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a b s t r a c t

The phase transition behavior of oxide-ion conductor Bi2(V0.95Ti0.05)O5.475−x, which has various thermal
histories and sample forms, has been studied by means of differential scanning calorimetry. Thermo-
gravimetric analysis revealed that the oxygen content per compositional formula varied with the applied
thermal treatment, although no significant structural difference was observed by X-ray diffraction (XRD)
analysis. The phase transition behavior from �f to �f and from �f to �f, observed at a heating rate of
10 K min−1, are markedly affected by the sample preparation. For example, the endothermic peak of the
transition from �f to �f appeared at around 400 ◦C for quenched powder and at around 320 ◦C for powder
cooled at 0.5 K min−1. The trend of the transition temperatures can be qualitatively explained in terms of
oxygen content, i.e., Bi2(V0.95Ti0.05)O5.475−x with less oxygen content exhibits the transition from �f to �f
oping at a higher temperature and the transition from �f to �f at a lower temperature. We confirmed the two
types of transition behavior from �f to �f depending on heating rate of DSC and high-temperature X-ray
diffraction (HT-XRD) analysis. At rapid heating rates of 10 and 40 K min−1, �f transformed to �f directly.
Meanwhile, at a slow heating rate of 2 K min−1, the �f precipitated from �f because slow heating allowed
the diffusion of Ti and oxygen vacancies induced by the aliovalent doping. This suggests that the small
differences of atomic arrangement also affect the phase transition behavior because additional elements

graph
have preferable crystallo

. Introduction

Doped bismuth vanadate Bi2(V1−dMEd)O5.5+ı (ME: dopant
etal, d: dopant concentration, ı: deviation of oxygen content

ue to aliovalent doping and/or partial reduction of pentava-
ent vanadium), so-called BIMEVOX [1–3], exhibits a characteristic
hase transition behavior. It is a promising oxide-ion con-
uctor at intermediate temperatures between 400 and 600 ◦C.
he parent compound Bi2VO5.5 [4] and BIMEVOX itself have
single-layer Aurivillius structure and exhibit the three main

olymorphs of monoclinic �, orthorhombic �, and tetragonal
. The Aurivillius structure consists of alternating (Bi2O2)2+ and

V1−dMEdO3.5+ı)2− layers. These Bi–O and (V,ME)-O layers char-
cterize the oxide-ion conduction in the present system. In the
-phase shown in Fig. 1, the (V,ME)-O layer is made up of corner-

haring oxygen octahedrons containing oxygen vacancies (�), that
s (V1−dMEdO3.5+ı � 0.5−ı)2−. The �-phase containing disordered
xygen vacancies shows high oxide-ion conduction at high tem-
eratures. The �- and �-phases are characterized by ordering
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of oxygen vacancies in the (V,ME)-O layer [5,6]. Besides the �-,
�-, and �-phases, several phases which deviate from the three
main phases (e.g., orthorhombic �-like-phase [7], tetragonal �-like-
phase [8], �-phase [9], �′-phase [10,11]) are observed in Bi2VO5.5
and BIMEVOX. By focusing on the network structure in (V,ME)-O
layer which controls the oxide-ion conduction, we have classified
the complex polymorphs into three phase groups of �f (high-
level disorder and high-conductive phases), �f (intermediate-level
disorder and intermediate-conductive phases), and �f (high-level
order and low-conductive phases) [12]. The strict crystalline sym-
metries are ignored in this phase classification. According to the
practical phase classification system, Bi2VO5.5 exhibits the phase
transition from �f to �f (�f/�f transition) and from �f to �f (�f/�f
transition) at 445 and 570 ◦C, respectively. The oxide-ion conduc-
tivities of Bi2VO5.5 are more than 10−2 S cm−1 above 500 ◦C in �f
and about 5 × 10−1 S cm−1 at 700 ◦C in �f.

In Bi2(V0.95TM0.05)O5.5+ı (TM = Ti, Zr, Hf, Nb, Ta, Mo, and W) [12],
�f and/or �f are stabilized at lower temperatures. Furthermore,

the phase transition behavior of Bi2(V0.95TM0.05)O5.5+ı varies with
the thermal history although the samples have the same dopant
composition. Among them, Ti-doped Bi2VO5.5 exhibited the high-
est stability against thermal decomposition and a strong effect
of thermal history on electrical conductivity [12]. In the present

dx.doi.org/10.1016/j.jallcom.2011.02.137
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Ideal structure of �-phase of BIMEVOX. Oxygen vacancies exist in the (V,ME)-
O layer consisting of V, doped ME, and O, although they are not shown.

Table 1
Abbreviations of Bi2(V0.95Ti0.05)O5.475−x with different sample forms and thermal
treatments. Bi2(V0.95Ti0.05)O5.475−x , where x refers to deviation induced by the partial
reduction of transition metals, is denoted as Ti5. The powder and bulk samples are
called as Ti5/P and Ti5/B, respectively. All samples were cooled in air from 800 ◦C,
at which �f of Ti5 is stable.

Abbreviation Sample form Cooling rate in air from 800 ◦C

Ti5/P/CQ Powder Quench to room temperature
Ti5/P/C10 10 K min−1

Ti5/P/C1 1 K min−1

Ti5/P/C05 0.5 K min−1

Ti5/B/CQ Bulk Quench to room temperature
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Ti5/B/C10 10 K min−1

Ti5/B/C1 1 K min−1

Ti5/B/C05 0.5 K min−1

tudy, careful investigations of the phase transition behavior of
mol% Ti-doped Bi2VO5.5 were studied by X-ray diffraction anal-
ses, thermogravimetric analysis (TGA), and differential scanning
alorimetry (DSC).

. Experimental

5 mol% Ti-doped Bi2VO5.5, denoted as Ti5, was prepared in powder and bulk
orms, as listed in Table 1. Because Ti exists in the tetravalent form in Bi2VO5.5, Ti5
an be formulated as Bi2(V0.95Ti0.05)O5.475−x (x: oxygen loss due to a partial reduction

f the transition metals). We abbreviate the Ti5 powder sample as Ti5/P and the Ti5
ulk sample as Ti5/B. Fig. 2(a) shows a scanning electron microscope (SEM) image
f the powder sample synthesized by a conventional solid-state reaction at 800 ◦C.
etails of the synthesis process are given elsewhere [12]. The powder particle size
as from 0.2 to 5 �m. Fig. 2(b) shows an optical microscope image of the surface

f the bulk sample. A relative density of the bulk sample was 95%. The grains were

ig. 2. (a) SEM image of powder sample, Ti5/P. (b) Optical microscope image of surface o
d Compounds 509 (2011) 5833–5838

well grown as large as 20 �m in size. The powder and bulk samples were cooled in
air at various rates from 800 ◦C, at which �f of Ti5 is stable.

X-ray diffraction analyses at room temperature (XRD analysis) as well as high-
temperature (HT-XRD analysis) were carried out using X’Pert PRO MPD (PANalytical,
Cu-K� radiation) and HTK-1200 N Oven Chamber (Anton Paar). HT-XRD profiles
were collected for 10 min immediately after the samples were heated to the target
temperatures.

Thermogravimetric analysis (TGA) was performed using a DTG-60H (Shimadzu)
in order to evaluate the variation of oxygen content with temperature. Powder sam-
ples of ∼320 mg in platinum containers were kept at 150 ◦C for 2 h for drying and
then heated at 5 K min−1 to 800 ◦C in flowing air. To calculate the oxygen content
per compositional formula, we assume that weight changes could be attributed
only to the uptake and loss of oxygen, which is caused by the partial reduction
or oxidation of the transition metals. The slowly cooled powder of Ti5/P/C05 were
considered to be fully oxidized (x = 0), i.e., the composition of as-prepared Ti5/P/C05
was Bi2(V0.95Ti0.05)O5.475. To evaluate the oxygen contents of the quenched powder
Ti5/P/CQ, we assumed that Ti5/P/CQ after re-heating to 800 ◦C has the same oxygen
content with Ti5/P/C05 at 800 ◦C.

DSC was carried out using a Diamond differential scanning calorimeter
(PerkinElmer) with a platinum container. The samples were heated in stagnant air
at 2, 5, 10, or 40 K min−1. The onset temperature of each endothermic peak was
evaluated by the intersection point method with an error of ±2 ◦C.

3. Results

3.1. XRD profiles of powders cooled at various rates

Fig. 3(a) shows the XRD patterns of Ti5/P cooled at various rates.
The calculated pattern of monoclinic �-Bi2VO5.5 at Cu-K�1 radia-
tion [6] is also given as a reference pattern of �f. The structures of
the three phase groups are characterized by an orthorhombic sub-
cell of am = 0.55, bm = 0.56, and cm = 1.53 nm, i.e., a ≈ 3am, b ≈ bm,
c ≈ cm for �f, a ≈ 2am, b ≈ bm, c ≈ cm for �f, and a ≈ am, b ≈ bm, c ≈ cm

for �f. The diffraction peaks are indexed based on the orthorhom-
bic subcell of am, bm and cm. Ideal �f-Bi2VO5.5 exhibits superlattice
diffractions, such as 1/3 1 3 at ∼24.2◦, and has monoclinic sym-
metry, as verified by the splitting of 2 2 0 at ∼46◦. Meanwhile,
orthorhombic �f was stabilized in Ti5/P/CQ, C10, C1, and C05, as
shown in Fig. 3(a). There was little change in the lattice constants
of am, bm, and cm with the cooling rate, as shown in Fig. 3(b).

3.2. Temperature dependence of oxygen content

Fig. 4 shows the oxygen content of Ti5/P/CQ and Ti5/P/C05
as a function of temperature. Partial reduction proceeded in
the fully-oxidized sample of Ti5/P/C05 above ∼540 ◦C. The onset
temperature of the partial reduction is immediately above the tem-
perature of the �f/�f transition determined by DSC. The oxygen
content decreased to 5.469 ± 0.002 (x = 0.006 ± 0.002) at 800 ◦C.

Meanwhile, the quenched powder Ti5/P/CQ exhibited the oxy-
gen uptake from 300 to 500 ◦C, and oxygen loss above ∼540 ◦C.
The oxygen content of Ti5/P/CQ at 200 ◦C was evaluated as
5.470 ± 0.002 (x = 0.005 ± 0.002). Assuming that the vanadium was
partially reduced from V+5 to V+4, the composition of as-prepared

f bulk sample, Ti5/B. An image of the entire bulk sample is shown in the inset.
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Fig. 3. (a) XRD patterns of Ti5/P cooled at various rates. The pattern of monoclinic �f-
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Fig. 6. HT-XRD patterns of (i) Ti5/P/CQ heated to 450 ◦C at 10 K min−1, (ii) Ti5/P/C05
◦ −1 ◦ −1
ig. 4. Temperature dependence of oxygen content of Ti5/P/C05 and Ti5/P/CQ. TGA
as performed in air at a heating rate of 5 K min−1. The oxygen content of as-
repared Ti5/P/C05 was regarded to be the fully oxidized value of 5.475. We assumed
hat at 800 ◦C the oxygen content of Ti5/P/CQ coincided with that of Ti5/P/C05.

i5/P/CQ can be described as Bi2(V+5
0.94V+4

0.01Ti+4
0.05)O5.470. The differ-

nce in oxygen content between Ti5/P/C05 and Ti5/P/CQ gradually
ecreased above 300 ◦C.
.3. Variation in DSC profiles induced by the sample preparation

Fig. 5 shows the DSC profiles of the powder and bulk samples
ooled in air at various rates. All profiles were collected at the same
heated to 300 C at 10 K min , (iii) Ti5/P/C05 heated to 350 C at 10 K min , and
(iv) Ti5/P/CQ heated to 450 ◦C at 2 K min−1. Plane indices are marked assuming a
mean orthorhombic subcell. Asterisks (*) and hashes (#) indicate typical superlattice
diffractions of �f and �f , respectively.

heating rate of 10 K min−1. First, we focus our attention on the pro-
files of the powder samples, i.e., the darker profiles. In the DSC
profiles of Ti5/P/CQ, two endothermic peaks appeared at around
400 and 530 ◦C. When Ti5/P/CQ was heated to 450 ◦C at 10 K min−1

in another experiment, �f was obtained, as indicated by the HT-XRD
pattern (i) in Fig. 6. Thus, the endothermic peak at around 400 ◦C
corresponds to the �f/�f transition, and that at around 530 ◦C cor-
responds to the �f/�f transition. We call the endothermic peak for
the �f/�f transition P�/� and that for the �f/�f transition P�/�. In
addition, the onset temperatures of the �f/�f and �f/�f transitions
are termed T�/� and T�/�, respectively.
The DSC profiles of Ti5/P varied markedly with the cooling rate.
P�/� shifted from 400 to 320 ◦C with a decrease in the cooling
rate, although P�/� remained unchanged. In the DSC profiles of
Ti5/P/C10, C1, and C05, P�/� split into two peaks, i.e., a smaller
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eak at a lower temperature, P�/�,1, and a larger peak at a higher
emperature, P�/�,2. P�/�,1 decreased with the cooling rate. The
nset temperatures of P�/�,1 and P�/�,2 are denoted T�/�,1 and

�/�,2, respectively. HT-XRD patterns of Ti5/P/C05 heated to 300
nd 350 ◦C at 10 K min−1 are shown as patterns (ii) and (iii) in Fig. 6.
t 300 ◦C between T�/�,1 and T�/�,2, the main phase was �f, and a
mall amount of �f also existed. Meanwhile, the single phase of
f was obtained at 350 ◦C above T�/�,2. This indicates that the two
ifferent types of �f existed in as-prepared Ti5/P/C05 and exhib-

ted transitions at T�/�,1 and T�/�,2. For non-doped Bi2VO5.5, such a
ide variation of the DSC profiles was not seen when same mea-

urements were performed for powder samples cooled at various
ates (data are not shown).

The DSC profiles of the bulk samples are shown as gray profiles
n Fig. 5. Phase transition behavior of Ti5/B was markedly affected
y the cooling rate. In the DSC profile of Ti5/B/CQ, P�/� appeared at
round 500 ◦C and the temperature region of �f was narrow. P�/�
or Ti5/B/C1 and C05 was split into P�/�,1 and P�/�,2 because slow
ooling caused a formation of slight amount of the polymorphs of
f. For Ti5/B, P�/� shifted to a lower temperature with a decrease

n the cooling rate. This trend agrees with that observed for Ti5/P.
owever, T�/� for Ti5/B increased with a decrease in the cooling

ate. Comparing the DSC profile of Ti5/B to that of Ti5/P at a given
ooling rate indicated that P�/� for Ti5/B appeared at a higher tem-
erature than that for Ti5/P. T�/� for Ti5/B was lower than that for
i5/P at a given cooling rate. The difference between the transition
ehaviors of Ti5/B and Ti5/P became small in slowly cooled samples.

.4. Variation in DSC profiles induced by the DSC heating rate

Fig. 7(a) shows the DSC profiles of Ti5/P/CQ collected at heating
ates of 2, 5, 10, and 40 K min−1. At the slower heating rates of 5 and
K min−1, P�/� apparently split into two broad peaks, i.e., a large
ndothermic peak appeared at around 500 ◦C in addition to the
ndothermic peak at around 400 ◦C. Endothermic reaction occurred
uccessively between two endothermic peaks at the heating rates
elow 5 K min−1. For the split P�/�, we term the endothermic peaks
t lower and higher temperatures P�/�,L and P�/�,H, respectively.
he onset temperatures of P�/�,L and P�/�,H are defined as T�/�,L
nd T�/�,H, respectively. The HT-XRD pattern of Ti5/P/CQ heated to
50 ◦C at 10 and 2 K min−1 is shown in Fig. 6 as patterns (i) and (iv),
espectively. Only �f was obtained at a heating rate of 10 K min−1.

hen Ti5/P/CQ was heated at 2 K min−1, however, a mixture of �f
nd �f was obtained at 450 ◦C which is an intermediate temperature
etween T�/�,L and T�/�,H.

Fig. 7(b) shows the DSC profiles of Ti5/P/C05 at the various
eating rates. P�/�,1 and P�/�,2 appeared in the DSC profiles at the
igher heating rates of 5, 10, and 40 K min−1, because as-prepared
i5/P/C05 contained a small amount of polymorphic �f. T�/�,1 and

�/�,2 did not change with heating rate for 5, 10, and 40 K min−1.
he DSC profile at the slower heating rate of 2 K min−1 was very
ifferent. The trace of P�/�,1 existed at around 290 ◦C. The larger
ndothermic peak P�/�,2, however, apparently split into two broad
eaks P�/�,L and P�/�,H, which appeared from 318 to 403 ◦C.

. Discussion

.1. Variation in phase transition temperatures induced by the
ample preparation
The difference in the sample preparation drastically changed the
hase transition behavior of Ti5. The variation of transition temper-
tures can be qualitatively explained in terms of the oxygen content
n the samples. Fig. 8 summarizes the transition temperatures eval-
ated by the DSC profiles at a heating rate of 10 K min−1 in Fig. 5. As
�/� �/�,1 �/�,2 �/�

cooled at faster rates should have less oxygen content before analysis. When cooled
at the same rate, the bulk sample should have less oxygen content than the powder
sample.

verified by TGA in Fig. 4, the quenched samples has the less oxygen

content. This is because Ti5 exhibited partial reduction at 800 ◦C and
the oxygen supply during the cooling process is not enough. That is,
samples cooled at faster rates should have less oxygen content than
the thermally equilibrated value. Even if cooled at the same rate,
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Fig. 9. Oxygen polyhedron network structures in the (V,ME)-O layers of (a) �f , (b)
�f , and (c) �f . The network structures were schematically described based on the
crystalline data of �-, �-, and �-Bi2VO5.5 reported by Mairesse et al. [5,6]. Vanadium
and dopants locate inside of oxygen polyhedron. Gray boxes represent the subcells
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formed to � at fast rates of 10 and 40 K min−1. Meanwhile, at
o characterize each phase, i.e., a ≈ 3am, b ≈ bm, c ≈ cm for �f , a ≈ 2am, b ≈ bm, c ≈ cm

or �f , and a ≈ am, b ≈ bm, c ≈ cm for �f . In Ti5, doped Ti should exist in vanadium
ites, and aliovalent doping should cause the oxygen vacancies for oxygen sites to
reserve the electroneutrality.

he bulk sample should have less oxygen content than the powder
ample due to the lower specific surface area of bulk sample, which
equires longer-range diffusion of oxygen. According to Fig. 8, we
oted the two experimental facts, i.e., (i) Ti5 with less oxygen con-
ent exhibits the �f/�f transition at a higher temperature, and (ii)
i5 with less oxygen content exhibits the �f/�f transition at a lower
emperature, although the latter trend is seen only in the bulk sam-
le. The TGA profile of Ti5/P/CQ in Fig. 4 indicates that the oxidation
radually proceeds above 300 ◦C in the partially reduced sample.
he oxygen supply in bulk sample on the DSC heating is expected to
e much slower. As a results, in the bulk sample, the oxygen content

s maintained to be lower than the thermodynamically equilibrated
alue even at a higher-temperature of �f/�f transition, which leads
o the variation in T�/�.

From the crystalline structure of Bi2VO5.5 reported by Mairesse
t al. [5,6], the network structure of oxygen polyhedra in the
V/ME)-O layer differs among �f, �f, and �f, as shown in Fig. 9.
urthermore, vanadium takes multiple crystallographic positions
n �f and �f, but its crystallographic position is unique in �f. It is,

herefore, possible that Ti and oxygen vacancies induced by alio-
alent doping take preferential sites in thermally equilibrated �f
nd �f. All the Ti5 samples were cooled from �f to �f at finite rates.
hus, a small difference probably exists in the atomic arrangement
f the (V/ME)-O layer. We consider that this structural difference
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also affects the variation in phase transition behavior, although it
was quite difficult to identify it by our XRD analysis.

4.2. Effect of DSC heating rate on phase transition behavior

Slow DSC heating rates caused a peak split and continuous
endothermic reaction of P�/� for Ti5/P/CQ and C05, as shown in
Fig. 7. The difference in oxygen content cannot account for this
behavior because Ti5/P/C05 did not exhibit the uptake and loss of
oxygen below 540 ◦C. We can explain the splitting and continuous
endothermic reaction of P�/� by a precipitation of �f due to the pro-
gression of rearrangement of Ti and oxygen vacancies induced by
aliovalent doping during slow heating.

HT-XRD patterns (i) and (iv) in Fig. 6 verify that, after Ti5/P/CQ
was heated to 450 ◦C, only �f was obtained at a heating rate of
10 K min−1, but a mixture of �f and �f was obtained at a heating
rate of 2 K min−1. In the DSC profile of Ti5/P/CQ shown in Fig. 7(a),
450 ◦C was above the temperature range of P�/� at a heating rate
of 10 K min−1, but was between the temperature range of P�/�,L

and P�/�,H at a heating rate of 2 K min−1. This means that, at a
sufficiently slow heating rates, �f can start precipitating from �f
at T�/�,L and a mixture of �f and �f is observed in the temper-
ature region of P�/�,L and P�/�,H. The diffusion of Ti and oxygen
vacancies induced by doping sufficiently occurs when �f of Ti5
is heated at sufficiently slow rates. We believe that such atomic
rearrangement during slow heating enhances the structural and/or
compositional inhomogeneity in �f and causes the splitting and
continuous endothermic reaction of P�/�. This discussion further
indicates that Ti and oxygen vacancies induced by doping probably
have the preferential crystallographic sites in the (V/ME)-O layer
shown in Fig. 9. Our findings indicate that the small differences of
not only oxygen content but also the positions of dopant and oxy-
gen vacancies are important to understand the wide variation in the
polymorphic of Ti5. This might apply to other BIMEVOX compounds
and help us understands their polymorphism. Further research on
the local structures of dopant and oxygen vacancies in (V/ME)-O
layer would clarify our idea.

5. Conclusion

We have determined the phase transition behavior of high
oxide-ion conductor Bi2(V0.95Ti0.05)O5.475−x (x: oxygen loss due to
a partial reduction). The phase transition behavior from �f to �f and
from �f to �f varies markedly with sample preparation as well as
heating rate. Our findings are summarized as follows:

(1) The variation in transition temperatures at the same heating
rate of 10 K min−1 is qualitatively explained in terms of oxy-
gen content per chemical formula, which depends on thermal
history and physical form of sample. We obtained empirical
knowledge: Bi2(V0.95Ti0.05)O5.475−x with less oxygen content
exhibits transition from �f to �f at a higher temperature and
the transition from �f to �f at a lower temperature. In particular,
the transition temperature from �f to �f shows large variation;
powder sample cooled at 0.5 K min−1 from 800 ◦C, whose oxy-
gen content was 5.475, transformed to �f at 311 ◦C. Meanwhile,
powder sample quenched from 800 ◦C, whose oxygen content
was 5.470 ± 0.002, transformed to �f at 380 ◦C.

(2) Two types of phase transition behavior from �f to �f are
observed depending on the heating rate. �f directly trans-
f
a slower heating rate of 2 K min−1, �f precipitated from �f due
to the sufficient diffusion of Ti and oxygen vacancies induced
by the aliovalent doping, and the co-existence of �f and �f was
confirmed by HT-XRD analysis.
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