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Abstract

Yttrium-based multimetallic oxides containing bismuth and/or niobium were prepared by a method starting from pre-isolated stable

water-soluble precursors which are complexes with the ethylenediaminetetraacetate ligand (edta). The cubic Bi1�xYxO1.5 (x ¼ 0.22, 0.25

and 0.3) and Y3NbO7 oxides were obtained in a pure form in a range of moderate temperatures (600–650 1C). This preparation method

also allowed to stabilize at room temperature, without quenching, the tetragonal YNbO4 oxide in a distorted form (T0-phase) by

calcining the precursor at 800 1C. When heated up to 1000 1C, this metastable T0-phase transforms into the metastable ‘‘high-

temperature’’ T oxide, which converts on cooling down to room temperature into the thermodynamically stable monoclinic M oxide.

Doping the YNbO4 oxide with Bi3+ cations (0.5% and 1% Bi with respect to total Bi+Y amount) led at 800 1C to a mixture of the

T0-phase and the thermodynamically stable monoclinic one. At 900 1C, the almost pure monoclinic structure was obtained.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Yttrium-containing multimetallic oxides generate con-
siderable interest in many challenging fields. They have
been under constant investigation over the last few years
because of their attractive properties in two main domains
of applications, namely ionic conductivity and lumines-
cence. Such Y-based materials are, for example, really
promising as solid electrolytes for solid oxide fuel cells
(SOFCs) or electrochemical sensors, and as phosphors,
display monitors, X-ray imaging or amplifiers for fiber-
optic communications, respectively. It is now well estab-
lished that the formulations and crystalline structures of
the yttrium-based oxides aimed for each of the two
applications are radically different.

In the case of ionic conductivity, the yttrium-based
oxides investigated up to now are derived from the defect
fluorite-like d-Bi2O3 phase, which displays excellent prop-
e front matter r 2007 Elsevier Inc. All rights reserved.
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erties in this context (its conductivity at 800 1C reaches
2.3 S cm�1) [1]. Unfortunately, this well-known cubic oxide
is stable between 730 and 825 1C only [2]. However, it is
known that it can be stabilized at room temperature by
partially substituting Bi3+ ions by other cations such as
lanthanides(III) or yttrium(III), while preserving the
fluorite-type structure and keeping appreciable values
of ionic conductivity [3–5]. Particularly, when doping
Bi2O3 by Y2O3, a solid solution of general formula
(Bi2O3)1�x(Y2O3)x, also noted Bi1�xYxO1.5, is formed and
it can adopt a rhombohedral or a cubic lattice [6–9]. When
the cubic lattice is reached, the material shows the higher
values of conductivity in the range of x between 0.2
and 0.3 (when x ¼ 0.25, the conductivity at 600 1C is
4.38.102 S cm�1) [1]. Moreover, next to these Bi2O3-derived
phases, yttrium-based oxides containing niobium(V) have
also recently been studied in the same context. A fluorite-
structured solid solution, which corresponds to the general
formula Y1�xNbxO1.5+x, but which is often written as
Y3NbO7 (when x ¼ 0.25), has been reported in the
Y2O3–Nb2O5 system [10–15] and displays a significantly
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high ionic conductivity due to its oxygen vacancies
[11,12,14,15]. In another context, yttrium-based multi-
metallic oxides are famous for their luminescent properties,
and previous studies dealt essentially with vanadate [16,17],
niobate [18–20] and tantalate [20–23] materials. These
oxides, which correspond to the YVO4, YNbO4 and
YTaO4 stoichiometries, respectively, are actually known
to luminesce under UV and/or X-ray excitation, but they
are often doped with tervalent cations such rare-earth ions
(Ce3+, Pr3+, Eu3+, etc.) [24,25] and often Bi3+ [19,26,27]
to improve the luminescence efficiency.

The purpose of this work is to develop new synthetic
routes to these particular oxides, namely the Bi1�xYxO1.5

solid solution, the Y3NbO7 phase and undoped and Bi-
doped YNbO4 oxides. The usual way to prepare these
materials so far is based on solid-state reactions between
the binary oxides involved, i.e., Y2O3, Bi2O3 and/or Nb2O5.
This so-called ‘‘ceramic method’’ requires heat treatments
at very high temperatures reaching sometimes 1500 1C, as
well as repeated grinding procedures in order to obtain the
desired mixed oxide. Moreover, this way commonly results
in unpure oxides, like, for example, in the case of the
Y3NbO7 phase, which is impossible to get in a pure form
via the ceramic route even at 1400 1C [15]. Because of the
limitations of the solid-state synthesis, alternatives
based on metal precursors have been exploited for the
Y-based oxides mentioned above, but in a very less
extended way than the ceramic route. The main advantage
of precursors methods in general is their ability to
provide homogeneous and crystalline materials under
conditions significantly milder than those employed in
conventional solid-state synthesis, and displaying rela-
tively high specific surface areas. Okubo and Kakihana
reported the synthesis via a modified polymerizable
complex method of the Y3NbO7 oxide, which can then
be obtained in a pure form at reduced temperatures
(500–700 1C) [28]. A pure monoclinic YNbO4 phase with a
fergusonite-type structure (described as the M-phase) can
also be obtained at 600 1C with a relatively high specific
surface area by a citrate method, starting from complexes
of yttrium and niobium prepared in situ from the
corresponding chlorides and citric acid in alcohol medium
[29]. And finally, alkoxide-based methods have also been
developed in order to decrease the treatment temperature
of the precursor between 600 and 700 1C. These prepara-
tion routes have been allowed to reach a metastable
tetragonal phase of YNbO4 [30,31]. The temperature-
dependent polymorphism of the YNbO4 oxide will be
detailed in the discussion.

We present here the development of a novel preparation
method for the formation of the Bi1�xYxO1.5 solid
solution, and the Y3NbO7 and YNbO4 phases at moderate
temperatures. This molecular precursor route is an aqueous
way and starts from stable and water-soluble pre-isolated
metal precursors that are coordination compounds of
yttrium, bismuth and niobium with the ethylenediaminete-
traacetate ligand (edta).
2. Experimental section

2.1. Syntheses of precursors

The synthesis of the yttrium(III) precursor, Y(Hedta) �
2.5H2O was obtained from the following procedure:
H4edta (2 g, 0.0068mol) was dissolved in 200mL boiling
distilled water. Y2(CO3)3 (1.31 g, 0.0034mol) was slowly
added to the clear solution of the ligand and the resulting
mixture was refluxed until complete dissolution of the
carbonate. The concentration of the solution under
reduced pressure up to a final volume of 10mL yielded a
fine white solid which was filtered off and air-dried. Anal.

Found: C 28.13, H 3.74, N 6.29. Calc. for C10H18YN2O10.5:
C 28.36, H 4.25, N 6.62%.
The bismuth(III) compound used (gu)[Bi(edta)(H2O)]

(gu ¼ guandinium, CN3H6
+) was also obtained according

to a reported synthesis [32]: H4edta (3 g, 0.01mol) was
dissolved in boiling water and bismuth oxocarbonate
(BiO)2CO3 (2.61 g, 0.005mol) was then added. The
obtained suspension was refluxed for 6 h until complete
dissolution. (gu)2CO3 (0.92 g, 0.005mol) was added and the
progressive elimination of solvent under reduced pressure
provided a white crystalline solid which was filtered off and
air-dried. Anal. Found: C 22.78, H 3.48, N 11.88. Calc. for
C11H20BiN5O9: C 22.94, H 3.48, N 12.17%.
The guanidinium (gu) salts of the peroxo-edta precursors

of niobium(V) (gu)3[Nb(O2)2(edtaO2)] � 2H2O was prepared
in aqueous medium by substituting two peroxo groups
by the edta ligand in the tetraperoxometallate anion
(gu)3[Nb(O2)4], according to a procedure described in
details elsewhere [33]. The synthesis was carried out in the
presence of excess hydrogen peroxide (35wt%, Acros)
which led to the direct formation of complexes with the
bis(N-oxide) derivative of the edta ligand. Anal. Found: C
22.36, H 5.02, N 22.03. Calc. for C13H34N11NbO16: C
22.50, H 4.90, N 22.21%.

2.2. Oxides preparation

The mixed Y–M (M ¼ Bi or Nb) and Bi-doped Y–Nb
oxides were prepared by a method engaging edta com-
plexes as precursors. The detailed preparation scheme is
illustrated in Fig. 1. The corresponding precursors were
dissolved together and simultaneously in distilled water
according to the appropriate metal proportions. The
resulting clear solution was then stirred at room tempera-
ture for 1 h. The solvent was gently eliminated for 6 h by a
freeze-drying process. The resulting mixed solid precursor
was pre-calcined at 300 1C for 24 h in flowing air, yielding
an amorphous material which was then calcined for 24 h in
flowing air. The calcination temperature was varied from
600 to 1000 1C in order to optimize the thermal conditions
for the formation of the pure phases of interest.
In the case of the Bi–Y system, in order to reach the

Bi1�xYxO1.5 solid solution in a composition range corre-
sponding to the highest conductivity, several values of x
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Fig. 1. Preparation scheme of the mixed Bi–Y, Y–Nb and Bi-doped Y–Nb

oxides.

0

20

40

60

80

100

25 125 225 325 425 525 625 725 825

Temperature (°C)

W
e
ig

h
t 

(%
)

(a)

(b)

Fig. 2. Thermograms under flowing air of the freeze-dried Bi–Y

precursors used for (a) Bi1�xYxO1.5 (x ¼ 0.25) and (b) Y3NbO7 oxides.
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were used: 0.22, 0.25 and 0.3. For the Y–Nb system, Y/Nb
molar ratios of 3 and 1 were engaged, the first ratio
corresponding to the Y3NbO7 (namely the Y1�xNbxO1.5+x

solid solution when x ¼ 0.25), and the second one
corresponding to the stoichiometric YNbO4 phase. In the
case of the Bi-doped Y–Nb samples, the (Y+Bi)/Nb
engaged is equal to 1 and the molar percentage in bismuth
is either 0.5% or 1% with respect to total Bi+Y amount.

Care should be exercised when heating a peroxo-type
precursor like that engaged for niobium. Removal of
solvent upon heating in vacuum should be avoided. The
successive use of the ‘‘soft’’ freeze-drying process to
eliminate the solvent first, followed by a pre-calcination
step processed in an oven at a relatively moderate
temperature (300 1C), is preferable for security reasons.

2.3. Characterization

Elemental analyses (C, H, N) were carried out at the
University College of London. Thermogravimetry (TG)
was performed in air at the heating rate of 10 1Cmin�1

using a Mettler Toledo TGA/SDTA851e analyzer. Powder
X-ray diffraction (XRD) was carried out at room
temperature on a SIEMENS D-5000 diffractometer using
the CuKa radiation (l ¼ 1.5418 Å). The samples were
placed on quartz monocrystals and the crystalline phases
were identified by reference to the JCPDS-ICDD database.
FT-Raman spectra were recorded on a Bruker spectro-
meter (type RFS100/S) at the wavelength of 1064 nm.
3. Results and discussion

3.1. Thermal analyses of the mixed precursors

The mixed solid precursors obtained from the freeze-
drying process were analysed by TG before the further
calcination step. Examples of thermograms for Bi–Y and
Y–Nb mixed precursors obtained after freeze-drying are
illustrated in Fig. 2. The TG analyses of the solid Bi–Y
mixed precursors show a multi-step decomposition. After
the dehydration step around 100 1C, each precursor
decomposes into the oxide up to a final temperature which
reaches approximately 450 1C, whatever the Y/Bi composi-
tion engaged. The TG analyses of the Y–Nb mixed solid
precursors display a multi-step decomposition into the
oxide, with a final temperature which is the same for both
samples characterized by Y/Nb molar ratios of 1 and 3, but
which is higher than in the case of the Bi–Y system. This
final decomposition temperature reaches 625 1C and is also
the same for the Bi-doped Y–Nb precursors as for the
corresponding undoped samples.

3.2. Bi–Y oxides

The XRD patterns of the mixed Bi–Y precursor with
different metal molar ratios show that these starting
materials are all amorphous. When calcining the precursors
at 600 1C, the diffractograms display in each case the
presence of the Bi1�xYxO1.5 solid solution in its rhombo-
hedral form (JCPDS file 40-1021), while on further
increasing the calcination temperature, the rhombohedral
oxide disappears. It is progressively replaced by the
Bi1�xYxO1.5 oxide in its cubic form (JCPDS file 33-0223),
which is the most interesting one in term of application in
ionic conductivity. This cubic oxide is obtained in a pure
form at 650 1C in the case of x ¼ 0.22 and 0.25, and at
700 1C when x ¼ 0.3. Fig. 3 illustrates the evolution of the
diffractograms of the Bi–Y samples with x ¼ 0.25, from
the stage of the amorphous precursor to the cubic oxide.
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The similarity of the diffractograms obtained for the three
x values shows that these materials are isostructural, only
slight shifts in 2y values being observed for most of the
diffraction lines occurring from the cubic lattice. These 2y
shifts for the 200 line as well as the evolution of the cubic
lattice parameter a (calculated from Bragg’s Law) with the
composition are illustrated in Fig. 4. When the yttrium
content (x) increases, we observe that the lattice parameter
decreases regularly. A similar non-linear trend was
previously evidenced in the same composition region for
the cubic Bi1�xYxO1.5 solid solution [9].

The Raman analyses of the Bi1�xYxO1.5 oxides are
illustrated in Fig. 5(a) for the three x values. These spectra
show only one very broad band which occurs near
625 cm�1 and which is actually slightly shifted with the
composition. When the Y content increases, the band is
significantly displaced to higher wavenumbers, in line with
the fact that Bi is heavier than Y (Fig. 5(b)). The Raman
bands concerned by this behavior are therefore assumed to
correspond to vibrational modes of metal/oxygen bonds
influenced by the local environment. A similar but reverse
behaviour of Raman bands was previously observed for
solid solutions appearing in the Nb2O5–Ta2O5 system [34].
Another behaviour of the band near 625 cm�1 in the
spectra of the Bi1�xYxO1.5 oxides is its variation in relative
intensity. As also illustrated in Fig. 5(b), the intensity of the
band is linearly related to the x value: it significantly
decreases with an increasing Y amount.

3.3. Undoped and Bi-doped Y–Nb oxides

Powder XRD studies at room temperature of the Y–Nb
samples revealed those materials to display different
compositions, depending on the Y/Nb molar ratio and
on the calcination temperature.
In the case of the sample characterized by a Y/Nb molar

ratio of 3, the cubic Y3NbO7 phase is detected after
calcination of the corresponding freeze-dried precursor at
650 1C, as illustrated in Fig. 6(b) (JCPDS file 36-1353). The
crystallization process of this phase however begins at the
lower temperature of 600 1C (Fig. 6(a)).
In the case of the sample characterized by a Y/Nb molar

ratio of 1 and without bismuth doping, the diffractogram
at room temperature of the sample obtained after thermal
treatment at 750 1C revealed the simultaneous presence of
both binary oxides, Y2O3 and Nb2O5; after heating at
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800 1C, the XRD pattern displayed the formation of a pure
tetragonal YNbO4 phase with a distorted structure
(JCPDS file 38-0187, Fig. 7(b)), usually referred to as the
T0-form.
According to the literature, the YNbO4 oxide has two

main polymorphs: (a) a low-temperature monoclinic form
(M-type form) which is the thermodynamically stable one
at room temperature, and (b) a high-temperature tetra-
gonal form (T structure), which is unstable and transforms
into the monoclinic oxide when cooled to room tempera-
ture [12,29–31]. Up to now, only the monoclinic form of
YNbO4 has been preserved at room temperature when
prepared by a ceramic route [12,14,18,26,29,35], whereas
the T-phase has never been observed at room temperature.
A distorted form of the tetragonal phase, designated as the
T0-phase, also exists and it has been obtained by soft
chemical methods, either by starting from an amorphous
mixed precursor prepared by the simultaneous hydrolysis
of Y and Nb alkoxides followed by a quenching of the
phase heated at 750 1C [31], or by a sol–gel method
followed by calcination of the gel near 600 1C [30].
In the present work, the molecular precursor method

used also allows forming the distorted tetragonal T0-form
of YNbO4 by calcination at 800 1C and stabilizing it at
room temperature. However, the broad diffraction lines
observed for that phase (Fig. 7(b)) can be interpreted by
the presence of small amounts of the monoclinic M-phase
(see Fig. 7(a)). The significant broadening of the lines in
XRD was previously pointed out for this phase by
Yamagushi et al. and it was explained by a large
10 20 30 40 50 60 70 80

2θ (°) 

800°C, T’ 

900°C, T’+M 

YNbO4

(b)

(a)

*

*

*

*

*

*

Fig. 7. Evolution of the diffractograms at r.t. of the YNbO4 samples with

the calcination temperature. The * signs indicate the major diffraction

lines occurring from the monoclinic YNbO4 (JCPDS file 23-1486), the

other ones come from the T0 structure.
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fluctuation of the interplanar spacing in the distorted
structure [31].

When heat-treating the mixed precursor with Y/Nb ¼ 1
at temperatures higher than 800 1C, diffraction lines from
the monoclinic YNbO4 phase (JCPDS file 23-1486) begin
to appear clearly (850 and 900 1C) and the latter becomes
the major phase when calcining up to 1100 1C. This phases
evolution upon heating, illustrated in Fig. 7, is due to a T0

to T transformation, which occurs between 820 and 880 1C
according to Yamagushi et al. [31]. Upon cooling down to
room temperature, the unstable high-temperature T-form
obtained in this work near 850–900 1C converts into the
thermodynamically stable M-phase. This behaviour of the
YNbO4 oxide, which was previously observed by Mather
and Davies when using a sol–gel method but at lower
temperatures, is schematized in Scheme 1(a) [30].

When doping the YNbO4 oxide with small amounts
of Bi3+ (0.5% and 1% Bi with respect to total Bi+Y
amount), the diffractograms of the samples heated at
800 1C showed, in addition to lines from the tetragonal T0

structure, other lines characteristic of the monoclinic form
of YNbO4. Fig. 8 provides a comparison between the
undoped YNbO4 oxide with a distorted tetragonal T0

structure and the Bi-doped YNbO4 samples, corresponding
to the BixY1�xNbO4 general formula, showing a mixture of
both T0- and M-forms. The presence of bismuth thus
disturbs the stabilization of the distorted tetragonal T0

structure at room temperature, and leads to the come back
of the thermodynamically stable monoclinic form. On the
contrary, previous results by Bahng et al. showed that the
addition of small amounts of bismuth in the monoclinic
YNbO4 phase did not affect the lattice structure and
crystallinity of the oxides, but in their work, they only
Y-Nb edta

precursor 
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Scheme 1. Temperature-dependent polymorphism of undoped (a) and

bismuth-doped (b) YNbO4 obtained from the calcination of a mixed edta-

type precursor.

(c). The diffractograms in (a) corresponds to the T0-phase of YNbO4

(JCPDS file 38-0187). The * signs in (b) and (c) indicate the major

diffraction lines occurring from the monoclinic YNbO4 (JCPDS file

23-1486), the other ones come from the T0 structure.
observed the monoclinic form, even for the undoped
YNbO4 sample [26]. Moreover, with the precursor method
used in the present work, as observed for the undoped
oxide, the T0-form disappears when increasing the tem-
perature in profit of the M-form, which is practically pure
in that case at 900 1C, whatever the bismuth content. The
temperature dependence of the Bi-doped YNbO4 oxide is
illustrated in Scheme 1(b), considering the monoclinic
M-phase experimentally observed to be derived from the
unstable T0 oxide upon cooling to room temperature.
Raman spectroscopy for the Y–Nb sample with

Y/Nb ¼ 3 confirmed the XRD results and is in agreement
with an identical analysis reported previously for the
Y3NbO7 phase [35]. The Raman spectrum displays broad
bands centered at 774, 348 and 167 cm�1. The positions of
these bands are compared in Table 1 with the values
previously reported by Yashima et al. [35]. Some differ-
ences can be evidenced between the two sets of data, but
this can be explained by the width and the weak intensity of
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Table 1

Raman shifts (in cm�1) observed for the cubic Y3NbO7 and tetragonal

T0-YNbO4 pure oxides obtained at 650 and 800 1C, respectively. The

experimental values are compared with Raman and IR data from the

literature [30,34]

Raman data IR data

This work (cm�1) Ref. [34] (cm�1) Ref. [30] (cm�1)

Y3NbO7 788 778 – –

348 392 – –

– 244 – –

167 130 – –

T0-phase M-phase T0-phase M-phase

YNbO4 811 811 810 810

695 688 700 705

679 675

661 658 645 640

– – 600 600

– – 555 550

465 465 460 475

441 439 – –

423 428 – –

341 336 – –

328 324 – –

238 233 – –

215 213 – –

166 161 – –

136 131 – –

1200 1000 800 600 400 200

Raman shift (cm-1)

BixY1-xNbO4

(a) x = 0 

(b) x = 0.005 

(c) x = 0.01 

Fig. 9. Raman spectra of the BixY1�xNbO4 samples obtained after

calcination at 800 1C, with x ¼ 0 (undoped oxide) (a), 0.005 (b) and

0.01 (c).
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most Raman lines. The sample with a Y/Nb ¼ 1 gives rise
to an intense Raman response (Fig. 9(a)) and the spectrum
contains a lot of sharp bands which are also listed in
Table 1. The Raman spectrum of the pure T0-YNbO4

phase, first observed in this work by XRD, totally matches
the analysis previously reported for the monoclinic
M-YNbO4 [35], as illustrated in the comparison given in
Table 1. Both T0- and M-phases thus present the same
vibrational spectral pattern. This is in agreement with the
observation of Yamagushi et al. who evidenced similar
infrared data for these two phases (Table 1) and who
concluded that the T0- and M-phases are characterized by
the same moeities, namely tetrahedral NbO4 groups [31].
According to Petrov et al., the band near 800 cm�1 is due to
the symmetrical stretching of these groups, ns(NbO4) and
the bands in the 750–500 cm�1 range are due to their
antisymmetrical stretching vibrations, nas(NbO4). One or
two bands due to the Y–O stretching mode are located in
the 480–400 cm�1 region [36]. In the case of the bismuth
doping of the YNbO4 phase, we observed by XRD the
formation of a mixture of the tetragonal T0- and mono-
clinic M-forms (Fig. 8). This mixture cannot be detected
by Raman spectroscopy because, as we just described
above, both phases are not discernible by this technique.
The Raman spectra of the BixY1�xNbO4 samples with
x ¼ 0.005 and 0.01 are all exactly the same and identical to
that obtained for the tetragonal YNbO4 (Fig. 9). More-
over, no variation of Raman shift is observed between the
undoped and doped samples.
4. Conclusions

A molecular precursor route based on stable, stoichio-
metrically well-defined and water-soluble pre-isolated edta
complexes has been developed and applied to the prepara-
tion of a series of yttrium-containing mixed oxides which
are known for their attractive properties in domains like
ionic conductivity and luminescence.
The cubic Bi1�xYxO1.5 solid solution (with x ¼ 0.22,

0.25 and 0.3) and Y3NbO7 oxide have been obtained
in a pure form in a range of moderate temperatures
(600–650 1C), in comparison with the commonly used
ceramic method which requires temperatures reaching
sometimes 1500 1C. This preparation method has also
allowed to stabilize at room temperature, without quench-
ing, the tetragonal YNbO4 oxide in a distorted form
(T0-phase) by calcining the precursor at 800 1C. When
heating further, this metastable T0-phase transforms into
the T oxide, which converts on cooling down to room
temperature into the more stable monoclinic M oxide
(1100 1C). Doping the YNbO4 oxide with bismuth has led,
after heating at 800 1C, to a mixture of the distorted
tetragonal T0 and the thermodynamically stable monoclinic
phase. After thermal treatment at 900 1C, the practically
pure monoclinic structure has been obtained upon cooling
down to room temperature.
Even if the general behaviour of the phases existing in

the studied Bi–Y and Y–Nb systems is already known, the
preparation method taken into account to obtain them has
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a drastic influence on the structure of the resulting oxides.
We have seen in this work that the nature of the phases
observed as well as the temperatures required to reach
them is very different from other routes developed
previously, namely the solid-state ceramic method, alk-
oxide-based routes or even an aqueous polymeric resin
approach.

The main advantages of the precursors method described
in this work in general are (i) its ability to reach the pure
desired phases at relatively moderate temperatures and
(ii) its ability to stabilize at room temperature metastable
oxide structures, which are often inaccessible via a solid-
state way. We could also point out that (iii) complexes with
the edta ligand are known for a lot of transition metals
and generally easy to synthesize and stable towards
moisture, which is important as far as particular metals,
like niobium, are concerned, and, finally (iv) water
constitutes an environment friendly medium for syntheses.
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