy for oxygen diffusion. The transition

temperatures and activation energies from the current study

are comparable to those found in the literature (Table 2),

though different authors have reported different transition

temperatures depending on exact composition and substitu-

tion level [28, 29]. For the BICOVOX sample, we found a

significantly higher transition temperature (570 �C) than

reported for stoichiometric BICOVOX. Lazure et al. [11]

showed that this transition can be pushed to as high as 570 �C

for excess Bi in solid solution (on vanadium sites). This is a

plausible explanation for our sample, since at 800 �C, X-rays

showed evidence of a Bi-poor 2nd phase, possibly leaving

excess Bi in the BICOVOX phase. Fairly good agreement

with literature is observed for the c0 (low temperature) acti-

vation energies, even though Krok et al. [30] pointed out that

the conductivity of the c0-phase depends on sintering con-

ditions, density, etc.

Hot-forging and texture

Because of its superior sintering behavior and conductivity,

BICUTIVOX was chosen for hot-forge studies. Sample

height contraction during forging was on the order of 60%.

Densities ranged from 7.33 to 7.55 g/cm3 (94–97% of

theoretical). Figure 5 shows X-ray patterns from the large

surface perpendicular to the FA and the cross-sectioned

surface parallel to the FA. Comparison of the relative

heights of the (006) and (200) peaks reveals some textur-

ing. A semi-quantitative analysis can be done by calcu-

lating the Lotgering factor, f [31]:

f ¼ p� po

1� po

ð1Þ

p ¼
P

l I 00lð Þ
P

hkl I hklð Þ ð2Þ

where p is the ratio of the intensity of a peak of concern in

a textured sample over the sum all reflections in the X-ray
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plot, and po is the equivalent ratio for an un-textured

(calcined powder) sample. This analysis reveals an ori-

entation factor of only 11% in the forged sample. This is

very low relative to other layered compounds forged by

the author, whose Lotgering factors were found to be in

excess of 90% [32–35]. It is even lower than the texture

present in pressure-less sintered BICOVOX and BICU-

VOX, with both reaching over 50% c-axis orientation

(Table 1).

Table 1 Bulk densities and c-axis orientation (Lotgering) factors, f,
of sintered BIMEVOX and hot-forged BICUTIVOX. ‘‘fs’’ is for the

samples with maximum density and used for electrical measurements.

‘‘fmax’’ represents maximum orientation observed for any sintering

temperature. Theoretical (X-ray) densities are taken from Varma et al.

[10]; Lazure et al. [11]; and Simner et al. [23]

q, g/cm3

(literature)

BD, g/cm3

(sinter temp)

Relative

density (%)

Lotgering

fs (%)

Lotgering

fmax (%)

BIVOX 7.72 7.40 (800 �C) 96 12 15

BICOVOX.15 7.77 7.0 (790 �C) 91 57 57

BICUVOX.1 7.84 7.12 (740 �C) 91 8 54

BICUTIVOX.0505 7.81 7.44 (770 �C) 95 6 7

BICUTIVOX.0505 (Hot-forged) 7.55 (HF 750 �C) 97 11 11
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Fig. 4 Temperature dependence of the electrical conductivity for

BIVOX and BIMEVOX. Partial substitution for vanadium by

transition metals eliminates several intermediate phases seen in

BIVOX, and stabilizes the conductivity into two temperature regimes,

high and low

Table 2 Conductivity and phase transition parameters for BIM-

EVOX compared to previous literature (shown in parentheses)

r @ 500 �C,

(Xcm)-1

(literature)

T(c0–c),

�C

(literature)

Ea (eV),

c0 phase

(literature)

Ea (eV),

c-phase

(literature)

BIVOX

(Abraham et al.

[9])

2.0 9 10-2

(1 9 10-2)

(b–c) 550

(525–550)

(b) 0.91

(0.94)

(c) 0.18

(0.17)

BICOVOX

(Lazure et al.

[11])

1.8 9 10-2

(1 9 10-2)

570

(515)

0.66

(0.66)

0.44

(0.49)

BICUVOX

(Dygas et al.

[28])

4.9 9 10-2

(3 9 10-2)

460

(470)

0.61

(0.67)

0.35

(0.43)

BICUTIVOX

(Paydar et al.

[13])

6.9 9 10-2

(8.6 9 10-2)

480

(495)

0.69

(0.74)

0.34

(0.42)

Activation energies are calculated from Arrhenius ln(rT) plots
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Microstructure

Figure 6 shows micrographs of the hot-forged sample,

both perpendicular and parallel surfaces. With hot-forging

of Aurrivillius and other layered structure ceramics, one

expects a brick-wall type of grain organization in the

parallel view. This is not the case here. Instead, we see a

matrix of equiaxed grains of about 5 lm in size, with

regularly spaced disk-shaped domains of very fine

grained material on the order of 1 lm. These domains of

fine-grained material have an elliptical cross-section, with

a long axis of about 50 lm, and short axis of about

20 lm. They occur at an average spacing of about

100 lm. It appears that the contraction experienced dur-

ing the forging process is a consequence of superplastic

deformation via grain boundary sliding within the fine-

grained regions of the compact. This is consistent with

the observation that most of the contraction took place in

the early stage of forging, followed by only minimal

change in latter stages. This means there is very little or

no pressure-enhanced, diffusional grain growth in the

lateral direction which typically takes place in forging of

other layered perovskites. We suspect that the titanium

substitution in the material acts as a grain growth

inhibitor via a solute drag mechanism, but details are yet

unknown [36–38].

Conclusion

These results lead us to suspect that the high through-

thickness conductivity of BICUTIVOX, measured in this

study and reported by others, is due to a lack of the grain

orientation effect that is observed in other BIMEVOX

prepared by ordinary means. As has been demonstrated

with BIVOX and BICOVOX, ionic conductivity is highest

in the a–b crystallographic plane, which tends to naturally

orient parallel to sample surfaces, effectively decreasing

the through-thickness conductivity. BICUTIVOX samples

do not show this orientation tendency, and therefore con-

ductivity measurements tend to reveal random, polycrys-

talline isotropy and somewhat higher values. Even when

hot-forged, this particular material will not form aniso-

metric grains with preferred orientation. Instead, defor-

mation takes place only via grain boundary sliding, and

segregation of disk-shaped domains of fine grains develops

as forging proceeds. In an attempt to maximize anisotropy

and in-plane conductivity, we are now investigating forg-

ing behavior and directional grain growth of single-sub-

stitution BIMEVOX which show greater tendency for

c-axis texture. Further investigation of grain-growth con-

trol in this family of functional ceramics is of interest.
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