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Abstract: The doubly-doped bismuth vanadate with Al and Ti having formula unit, 
Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ x ≤ 0.25) was synthesized. The specimens were characterized by 
scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FT-IR), 
differential scanning calorimetric (DSC), UV–Vis, and electrochemical impedance spectroscopy (EIS) 
for their structural, thermal, optical, and electrical studies. Influence of both dopant cations (Al and Ti) 
was observed in the gradual stabilization of the tetragonal phase of Bi2VO5.5–δ with dopant amount. A 
non-uniform grain growth phenomenon was observed up to x = 0.175, with dopant addition. UV–Vis 
study revealed the comparatively higher order of oxide ion vacancies for the composition x = 0.175. 
Impedance spectroscopy measurements indicate a significant decrease of both the grain (Rg) and grain 
boundary resistances (Rgb) with the rise in temperature and the overall resistance is found to be 
dominated by the grain interior contribution. Enhancement of ionic conductivity was found in all the 
compositions in the intermediate temperature range as compared to the parent compound, and the 
single Al-doped system and the highest value were obtained for x = 0.175. 
Keywords: ionic conductivity; doping; phase transition; grain growth 

 

1  Introduction 

Bi2O3-based systems exhibit good oxygen-ion conductivity 
[1] at intermediate temperatures and are significant 
from application point of view due to a variety of 
properties like dielectric and ferroelectric behavior [2], 
catalytic activity [3,4], and photo electrochemical 
properties [5]. Among Bi2O3-based systems, bismuth 
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vanadate, Bi2VO5.5–δ (where δ denotes the oxygen-ion 
vacancy) surfaced in the late eighties is of immense 
importance because of its visibly good ionic 
conductivity values at relatively low temperature viz. 
0.2 S·cm–1 at ~600 ℃ [6]. However, the problem with 
this compound is of multiple phase transitions (i.e., 
α↔β and β↔γ between 420 and 450 ℃ and between 
540 and 560 ℃ , respectively) and the highest 
conductivity is found in tetragonal polymorph known 
as γ-polymorph or phase [6,7]. Therefore, stabilization of 
this phase at room temperature is essential. The 



490  J Adv Ceram 2019, 8(4): 489–499 

www.springer.com/journal/40145 

successful approach for the stabilization of this high 
temperature–high conducting disordered phase through 
partial substitution of vanadium by copper was first 
reported by Abraham et al. [8] in 1990. In one of the 
doped compound, BICUVOX.10, remarkable high 
conductivity was found in the temperature range of 
227–427 ℃. For instance, the conductivity of this 
compound at 237 ℃ was ~10–3 S·cm–1, which is two 
order higher compared to that of the parent compound. 
This work leads way to a new group of solid electrolyte 
termed as bismuth metal vanadium oxide (BIMEVOX), 
which can be formulated as Bi4V2–xMexO11–δ or 
Bi2V1–xMexO5.5–δ in which VV is partially substituted 
with isovalent and/or aliovalent metal dopants for 
suppression of reversible polymorphic transitions [9] 
and room temperature stabilization of the γ-form. Due 
to perovskite related crystal structure, BIMEVOXes can 
accommodate a large concentration of mobile oxygen 
vacancies that are accountable for the rapid oxygen-ion 
conduction leading to the higher ionic conductivity than 
the parent compound. Typical examples include Cu, Co, 
Ni, and Ti doped BIMEVOXes having ionic 
conductivity values as high as ~10–3 S·cm–1 at 300 ℃ 
[8,10–14]. This high ionic conductivity in the 
intermediate temperature range compared to other fluorite 
and perovskite-type electrolytes make BIMEVOXes as 
potential electrolytes viable for low temperature operation. 
Furthermore, in order to obtain improved ionic conducting 
properties, BIMEVOX group has also been explored as 
a different system, i.e., BIMEME*VOX [13–17] by 
double substitution at both Bi/V and/or only V-sites.  

It is well known that in oxygen-ion conductor, the 
enhancement of ionic conductivity very well depends 
on the appropriate doping. Depending on the nature 
and concentration of suitable ME-dopant cations, the 
properties of parent compounds get modified; oxide 
ion vacancies are created, and disorder and oxygen 
participation in the ionic transportation increase [18–20].  

For this work, we have selected two aliovalent dopant 
cations: AlIII and TiIV for partial substitution of V in the 
parent compound. As far as single doped BIMEIIIVOX 
system is concerned, it has been found from various 
previous reports that Al-doped Bi2VO5.5–δ exhibits 
ionic conductivity value in the range of 10–5 S·cm–1 at 
300 ℃ [21–23] and in BIMEIVVOX system, BITIIVVOX 
is the best regarding high ionic conductivity [13,14]. 
Hence, the prospect of the current work is to synthesize 
BIAlIIITIIVVOX series by varying dopants amount and 
to study the role of the combination of AlIII and TiIV as 

substituent (at V-site) on crystal structure and ionic 
conductivity of the parent bismuth vanadate.  

2  Materials and methods  

2. 1  Sample preparation 

The conventional solid-state reaction technique was 
used to prepare the polycrystalline ceramic samples 
with formula unit Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ x ≤ 
0.25), from high purity analytical reagent grade 
chemicals: Bi2O3 (LOBA CHEMIE, purity: 99%), 
V2O5 (LOBA CHEMIE, purity: 99%), Al2O3 (SIGMA- 
ALDRICH, purity: 99.5%), and TiO2 (SIGMA- 
ALDRICH, purity: 99.7%). An appropriate amount of 
constituents oxide was mixed in ethanol and acetone 
(1:1) media in an agate mortar. Then the mixture was 
ground for 10 h to maintain homogeneity and then 
heated at 650 ℃ for 15 h. The second heat treatment 
was done at 750 ℃ again for 15 h after an intermediate 
grinding. Next, 5 wt% polyvinyl butyral binder (PVB) 
was added to the ground powders and then pressed at 5 
t into cylindrical pellets of diameter 12 mm and 
thickness 1–2 mm. Further, these pellets were sintered 
at 800 ℃ for 10 h followed by furnace cooling. 

2. 2  Experimental techniques 

2.2.1  Structural characterization 

For structural characterization, the XRD patterns of all 
studied specimens after calcinations, as well as sintering, 
were recorded at room temperature using a RIGAKU 
ULTIMA IV X-ray diffractometer employing Cu Kα 
radiation (λ = 1.54059 Å). The measurements were 
performed in the 2θ range from 10° to 80° with a step 
width of 0.005°. The scan speed was kept 0.35(°)/min. 
The variation in the crystal structure with dopant 
concentration and phase analysis were carried out 
using Match-3 [24] software. Lattice parameters were 
determined through the Rietveld refinement technique 
by considering Bi2V0.8Ge0.2O5.4 [25] and Bi4V1.7Co0.3O10.547 

[26] as the starting models in “FullProf” Rietveld program.  
The surface morphology study of the sintered samples 

was performed through a scanning electron microscope 
(JSM IT300, JEOL, Japan). 

The Fourier transform infrared (FT-IR) spectra of 
the synthesized specimens were recorded at room 
temperature in the wave number region of 4000– 
400 cm–1 by using Impact 410 (NICOLET, USA) 
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spectrometer in transmittance mode.  

To analyze the phase stabilized at room temperature 
and also the phase transitions with temperature of all 
specimens, differential scanning calorimetric (DSC) 
measurements were performed by STA 449 F3– 
NETZSCH at the heating rate of 5 ℃/min in an argon 
atmosphere. 

The UV–Vis absorption spectra of the powder samples 
were measured at room temperature using a UV-2450, 
SHIMADZU spectrometer in the wavelength range of 
200–900 nm. 

2.2.2  Electrical characterization 

The electrical properties of all synthesized samples 
were studied by electrochemical impedance spectroscopy 
(EIS) technique. High purity conducting gold paste 
(SILTECH, Bangalore) was used as an electrode. The 
impedance spectra were measured between room 
temperature and 650 ℃  over heating and cooling 
cycles in the air over the frequency range of 4 Hz to 
8 MHz using HIOKI-LCR TESTER IM3536. The 
procedure described in Ref. [13] was followed to 
obtain the real impedance of the samples.  

3  Results and discussion  

3. 1  XRD analysis 

Figure 1 shows the XRD patterns of all prepared 
samples of Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ x ≤ 0.25) 
in the 2θ range from 20° to 60°. Figure 1(a) shows the 
diffraction pattern of specimens calcined at 650 ℃ in 
which impurity peak (shown by *) of BiVO4 (secondary 
phase) [17] has been observed for all compositions 
which has gradually become prominent with an increase 
in dopant concentration. The X-ray diffractograms of 
specimens after calcination at 750 ℃ and sintering at 
800 ℃ are shown in Figs. 1(b) and 1(c), respectively,  
in which, for x = 0.25, the compound with the highest 
dopant concentration, the impurity peak of the second 
phase remains even after the repetitive heat treatments. 
However, for x ≤ 0.2, the disappearance of the same 
impurity peak implies monophase compounds without 
any secondary phase after the heat treatment at 750 ℃ 
[27]. Hence, for x = 0.25, the presence of impurity 
traces as observed in SEM and impurity peak of 
secondary phase as observed in XRD analysis suggest 
the solubility limit in this double doped system is 
< 0.25. For x = 0.15, a clear peak splitting (shown in the  

inset of Fig. 1) was observed at 2θ ≈ 32° at the initial 
stage, i.e., after first calcinations at 650 ℃, indicating  
the presence of orthorhombic phase, which later gets 
converged partially after second heat treatment at 
750 ℃ implying tetragonal phase formation started 
taking place beyond the temperature of 650 ℃. Finally 
after sintering, a deformed peak was observed that 
indicates the presence of both orthorhombic and tetragonal 
phase. Hence to verify the phase, the diffraction patterns 
of all specimens were fitted with both tetragonal and 
orthorhombic crystal structures and presented in Table 
1. As per result obtained for 0.15, the orthorhombic 
and tetragonal symmetry were found to be 40.4% and 
59.6%, respectively. For the specimen with the lowest 
dopant substitution, i.e., x = 0.1, the presence of doublets 
(splitted peaks) at 2θ ≈  32.001° and 2θ ≈ 32.255° 
indexed as (020) and (200), respectively, and along with 
this a singlet at 2 46.070θ ≈ ° indexed as (220) clearly 
indicate the presence of β-orthorhombic phase. Further, 
for higher dopant substitution, i.e., x ≥ 0.175, it could 
be noted that in XRD pattern, the splitted peaks 
at 2 32θ ≈ ° converged into a singlet indexed as (110) 
indicating the existence of tetragonal phase (space 
group I4/m mm) [14]. Moreover, according to the fitting 
result, for x = 0.10, it has been found that the specimen 
is predominantly orthorhombic. For higher substitution 
level, all specimens were predominantly in the tetragonal 
phase suggesting eventual tetragonal phase stabilization 
at room temperature with dopants addition. 

From the phase analysis, it has been found that in 
our double doped system, the lower limit of dopants 
concentration required for close proximity to complete 
stabilization of the tetragonal phase at room 
temperature is x ≥ 0.175. Interestingly, for the single 
doped Bi2V1–xAlIII

xO5.5–δ system, the lower limit is x = 
0.1 [21–23], and for the Bi2V1–xTiIV

xO5.5–δ system, it is 
x = 0.125 [14]. This reflects the combined effect of 
both dopant cations in the stabilization of the tetragonal 
phase. 

The maximum intensity peak of all studied sintered 
specimens at 2θ ≈ 28.5° is shown in Fig. 1(d). 
Particularly for the compositions, with the tragonal 
phase at room temperature, a steady shift towards 
lower 2θ, has been observed. This shifting of peak 
position indicates the lattice expansion due to the 
substitution of V by Al and Ti in the initial structure of 
the parent compound [28]. 

The fitted Rietveld refined XRD patterns of the 
present system are displayed in Fig. 1(e). The unit cell 
parameters of all prepared samples obtained through  
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Fig. 1  XRD patterns of the Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ x ≤ 0.25) specimens after (a) calcination at 650 ℃, (b) 2nd 
calcination at 750 ℃, (c) sintering at 800 ℃, (d) the maximum intensity peak at ~28.5°, and (e) fitting with Rietveld refinement 
sintered at 800 ℃. 
 
Table 1  Percentage of orthorhombic and tetragonal 
phases with variation of dopant concentration 

x Orthorhombic symmetry (%) Tetragonal symmetry (%) 

0.10 73.9 26.1 

0.15 40.4 59.6 

0.175 18.1 81.9 

0.20 10.6 89.4 

0.25 5.1 94.9 

 
Rietveld analysis have been given in Table 2. According 
to the relation β  a = 2 γa , the tetragonal a-parameters 
have been presented in mean orthorhombic dimensions. 
Generally, as observed in other BIMEVOXes, when the 
host cation VV is partially substituted with larger cation 
dopants ME in Bi2VO5.5 lattice structure, the c-parameter 
increases. Therefore, the observed increase in c-parameter 
with increasing x can be correlated with the larger 
effective ionic radius of TiIV 0.605 Å as compared to 
VV (0.54 Å). 

Unlike c-parameter, the variation of the basal 
parameter with x values depends on the nature of 
dopant cation [29]. As can be noticed from Table 2, 
there is a remarkable decrease in a-parameter of x = 

0.10 as compared to x = 0. However, the decrease in 
b-parameter is marginal. Similarly, in composition with 
the tetragonal structure, the basal a-parameter was 
found to decrease marginally with the increase of x. A 
similar trend was found here for the present double 
doped system as reported in the single doped 
BITIIVVOX system that the basal parameters variation 
correlates with oxygen loss in the basal plane [13, 
14,30]. Furthermore, the increase in the volume of all 
doped compositions than x = 0 is due to lattice 
expansion in the initial structure.  

3. 2  SEM 

The SEM micrographs of x = 0.10, 0.175, and 0.25 
specimens are shown in Figs. 2(a)–2(c). A typical 
comparison of microstructure concerning substitution 
level shows finely developed grains and better grain to 
grain connection up to x = 0.175. Besides, an 
insignificant amount of impurities traces have been 
observed for 0.10 ≤ x ≤ 0.20. However, for x = 
0.25 (specimen with higher dopants level), considerable 
impurities traces have been observed which may be 
due to doping beyond solubility limit. Non-uniform  
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Table 2  Phase and lattice parameters (Rietveld refined) of the Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ x ≤ 0.250) compounds 
x a (Å) b (Å) c (Å) V (Å3) Phase RP (%) RWP (%) RE (%) 

0.10 5.5399(4) 5.5827(6) 15.4151(5) 476.75 β 5.16 7.53 4.79 
0.15* 5.5514(4) 5.5799(3) 15.4411(4) 478.31 β 5.61 7.98 5.02 
0.15* 5.5636(4) — 15.4463(8) 478.12 γ 5.50 7.59 4.81 
0.175 5.5528(7) — 15.4540(4) 476.50 γ 5.46 8.07 4.86 
0.20 5.5516(2) — 15.5162(3) 478.21 γ 4.39 6.67 4.76 
0.25 5.5453(8) — 15.5631(3) 478.57 γ 6.71 9.50 4.71 

* Lattice parameters refined in both orthorhombic and tetragonal crystal symmetry; estimated standard deviations of unit cell parameters are given in 
parenthesis. 
 

 
 

Fig. 2  SEM Micrographs of (a) x = 0.10, (b) x = 0.175, and (c) x = 0.25 of Bi2V1–xAlx/2Tix/2O5.5–δ. 
 

grains have been observed in all compositions, and the 
average grain size was found to be 5.15, 7.24, 10.18, 
4.56, and 3.86 μm for x = 0.10, 0.15, 0.175, 0.20, and 
0.25, respectively. This shows a substantial increase in 
grain size with increased substitution level till x = 
0.175 and further substitution results in comparatively 
smaller grains. Moreover, the presence of larger grains 
(18.24 μm) along with smaller ones (4.4 μm) in x = 
0.175 indicates the phenomena of non-uniform grain 
growth in this compound. Thus, x = 0.175 may be 
considered as the optimum dopant amount that assists 
in better sintering and favours grain growth. 

3. 3  FT-IR 

The FT-IR spectra of all prepared compositions are 
shown in Fig. 3. The characteristics of absorption 
bands of BIMEVOX are exhibited in all the spectra. 
Table 3 illustrates the respective band positions: 
449–463 cm–1 for ϑ (Bi–O) ascribes the vibration of 
Bi–O in bismuth layers, 516–529 cm–1 for asδ  
(O–V–O) ascribes the deformation in vanadate layers, 
723–764 cm–1 for sϑ (V–O) is due to symmetric 
stretching, and 816–829 cm–1 for asϑ (V–O) is due to 
asymmetric stretching [31,32].  

For x = 0.10, both sϑ (V–O) and asϑ (V–O) bands 
are well defined indicating the ordered crystal structure 
of the compound. However, for x = 0.15, broadening of 
the sϑ (V–O) band has been observed implying  

 
 

Fig. 3  FT-IR spectra of Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ 
x ≤ 0.25). 

 
Table 3  Characteristics bands of BIMEVOX materials 
from FT-IR spectra 

x ϑ (Bi–O) 
(cm–1) 

asδ (O–V–O) 
(cm–1) 

ϑs (VO) 
(cm–1) 

ϑas (V–O) 
(cm–1) 

ϑ (Ti–O)/ 
(Al–O) 
(cm–1) 

0.10 450.54 516.73 723.11 828.16 — 

0.15 449.01 520.84 738.23 816.06 — 

0.175 455.36 528.39 747.97 — — 

0.20 456.32 526.99 761.05 — 855.00 

0.25 462.43 522.94 763.13 — 856.02 
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beginning of disorder in the crystal structure. Further, 
with increasing substitution (0.175 ≤  x ≤  0.25), 
broadening of the sϑ (V–O) band has been observed. 
As a result, for x ≥  0.175, the sϑ  (V–O) band 
almost disappears in the spectra and absence of this 
band (Table 3) suggests the high degree of 
crystallographic disordering, hence can be correlated 
with the stabilization of the tetragonal structure in 
these compositions [32]. Moreover, it can be noticed 
that the fine structure present in x = 0.10 vanishes 
gradually with dopant amount signifying the gradual 
stabilization of tetragonal phase at room temperature 
with addition of dopants concentration as observed in 
XRD analysis (Section 3.2). For x = 0.20 and 0.25, the 
band at ~855.00 and ~856.02 cm–1, respectively, could 
be correlated with the presence of an additional 
ν(Ti/Al–O) interaction [33]. 

3. 4  DSC 

The DSC thermograms of all prepared compositions 
along with parent compound (Bi2VO5.5–δ) are illustrated 
in Fig. 4. In the DSC curve of Bi2VO5.5–δ, the presence 
of two endothermic peaks at 445 and 540 ℃ indicate 
the phase transition of α→β and β→γ, respectively. For 
x = 0.1, the single and sharp endothermic peak 
observed at 421 ℃ is the indication of β→γ phase 
transition that implies stabilization of β-phase at room 
temperature in this composition. Again in DSC plot of 
x = 0.15, a shallow and small endothermic peak has 
been observed. This observed peak broadening and 
decrease in peak intensity with the addition of dopant 
indicates the lower rate of phase transformation of 
β→γ may be due to the presence of both tetragonal and 
orthorhombic phase in this composition at room  

 

 
 

Fig. 4  DSC plots of Bi2V1–xAlx/2Tix/2O5.5–δ (0 ≤ x ≤ 0.25). 

temperature (Section 3.2). Further, as can be observed 
in the DSC spectra of x ≥  0.175, there is no 
endothermic peak, indicating suppression of phase 
transition and room temperature stabilization of the 
tetragonal phase for higher dopant levels. In fact, for 
x = 0.175, the dominance of the tetragonal phase 
overshadows the orthorhombic phase; however, still a 
very slow transition is noticeable. A typical result 
shows, shifting of β→γ phase transition peak towards 
lower temperature side for 0 ≤ x ≤ 0.15 reflects 
that increasing dopant level tends to decrease the 
transformation temperature and also shows gradual 
room temperature stabilization of tetragonal phase. 
Thus, the XRD, FT-IR, and DSC results are in 
confirmation with each other. 

3. 5  UV–Vis 

According to the equation proposed by Tauc, Davis, and 
Mott [34–36]: 
 (hνα)1/n = A(hν–Eg)   (1) 
where h denotes the Planck's constant, ν denotes the 
frequency of vibration, α is for absorption coefficient, A 
and Eg are proportionality constants which depend upon 
transition probability and band gap, respectively. The 
exponent n is an index whose value characterizes the 
optical absorption process. n = 1/2 and n = 2 denote 
direct allowed and indirect allowed transitions, respectively, 
while n = 3/2 and n = 3 are for direct forbidden and 
indirect forbidden transitions, respectively [37]. Further, 
the obtained diffuse reflectance spectra have been 
converted into Kubelka–Munk function by introducing 
the quantity F(R∞) (proportional to α). Thus, Eq. (1) 
can be rewritten as  
 (hνF(R∞))1/n = A(hν– Eg)   (2) 

Jiang et al. [38] have studied the energy band 
structure of Bi2VO5.5 and reported it as a direct band gap 
semiconductor. Thus, keeping n = 1/2 and rewriting Eq. 
(2), we obtain 
 (hνF(R∞))2 = A(hν–Eg)     (3) 

The direct band gap (Eg) of all the prepared samples 
along with parent compound was obtained by plotting 
(hνF(R∞))2 vs. hν ( 1239.7/λ nm) and then extrapolating 
the linear portion of the graph to X-axis as shown in 
Fig. 5 and tabulated in Table 4. For the parent 
compound, the direct band gap obtained was found to 
be 2.18 eV, which is in good agreement with the 
previously reported results [38,39]. It has been observed 
that doping of Al and Ti at V-site results in the blue shift  
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Fig. 5  UV–Vis spectra of Bi2V1–xAlx/2Tix/2O5.5–δ (0 ≤ x 
≤ 0.25). 
 
Table 4  Direct band gap of the Bi2V1–xAlx/2Tix/2O5.5–δ 

(0 ≤ x ≤ 0.25) compounds  

x 0 0.10 0.15 0.175 0.20 0.25 

Eg (eV) 2.18 2.05 2.02 1.95 2.05 2.11 

 
of direct band gap of all the doped samples. Kaur et al. 
[37] have studied the TiIII-doped BIVOX system and 
have correlated the smaller band gap of the material 
with the higher conductivity due to optimization of the 
oxygen vacancies concentration located on equatorial 
lines of the perovskite layers (VO3.5)2−. Similarly, in the 
present system, the observed lowest value of Eg for the 
composition x = 0.175 (even compared to parent 
compound) can be correlated to the presence of 
comparatively higher order of oxide ion vacancies than 
other prepared compositions. 

3. 6  AC impedance studies 

Mostly for conducting ceramics, the impedance data 
are presented in Nyquist plots ( vs.Z Z′′ ′ ). The 
impedance spectra of Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ 
x ≤ 0.25) at 200 ℃ and of x = 0.175 at different 
selected temperatures (200–300  ℃) are presented in 
Figs. 6 and 7, respectively, in which, the presence of 
the second semicircle can be observed but is not much 
distinct. The Nyquist plots are also characterized by 
depressed type semicircles with center lying below the 
real axis. This reflects a non-Debye type of relaxation 
mechanism in these materials [40]. In general, the 
different regions of the sample can be characterized by 
means of parallel RC elements [41]. Hence, for the 
interpretation of data, the complex plots of x = 0.175 
were fitted with the help of EIS spectrum analyzer  

 
 

Fig. 6  Complex impedance plane plots of 
Bi2V1–xAlx/2Tix/2O5.5–δ (0.10 ≤ x ≤ 0.25) at 200 ℃. 

 

 
 

Fig. 7  Complex impedance plane plots of x = 0.175 at 
200–300 ℃. Note: The solid line shows the fitted data. 

 
software [42], with an equivalent circuit using depressed 
semicircle model. The relative error of the fitted 
spectrum from the experimental data was < 2%. The 
equivalent circuit used, can be described as a series 
combination of three parallel resistance and constant 
phase element (CPE) (shown in the inset of Fig. 6), 
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where R1 and CPE1, R2 and CPE2 correspond to the 
contribution of grain and grain boundary, respectively. 
The values of circuit parameters extracted from fitting 
and the various electrical parameters then obtained are 
presented in Table 5. 

The true capacitance was estimated from CPE [13], 
and the values of grain capacitance (Cg) and grain 
boundary capacitance (Cgb) are found to be in the range 
of pF and nF, respectively. As can be observed from 
Table 5, the value of Cgb is almost 102 times higher as 
compared to Cg, which indicates charge accumulation at 
the grain boundary. 

The grain and grain boundary (total) conductivities 
g(σ  and gbTot )σ  were calculated from the pellet 

dimension, grain, and grain boundary resistance g(R  
and gbR  obtained from the fitting). However, the 
specific grain boundary conductivity gbsp( )σ is calculated 
with ‘Brick layer model’ [43,44], according to 

 

g

gb g
 

C
C l

δ
=  (4) 

where δ  is the grain boundary width. Hence, 

 
gbsp g gbTot g gb gbTot

g gb g

( / )( ) ( / )

( / )(

(

)

)l C Cσ δ σ σ

τ τ σ

= =

=
  (5) 

where gτ g g( )C R=  and gτ gb gb )( C R= are the grain 
and grain boundary relaxation time, respectively. As 
expected, an increase in temperature results in a 
decrease of both gR and gbR and for high temperature (in 
the given temperature range), overall resistance is 
dominated by the contribution of grain interior (Fig. 6). 
Consequently, with temperature, an increasing trend in 
conductivity ( gσ , gbTotσ , and gbspσ ) has been found 
and similarly, the dominance of grain interior 
conductivity over grain boundary has been observed in 
total ionic conductivity. Further as can be observed 
from Table 5, there is a significant decrease in gτ  with 
an increase in temperature suggesting short range 
diffusions in the grain interiors [33].  

 

Table 5  Equivalent circuit fitted parameters of x = 
0.175 at 200–300 ℃ 

T (℃) Cg (pF) σg × 10–4 
(S·cm–1) Cgb (nF) 

σgbTot × 
10–3 

(S·cm–1) 

σgbsp × 
10–5 

(S·cm–1) 

τg × 10–7 
(S) 

τgb × 10–6 
(S) 

200 67.07 0.28 7.00 0.17 0.16 5.15 9.24 

225 66.72 0.78 3.64 0.35 0.63 1.87 2.29 

250 65.70 1.95 3.23 1.13 2.31 0.73 0.62 

275 65.68 3.93 5.93 2.07 2.29 0.36 0.62 

300 66.00 8.70 3.03 4.46 9.71 0.17 0.15 

Arrhenius plots of ionic conductivity for all studied 
specimens are shown in Fig. 8. These conductivity 
plots show two regimes of linear extrapolation 
corresponding to the high and low temperature in 
which the activation energies of oxide ion motion were 
calculated. For lower substitution, x = 0.10, a sharp 
discontinuity at ~420 ℃ and a sharp increase in 
conductivity beyond 420 ℃ have been observed. This 
discontinuity indicates a transition from β-phase to 
γ-phase and the improvement in conductivity is due to 
the structural disorder in the crystal as a result of the 
phase transformation. For x = 0.15, a subtle 
discontinuity was found showing the domination of the 
tetragonal phase at room temperature. But the ionic 
conductivity plots of 0.175 ≤ x ≤ 0.25 without 
such discontinuities indicating suppression of the 
orthorhombic phase and room temperature stabilization 
of tetragonal phase. Moreover, the two regimes with a 
different activation energy (Ea) observed are for the 
order–disorder (  γ ′ – γ ) transition [45,46]. Muller et al. 
[26] explained this order–disorder transition in 
BICOVOX.15 system. In high temperature neutron 
thermodiffractometry analysis which revealed the 
expansion of a- and b-parameters, contraction of 
c-parameter of the unit cell and a rapid increase in 
mean square atomic displacement (d2), resulted in 
modified diffusive phenomena in vanadate layers and 
decrease in activation energy, hence enhancement of 
ionic conductivity. In the intermediate temperature 
range, initially with substitution, the ionic conductivity 
was found to be increased up to x = 0.175. Further 
addition of Al and Ti amount resulted in a decrease in 
ionic conductivity which may be due to the trapping of  

  

 
 

Fig. 8  Temperature dependence of conductivity for 
different dopant concentrations. 
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mobile charge carriers because of defect pair formation 
[22,23]. This can be also correlated with the traces of 
impurities observed in these compositions through 
SEM as substitution goes beyond the solubility limit. 
At 300 ℃, the highest ionic conductivity was obtained 
for x = 0.175, i.e., 7.28 × 10–4 S·cm–1. This enhancement in 
the ionic conductivity as compared to parent compound as 
well as single doped Al compound [21–23] at an 
intermediate temperature range is due to near complete 
room temperature stabilization of fully disordered 
tetragonal phase. Simultaneous doping of aliovalent 
dopants Al and Ti appears to be effective for creation of 
more oxygen vacancies (charge carrier), as coinfirmed 
from UV–Vis study, that assists the oxide ion mobility 
as well as substitutional vacancy disordering in the 
crystal structure, is also the reason for rapid diffusion 
and consequent high ionic conductivity in this 
composition. Moreover, as observed in SEM, low 
porosity, the well developed and proper sized grain due 
to grain growth is also a cause. In polycrystalline 
compounds, the increase of grain size often decreases 
the grain boundary contribution to the resistivity and 
thus, favours the oxygen vacancy transport. In addition 
to this, the highest ionic conductivity of x = 0.175 
specimen is in accordance with the observed lowest 
activation energy of conduction, Hence, x = 0.175 is 
found to be the optimum composition in the present 
system for maximum ionic conductivity.  

In the high-temperature regime, at 600 ℃ , the 
highest ionic conductivity of 1.89 × 10–1 S·cm–1 is 
obtained for x = 0.1. Further substitution results in an 
increase in activation energy and a decrease in the value 
of ionic conductivity. It is because the dopant cations, 
ME (Ti/Al), prefer either tetrahedral or octahedral 
coordination unlike vanadium which can have variable 
coordination states, due to which in the oxygen 
environment of vanadate layer ratio of vanadium 
polyhedral varies with variation of V/ME and reduction 
of vanadium results in defect trapping [47,48]. Hence, 
mostly in BIMEVOX system, it has been found that 
substitution of ME dopants results in enhancement of 
the conductivity in intermediate temperature range, but 
not in high-temperature range. 

4  Conclusions 

The influence of simultaneous doping of Al and Ti on 
the phase formation and ionic conductivity of bismuth 

vanadate (Bi2VO5.5–δ) has been studied by varying 
substitution amount. XRD study revealed the dominance 
of the tetragonal phase in the composition for x = 0.15 
but close to complete tetragonal phase occurs for x ≥ 
0.175. This is in confirmative with DSC result that 
shows suppression of β→γ phase transition for x ≥ 
0.175. For the highest amount substitution x = 0.25, an 
impurity peak was noticed in XRD spectra indicating 
the presence of a second phase (BiVO4), which was 
further supported by the observed substantial traces of 
impurities in SEM micrograph. Impedance spectroscopy 
measurements revealed the domination of grain 
interior contribution in the overall resistance. Notably, 
in the intermediate temperature range, all prepared 
compositions enhanced ionic conduction was observed 
as compared to the parent compound as well as 
BIALVOX system at the same temperatures. This can 
be ascribed to the occurrence of more oxygen 
vacancies and high crystallographic disordering 
facilitated by aliovalent substitution. Moreover, for the 
Bi2V0.825Al0.0875Ti0.0875O5.5–δ, the maximum value of 
ionic conductivity was obtained and is related with the 
presence of comparatively higher order of oxygen ion 
vacancies as confirmed from UV–Vis analysis as well as 
may be additionally correlated with the grain growth 
phenomena observed in this composition. 
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