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Mechanochemical activation followed by annealing at moderate temperatures results in the stabilisation, at
room temperature, of different fluorite-type phases, belonging to the Bi,O3;-Nb,Os, Bi,O3;-Ta,0s and
Bi,03-Nb,05-Ta,05 systems. The results obtained from different starting compositions and mechanical
activation devices (vibrating and planetary ball mills) were compared with those obtained by classical
solid-state synthesis methods. Vibrating ball mill activation yields amorphous precursors, which permits one to
obtain fluorites with increasing pentavalent cation content when the annealing temperature is further increased.
Planetary ball milling leads to the apparent mechanosynthesis of a fluorite phase at room temperature. The
products were studied by X-ray powder diffraction at room temperature and above, thermal analysis techniques
and transmission electron microscopy. Moreover, impedance spectroscopy measurements carried out on
BizMO; (M = Nb, Ta) fluorites, obtained by a mechanochemically assisted method, showed that these

materials are good ionic conductors, with conductivities at 600 °C of 5 x 107*S cm™

Uor higher, the

processing history of the materials having a great influence on their properties.

Introduction

One of the best known solid-state oxygen-ion conductors is
the high-temperature fluorite-type & polymorph of Bi,O;.!*
Unfortunately, 6-Bi,O3; cannot be quenched to room tempera-
ture, but closely related phases can be isolated when doping
with small quantities of numerous cations, preserving in most
cases its good ionic conduction properties.”™

The systems Bi,O3—Nb,Os and Bi,O3-Ta,Os have been
extensively investigated over the entire range of composition.>”’
The Bi,Os-rich ends of these systems have been shown to
contain several single phases and solid solutions, all of them
exhibiting fluorite-type superlattices.®> Probably, the simplest
compositions of these fluorites are of the type BisMO; (M =
Nb, Ta), where the niobium compound has shown very good
conduction properties.!®!!

In general, the synthesis of these materials is carried out via
a conventional ceramic route that involves relatively high
temperatures and long times of reaction, implying a possible
problem of loss of stoichiometry, as well as the preparation
of powdered samples with uncontrolled particle size. In order
to avoid all these problems, mechanochemical activation
synthesis of materials has become favoured in recent years.
Various oxides have been prepared using mechanochemically-
assisted methods for different applications, such as ferroelectric
oxides,'>'* jonic conductors,'>'° cathode materials'” or super-
conducting oxides.'® A preliminary study on the preparation
of fluorites derived from 6-Bi,O3, (BirO3)975(Y203)025 and
(Bi503)0.80(Nb>Os)p20, by mechanical alloying has been
reported.'*°

This paper reports on the improvement of the synthesis
conditions of fluorite phases belonging to the systems Bi,Os—
M,05 (M = Nb, Ta), and on the existence of a new solid solu-
tion Bi3Nb; _ ,Ta, O in the range of compositions, 0 < x < 1.
When mechanochemical activation methods are applied, the
effect of varying the milling media, as well as the length of
mechanical treatment and the temperature of annealing are
discussed. The electrical behaviour of BisNbO; and Bi;TaO,
single phases is studied by impedance spectroscopy.
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Experimental

Two different procedures have been applied to synthesize
Bi-Nb,Ta-O compounds: the classical solid-state reaction and
mechanochemical activation methods. In the latter case,
both vibrating and planetary mills were used. Stoichiometric
mixtures of analytical grade Bi,O; and Nb,Os and/or Ta,Os,
about 3 g in weight were initially homogenised by hand in an
agate mortar. For the traditional ceramic route, the samples
were subjected to increasing temperatures from 500 to 700 °C
for 12 h each, with intermediate regrinding steps. For the
mechanochemical activation, the Fritsch models Pulverisette
0 and 6 vibrating and planetary mills, respectively, were used.
In both cases, the initial oxide mixture was placed in a stainless-
steel pot with balls of the same material. In the vibrating mill a
single ball of 5 cm diameter was used, whereas in the planetary
mill, five balls of 1 cm diameter each were utilised, the grinding
bowl being rotated at 260 rpm. In all cases the mechano-
chemical treatments were carried out in air, for times ranging
from 1 to 360 h for the vibrating mill and from 1 to 87 h for the
planetary mill. After treatment the powders were characterised
by X-ray powder diffraction (XRD) at room and increasing
temperatures, differential thermal analysis (DTA) and trans-
mission electron microscopy (TEM).

Powder X-ray diffraction patterns were run at room tem-
perature with a Siemens Kristalloflex 810 computer controlled
diffractometer, and a D501 goniometer provided with a 20
compensating slit and a graphite monochromator. Patterns
were collected between 5 and 100° (20) with increments of
0.05° (20), counting time of 4 seconds per step; the goniometer
was controlled by a DACO-MPV2 computer. To collect X-ray
diffraction patterns at high temperature, an Anton Paar
HTK10 attachment mounted on a Philips PW 1310 diffracto-
meter was used between 5 and 70° (20) with increments of 0.02°
(20) and counting times of 2 seconds per step. Each sample was
deposited on a platinum sheet placed on a tantalum strip,
which acts as the heating element. The temperature was mea-
sured using a Pt—Pt 13%Rh thermocouple welded onto the centre
of the platinum sheet. The temperature was increased at a rate
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of 10 °C min~! and stabilised for the measurements. Cu-K,
(4 = 1.5418 A) radiation was used in all experiments.

DTA curves were recorded up to 1000 °C on a Seiko 320
instrument at a heating rate of 10 °C min~'. About 10 mg of
sample was used for each run. Al,O; was used as the reference
material.

Dispersed particles of the milled powders were studied with
a JEOL-2000FX TEM, working at 200 kV and equipped with
energy dispersive spectroscopy (EDS) capability.

Electrical conductivity measurements were carried out by the
complex impedance method in an 1174 Solartron frequency
response analyser coupled to a 1286 Solartron electrochemical
interface. Pellets of approximately 3 mm diameter and 1 mm
thickness were prepared by cold pressing (1000 kg cm™2) of a
mechanically activated powder mixture. To form the phases,
the pellets were heated at temperatures up to 800 °C, and slowly
cooled to room temperature. This synthesis method was
employed to improve the ceramic quality, as has been shown
for other materials.'*?! Platinum electrodes were deposited on
the two faces by sputtering, and measurements were carried out
in the temperature range 200-700 °C, at steady temperatures,
with the pellets under air flow. The frequency range was
0.1-10° Hz.

Results and discussion
System Bi,O3-Nb,Os5

Solid-state reactions between BiOs; and Nb,Os; have been
carried out for comparative purposes, varying the Bi : Nb ratio
between 4 : 1and 1 : 1. As was previously reported,'®!! the
thermal treatment up to 700 °C leads to a single fluorite phase
only for Bi : Nb = 3 : 1, corresponding to the Bi;NbO; oxide.
This fluorite crystallizes in the cubic system with unit-cell
parameter 5.4788(9) A, however it seems to represent the lower
limit of the solid solution type II of the Bi;O3—Nb,Os system,
the higher limit being Bi>yNb,0y4;.22 According to our results,
when Bi : Nb <3 a fluorite phase is obtained, together with
other bismuth-niobium oxides like BisNbzO;5 and BiNbOy,
whereas for Bi : Nb> 3 the BisNbO; fluorite can be obtained
mixed with 6-Bi,O;. However, the unit-cell parameter calcu-
lated for each fluorite increases monotonically with increasing
bismuth content, showing the existence of a solid solution near
the BizNbO; composition.

Two different starting compositions have been chosen to
study the influence of the mechanochemical activation syn-
thesis method on the synthesis of BizNbO; fluorite: Bi,O;5 :
Nb,Os =3 : land 2 : 1.

Table 1 summarizes the milling process and annealing con-
ditions for the samples studied as well as the products iden-
tified. The X-ray diffraction patterns (XRD) of 3Bi,O3 : Nb,Os
sample milled in a vibrating ball mill for increasing times are
compared in Fig. 1. For both compositions, the starting oxides
progressively lose their crystalline characteristics with increas-
ing grinding times. Initially, the XRD patterns display the
whole set of peaks associated with the mixture of oxides. After
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Fig. 1 XRD patterns taken at room temperature of a 3Bi,O; : Nb,Os
oxide mixture, after different milling times in a vibrating ball mill.

a few hours these signals become significantly broadened
and less intense, and when grinding proceeds for 120 h an
amorphisation process sets in. Finally, after 144 and 360 h of
milling only an amorphous phase is observed.

In order to study the crystallization process of the fluorite
phases the thermal behaviour of the amorphous phases (144
and 360 h milling for 3Bi,O5 : Nb,Os and 360 h milling 2Bi,O3 :
Nb,Os) were studied by both differential thermal analysis
(DTA) and X-ray powder diffraction methods. As can be
observed in Fig. 2, DTA curves of 3Bi,O; : Nb,Os activated
samples show the existence of an irreversible exothermic
process centred at about 300 °C, as well as another not well
defined process at higher temperatures, particularly for the
sample activated for 144 h. On the contrary, the DTA record-
ing for the amorphous 2Bi,O3 : Nb,Os sample exhibits two
exothermic processes centred at 480 and 630 °C, respectively.
Interpretation of DTA data was made on the basis of XRD
taken at increasing temperatures (Fig. 3). In both 3Bi,O; :
Nb,Os samples XRD confirms the presence of the amorphous
material until the exothermic peak is observed at 300 °C,
corresponding to the formation of a fluorite-type phase. This
fluorite progressively evolves (diffraction line displacements)
when temperature increases. Moreover, for the precursor acti-
vated for 144 h, some crystallization of the starting oxides can
also be detected at 450 °C. The two exothermic processes
observed for the 2Bi,O3 : Nb,Os precursor are attributed to
the crystallization of the fluorite phase and BisNb;O,5 oxide,

Table 1 Milling times in the vibrating ball mill and annealing conditions for Bi,O3 : Nb,Os = 3 : 1 and 2 : 1 and 3Bi,O3 : Ta,0O5 samples, and
resultant products (M = mixture of starting oxides; T = Ta,Os; A = amorphous; F = fluorite phase; B = BisNb3O;s; t = trace)

Milling times/h

2Bi203 : Nb205

3Bi203 : szOs

3Bi203 : T3.205

Annealing
temperature/°C 0 24 72 120 144 360 0 24 72 120 144 360 0 24 144 360
- M M A+M A+M, A A M M+A A+M A A A M M+A A+T A+T
330 M - - - - A M - - - F+M F M - - F
450 M - - - - F M - - - F+M F M - - F
550 M - - - - F+B M - - - F+M F M - - F
700 F+B - - - - F+B F - - - F F F - - F
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Fig. 2 Differential thermal analysis of amorphous powders after different lengths of milling time in a vibrating ball mill: a) 3Bi,03 :
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respectively, in agreement with the results obtained through the

traditional ceramic route.

To isolate each phase which is stable at room temperature,
the precursors were heated in a furnace at temperatures similar
to those used in the high-temperature XRD technique, and
then quenched in air. The crystallographic transformations

: Nb,Os, 144 h;

were analogous to those previously mentioned (Table 1). The
unit-cell parameters calculated for the different fluorite phases
are reported in Table 2. It is worth noting that the @ parameter
of the fluorites obtained at low temperature from the amor-
phous mechanoactivated precursors are greater than those of
fluorites obtained at 700 °C, which is always the same for
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Fig. 3 X-Ray powder diffraction patterns at increasing temperatures of 3Bi,O5 :

20 (%)

Nb,Os amorphous powders from vibrating ball mill after different

milling times: a) 144 h; and b) 360 h (Pt = platinum, F = fluorite phase, SRT = starting room temperature, FRT = final room temperature).
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Table 2 Unit-cell parameters of fluorite-type phases obtained from different precursors at different annealing temperatures

Composition Precursor Annealing temperature/°C alA
3Bi,O03 : Nb,Os Crystalline 700 5.4799(5)
Amorphous, 360 h, vibrating 330 5.521(1)
450 5.513(1)
550 5.4829(5)
700 5.4793(5)
Fluorite, 5 h, planetary 280 5.517(1)
450 5.504(1)
2Bi,0; : Nb,Os Amorphous, 360 h, vibrating 480 5.445(1)
700 5.465(2)
3Bi,O3 : 0.75Nb,0Os : 0.25Ta,0s5 Crystalline 700 5.4799(5)
3Bi,03 : 0.5Nb,Os : 0.5Ta,0s Crystalline 700 5.4780(5)
Amorphous, 360 h, vibrating 360 5.487(1)
700 5.4769(9)
3Bi,0; : 0.25Nb,0O5 : 0.75Ta,0s Crystalline 700 5.477(1)
3Bi,03 : Ta,Os Crystalline 700 5.4757(3)
Amorphous 360 h vibrating 330 5.526(1)
550 5.493(3)
700 5.476(3)

3Bi,0; : Nb,Os starting compositions, in agreement with the
value reported for BisNbO-,, synthesised by the solid-state
reaction method. This fact must be due to the progressive
incorporation of niobium atoms from the amorphous phase to
the fluorite structure when the temperature increases, leading
to the solid solution BisNb; _ 507 _ 555 (type II fluorite®*??),
in such a way that the small Nb>* cation substitutes for the
larger B (rne " = 0.74 A, g™ = 1.17 A in the host
§3-Bi,O; fluorite-type structure (¢ = 5.648 A%*). When the
starting composition is rich in niobium (2Bi,O3 : Nb,Os), the
fluorite unit-cell parameters are lower at the same temperature,
due to the higher niobium concentration, up to the limit tem-
perature of 700 °C, where no single fluorite phase is attained.

In order to elucidate if some mechanosynthesis occurs during
the mechanical treatment, a preliminary study by TEM of the
3Bi,0; : Nb,Os powder activated for 360 h has been carried
out (Fig. 4). Electron diffraction measurements confirm that
the majority of particles are amorphous, although some cry-
stalline particles can also be observed. The amorphous particles

. 0 nm

Fig. 4 TEM micrograph of several particles from the 3Bi,O3; : Nb,Os
mixture mechanoactivated for 360 h. The larger particles are identified
as amorphous by electron diffraction. The smaller particle marked with
an arrow is crystalline (inset the corresponding electron diffraction
pattern).

show sizes between 200 and 300 nm, while the crystalline ones
are around 50 nm. The small size of these crystallites causes a
line broadening effect in the X-ray diffraction pattern, which
together with the fact that only small quantities are observed,
makes them practically undetectable. EDS analysis of a large
amount of these particles shows that most crystalline particles
are rich in niobium and those which are amorphous are rich in
bismuth. Only a few amorphous particles exhibit the Bi : Nb
ratio 3 : 1. So, if we consider that amorphous particles are
highly reactive,”’ the absence of amorphous particles from one
of the starting oxides (Nb,Os) may prevent mechanosynthesis
from taking place.

The results obtained by mechanochemical activation of
3Bi,0; : Nby,Os in a planetary mill are shown in Fig. 5. The
behaviour observed is different from that of the vibrating
mill treatment. Here the diffraction lines of the starting oxides
broadened in a very short time, about 30 minutes, then a
pattern reminiscent of a fluorite structure developed, and it
remained as the only crystalline phase detected after 5 hours of
mechanical treatment. It could be said that the observations are
compatible with a process of mechanosynthesis, even if this
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Fig. 5 X-Ray pattern evolution of a 3Bi,O3 : Nb,Os; mixture with

milling time in a planetary ball mill.
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Fig. 6 Arrhenius plots of conductivity for a) BisNbO; and b) Bi;TaO,, materials obtained by mechanochemically-assisted synthesis method.

mechanosynthesis is not complete. Further milling led to an
almost amorphous phase.

The thermal behaviour of both mechanosynthesized fluorite
(5 h milling) and amorphous phase (87 h milling) was studied.
DTA curves show the existence of an exothermic process
centred at temperatures that increase when the period of
the mechanical treatment is increased. According to the XRD
data, this process corresponds to the crystallization of different
fluorites, that can only be isolated as a single phase (Table 2) by
low temperature treatments of the apparently mechanosynthe-
sized fluorite. On the contrary, treatments at temperatures
higher than 450 °C, or even at low temperature for the case of
the amorphous product milled for 87 h, led to a mixture of a
fluorite phase and BiNbO,.

These results permit one to conclude that the mechanical
treatment in a planetary mill is too drastic, giving rise to the
mechanosynthesis of a fluorite phase, but also to other secon-
dary mixed oxides that can crystallize at moderate tempera-
tures. Therefore, mechanochemical activation in a vibrating
mill seems preferable for the isolation of single fluorite phases
in the system Bi,O3;-Nb,Os.

Finally, the oxide ion conduction of the so stabilized
Bi;NbO; material was studied. For this purpose, pellets of
this material were prepared from a precursor vibrating milled
for 144 h, according to the conditions described in the Experi-
mental section. The conductivity (log ¢) as a function of inverse
temperature (1000/T) is depicted in Fig. 6a. The experimental
data are well fitted to the Arrhenius expression ¢ = goexp(—E,/
kT) where o, is a pre-exponential factor, E, the activation
energy and k the Boltzmann constant. The electrical conduc-
tivities on heating and cooling are quite similar, with activation
energies of 1.01 eV on heating and 0.91 eV on cooling, the
highest conductivity measured being 5 x 107* S cm ™! at
600 °C. The different o values found in the heating and cooling
runs could be related to a new sintering process occurring
during the measurement cycle. It is difficult to compare this
result with the maximum conductivity reported (¢ = 4.2 X
107*S cm™ ! at 500 °C'%) for Bi;NbO; obtained by solid-state
reaction, because the processing conditions of the materials
were different, with higher pressure and heating temperature
in the latter case. In general, a main factor to improve the
conductivity response of a material is to increase the sinter-
ing temperature of the pellets, as has been proved in the
v-Bi,Vg oCuy Os.s phase,”® for example, which represents one
of the best oxide ion conductors known. In our case, quite good
properties are obtained following a simplified synthesis and
processing method.

System BiO3-Ta,05

A similar study to that above mentioned for the Bi;O3-Nb,Os
system was made for the system Bi,O3-Ta,0s as well. In this
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case, only the starting composition 3Bi,O3 : Ta,Os was con-
sidered, taking into account the better results obtained for this
composition in the niobium system.

The existence of the BizTaO; fluorite is also well known,
representing the lower limit of the so-called type II solid
solution BisTaO,-BigTaO 4.5 The results obtained in the pre-
sent work, when the synthesis was carried out by the traditional
ceramic route with Bi,O3; and Ta,Os, agree with those reported
by other authors,”” who obtained the single fluorite phase
Bi;TaO; after heating at 700 °C or higher.

The mechanochemical activation of 3Bi,0O5 : Ta,Os was also
carried out using both vibrating and planetary ball mills. The
evolution of the XRD patterns with milling time is shown in
Fig. 7a (vibrating mill) and Fig. 7b (planetary mill). As occurs
for the 3Bi,O5 : Nb,Os system, a progressive broadening of the
diffraction lines is observed with increasing milling time in the
vibrating mill, but the main difference observed in the present
case is that no amorphous phase was obtained after long
mechanical treatment (360 h), but instead some crystalline
Ta,O5 was always obtained (Table 1). In the planetary mill the
tantalum oxide remains also a crystalline phase up to 5 h of
mechanical treatment, together with a fluorite-type structure
that was mechanosynthesized. Mechanical treatments as long
as 40 h were needed to obtain the fluorite phase without the
presence of crystalline Ta,Os. In summary, the main difference
for the mechanochemical activation of 3Bi,Os; : Nb,Os and
3Bi,053 : Ta,Os mixture of oxides can be found in the beha-
viour of the M,Os oxides, for which longer and very energetic
mechanical treatments are essential to damage the structure of
the tantalum oxide and activate it.

b) 40h

inf:“"/\

T
5h

T

I(au)
I (@.u)

T 1 T~ T T~ T 17 T T T T ' 1
10 20 30 40 50 60

20 (9) 20 (9

Fig. 7 X-Ray diffraction patterns of a 3Bi,O; : Ta,Os mixture of
oxides mechanochemically activated in a) a vibrating ball mill; b) a
planetary ball mill (T = Ta,Os).



The thermal behaviour of the mechanoactivated precursors
of the 3Bi,O3 : Ta,0s composition was very similar to that
of 3Bi,O3; : Nb,Os. DTA curves (data not shown) exhibit
exothermic irreversible transitions occurring at different tem-
peratures, related to the crystallization of different fluorite
phases. The unit-cell parameter values of the fluorites obtained
by annealing of the amorphous activated precursor (360 h mill-
ing in vibrating ball mill) are reported in Table 2. The diminu-
tion of the a parameter with increasing annealing temperature
is in agreement with the results found for the 3Bi,O3; : Nb,Os
precursor. As in that case, this evolution can be explained as
being due to the progressive incorporation of tantalum cations
to the 6-Bi,O; fluorite framework. Again, the annealing of the
precursor activated for 40 h in the planetary mill does not lead
to the synthesis of single fluorite phases, but these are obtained
mixed with several Bi-Ta oxides.

A study of the electrical conductivity was performed on the
Bi;TaO; material, processed from the precursor vibrating mill
activated for 360 h. Experimental conductivity values were
fitted to an Arrhenius plot (Fig. 6b). From the plot in the heat-
ing run it is possible to draw two slopes: one between 200 and
400 °C and the other in the interval 400 to 700 °C. This change
of slope does not correspond to a structural transition, but
could be attributed to a compositional change, the high tem-
perature phase being the richest in tantalum. On the cooling
run, a unique straight line is observed, coincident with the high
temperature line obtained on heating, so it can be concluded
that no further transition takes place. The energy activation
calculated from the cooling data is very close to 1 eV, and the
maximum conductivity reached is ~ 7 x 107* S ecm™! at
700 °C, with a similar behaviour to the Bi;zNbO; fluorite.

System Bi203—Nb205—T3205

In order to verify the existence of a continuous solid solution
between Bi;TaO,; and Biz;NbO; fluorites, three compositions
3Bi,O5 : (1 — x)Nb,Os : xTa,0s5, x = 0.25, 0.5 and 0.75, have
been treated at increasing temperatures between 500 and 700 °C.
In all cases, BisNb, _ Ta, O, fluorite-type single phases were
obtained by the solid-state reaction method. The unit-cell
parameters of these new fluorite oxides are reported in Table 2.
As can be observed, the a value diminishes monotonically with
tantalum content. This fact cannot be attributed to the ionic
radii of Nb>* and Ta’" cations because they have the same
value (0.74 A?), but to the higher polarizing power of the Ta>*
cation, that leads to a higher covalent contribution to the Ta-O
bond, and then to the observed slight evolution of the fluorite
framework.?

The mechanochemically-assisted synthesis method, using a
vibrating ball mill, has been carried out for the intermediate
stoichiometry 3Bi,O3 : 0.5Nb,Os : 0.5Ta,Os, as a represen-
tative composition of the solid solution. After 360 hours
of mechanical treatment, an almost amorphous sample is
obtained, but a small quantity of crystalline Ta,O5 oxide was
still detectable by XRD. This result is in perfect agreement with
those obtained for the limit compositions 3Bi,O; : Nb,Os and
3B120'g . Ta205.

The DTA curve of this precursor shows a unique exothermic
effect on heating, centred at 360 °C, that should be due to
the crystallisation of a fluorite phase. Thermal annealing
at increasing temperatures has been carried out in a furnace
obtaining, as in the previous cases, fluorite phases with unit-cell
parameters that decrease with increasing temperatures. Again,
this fact is correlated to the progressive incorporation of
pentavalent cations into the fluorite framework; probably
Nb>" can be easily incorporated because it is more activated,
while Ta®>" partially remains as crystalline Ta,Os.

Conclusions

A new solid solution BisNb; _ ,Ta,O; has been obtained by
solid-state reaction methods. The structural characteristics
of these materials are intermediate between the niobium,
Bi;NbO,, and tantalum, Biz; TaO5, phases, exhibiting a diminu-
tion of unit-cell parameters with increasing tantalum content.
This fact is attributed to the higher polarizing power of the
Ta>" cation.

The mechanochemically-assisted synthesis has been revealed
to be a useful method to isolate different fluorite phases in the
systems studied. The planetary ball mill seems to supply more
energy to the reactants, and produces the apparent mechan-
osynthesis of fluorite-type oxides in short mechanical treatment
times. However, the vibrating ball mill leads to the amorphisa-
tion of the starting products, and no mechanosynthesis can be
detected.

Further thermal annealing of the mechanoactivated precur-
sors permits one to isolate different crystalline fluorite phases,
with larger unit-cell parameters for lower temperature treat-
ments. This fact could be attributed to the progressive incor-
poration of niobium and/or tantalum into the 3-Bi,O; host
fluorite framework.

Both BizMO; (M = Nb, Ta) are good ionic conductors, with
maximum conductivities of 5 x 107* S ecm™! or higher at
600 °C. The electrical behaviour of these materials is closely
related to the processing methods followed to obtain them.
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