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Synthesis of Pb(Mg,;Nb,;) O; perovskite
by an alkoxide method
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Pb(Mg.3Nb2;3)Os materials have been synthesized using sol-gel, freeze-drying or spray-
pyrolysis techniques. The as-prepared powders were of an amorphous form which could be
converted into a crystalline form by calcination. The pyrochlore phase was inevitably formed
with an accompanying perovskite phase. As the calcining temperature increased, greater
proportions of the desired perovskite phase occurred. The residual pyrochlore phase could
be completely transformed into the perovskite phase when the powders were prepared via
freeze-drying or by a spray-pyrolysis method. The maximum proportion of the pyrochlore
phase was, however, only 92% when the powders were synthesized by a sol-gel route.
Thermal gravimetric analysis/differential thermal analysis (TGA/DTA) and infrared
transmission spectroscopy (FTIR) indicated that Mg(OEt), and Nb(OEt)s formed a double
alkoxide but Pb(OAc), formed separate clusters during the hydrolysis of the solution in the
sol-gel process. Inhomogeneous mixing meant that the intermediate phase formed was
rather difficult to eliminate completely. Homogeneous mixing was preserved when the
solution was directly freeze dried or spray pyrolysed. The size of the preferentially formed
pyrochlore phase was very fine and further transformation was feasible. Pb(Mgs,3Nb;/3)03

materials, free of the pyrochlore phase, could therefore be obtained.

1. Introduction

Lead-magnesium niobate (PMN), Pb(Mg;;3Nb, ;) Os,
with a perovskite A(B’,B")O; structure, exhibits excel-
lent physical properties such as a high dielectric con-
stant [1-3], a large electrostrictivity [2, 4-7], a low
thermal expansion and diffuse-phase-transition (DPT)
characteristics [8, 9]. These occur near the Curie
temperature (T.). The non-hysteresis electrostrictive
properties [10}] make them the best candidates for
transducers where precision in the displacement of
submicrometre order is required.

Synthesis of PMN by a mixed-oxide method is,
however, difficult owing to the inevitable formation of
the unwanted pyrochlore phase. The kinetics for the
conversion of the pyrochlore phase to perovskite are
rather slow and necessitate firing for prolonged
periods at an elevated temperature. Repeated pro-
cessing steps are still, however, required despite the
fact that the intermediate-compound methods pre-
viously proposed by Lejeune and Boilot [11], Swartz
and Shrout [12], or Guha and Anderson [13] have
successfully  synthesized ' pyrochlore-free PMN
materials.

On the other hand, powder preparation from or-
ganic solutions [ 14, 157 is a technique currently being
used which offers several advantages such as ease of
preparation of the solution, close control of the purity
level and marvelous compositional homogeneity. The
merits and mechanisms of synthesizing powders from
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polymeric precursors have been thoroughly reviewed
[16]. The preparation of the PMN powders has,
however, not been as successful as initially expected.
Significant amounts of pyrochlore phase still re-
mained when the PMN powders were prepared via
the conventional sol-gel route [17-19]. Pyrochlore-
phase-free PMN powder can only be obtained when
a special process such as seeding [20] or hypercritical
aerogeling [21] is adapted.

This investigation used direct synthesis from solu-
tion (DSS) techniques such as freeze-drying and spray-
pyrolysis methods to prepare a pyrochlore-free PMN
phase. The characteristics of materials made this way
are examined extensively and compared to those of
sol-gel-derived powders and ceramics. The mecha-
nism which results in a different behaviour of the
powders prepared by the sol-gel method is also inves-
tigated.

2. Experimental procedure

PMN powders were prepared via either sol-gel,
freeze-drying or spray-pyrolysis techniques. The ex-
perimental procedure included two major steps;
namely, the preparation of a PMN solution and the
synthesis of PMN powders. The niobium pentaethox-
ide, Nb(OC,H5)s, required for all the three methods
was first prepared, following the process developed by
Bradley et al. [22], and described by the following
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reaction:

10°C

NbC15 + 5C2H50H + 5(C2H5)3N_‘)

Nb(OC,H;)s + 5(C,H;5);NHCI |

2.1. The sol-gel process

Magnesium ethoxide, Mg(OC,H;), (Aldrich Chem-
ical Company Inc., WI, USA), niobium ethoxide,
Nb(OC,Hs)s, and lead-acetate trihydrate,
Pb(CH;COO), - 3H,0 (Merck Company, Darmstadt,
FRG), were used as starting materials for the pre-
paration of a complex alkoxide sol@ition. A Mg-Nb
mixture was prepared by refluxing the Mg and Nb
alkoxides, in a 1:2 molar ratio, in 2-methoxyethanol.
A Pb solution was separately prepafed by dissolving
the lead-acetate trihydrate in 2-methoxyethanol, and
then heating it at 124°C to remove hydrated water.

The two solutions in a proper cationic ratio, were

mixed together then hydrolysed with a sufficient
amount of water (H,O:Nb (OC,Hs)s = 5:1). The
gels obtained were dried and then calcined at
700 ~1000°C to convert the PMN precursors into
powders.

2.2. The freeze-drying process

The Nb(OEt)s was first stabilized by oxalic acid, fol-
lowing the technique proposed by Koichi [23]. The
molar ratio of Nb(OEt)s to H,C,0,-2H,0 was 1:
27. Pb(CH;3COO0),-3H;0, (0.1M) and HNO,
(65%) were then alternately added to the stabilized
Nb(OEt)s solution, with the solution temperature
kept below 35°C during the dissolving process to
prohibit the evolution of NO, gas. A suitable amount
of Mg(CH;COO0), -4H,0 (Merck Company,
Darmstadt, FRG) was finally added, producing a
clear PMN solution of stoichiometric composition.
The aqueous PMN solution was carried by nitrogen
gas and nozzle sprayed into liquid nitrogen. The
frozen droplets of PMN were then heated rather slow-
ly to 30°C in a low-pressure chamber(~ 10! Pa) to
sublimate the solvents; this was followed by calcining
at 800~875°C for 4h.

2.3. Spray pyrolysis

The Nb(OEt); was alternatively stabilized follow-
ing the Pechini method [24], by a polyester solvent
which was obtained by dissolving 1g of citric
acid (C¢HgO,-H,0) in 8cm?® of ethylene glycol
(C,HgO,) at 90°C~100°C. The correct amounts
of Pb(Ch;COO0),-3H,0, and Mg(CH;COO),
4H,0,), were finally added simultaneously to the
polyester-stabilized Nb(OEt)s to yield a clear, yellow-
ish, PMN solution. This solution was then sprayed
into a quartz tube (of 100 mm outside diameter, and
1000 mm length) and maintained at 700~ 900 °C,
through use of a pneumatic nozzle. N, gas was chosen
as a carrier gas to prevent a possible violent reaction
due to carbon-oxygen or hydrogen—oxygen reactions
at high temperatures. This choice was made since
large amounts of carbon and hydrogen were contain-

ed in the acetate/polyester PMN solution. The pow-
ders were collected from the exhaust end of the quartz
tube using a flask and then calcined at 800 or 900 °C
for 4 h.

The same ceramic processes, including pulveriz-
ation, pelletization and sintering at 1000~ 1200 °C for
4 h, were used for preparation of PMN-sintered sam-
ples from all the three kinds of PMN powders. The
crystallinity and phase composition of the powders,
obtained either by sol-gel, freeze-drying or spray-py-
rolysis techniques, were determined using X-ray dif-
fraction (XRD) techniques (Siemens D500). The par-
ticle morphology was examined using scanning elec-
tron microscopy (SEM). The crystal structure and
microstructure of the sintered samples were also deter-
mined using XRD and SEM respectively. The de-
composition characteristics of the sol-gel and spray-
pyrolysed powders were examined using TGA (TGA,
ULVAC-TGD7000) and DTA (ULVAC TGD-7000).
The infrared transmission spectra of the sol-gel-
derived powder were measured using FTIR (BOMEM,
MB-100).

3. Results

The powders derived from sol-gel processes, have
been indicated, by the XRD pattern shown in Fig. 1, to
have an amorphous form. These powders transformed
into a crystalline form when calcined. Only pyrochlore
(m) was observed for powders calcined at 700 °C, which
indicates a strong tendency to form a Pb,Nb,O, (n)
phase. The perovskite phase, Pb(Mg,; ;3Nb,,3)O3, can
only be obtained by calcining the sol-gel-derived pow-
ders at a temperature of 800 °C or higher. For higher
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Figure 1 XRD patterns of sol-gel-derived powders: (a) as-dried, (b)
calcined at 700 °C, (c) calcined at 800 °C, (d) calcined at 900°C, (e)
caicined at 1000 °C, and (f) calcined at 800°C then sintered at
1200°C for 4h. (P) and (®) denote perovskite and pyrochlore,
respectively.
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calcination temperatures, higher proportions of per-
ovskite phase occur; the pyrochlore phase can, how-
ever, never be completely eliminated. The maximum
content of the perovskite phase is 92% when prepared
via a sol-gel route. The same phenomenon has also
been previously reported by several investigators
[17-19]. The calcined powders were highly agglom-
erated, of a size around a few micrometres (Fig. 2a).
The microstructure of the samples sintered at 1200 °C
is shown in Fig. 2b to be quite uniform (~ 5 pm), but
the pyrochlore phase (w) could not be completely
transformed into the perovskite phase (see Fig. 1).
The powders obtained from the freeze-dried process
were loose and uniform and were readily wettable
when exposed to a high-humidity atmosphere. They
were of an acetate mixture. The desired perovskite
phase was obtained with appreciable amounts of the
pyrochlore (r) phase coexisting, when the powder was
calcined. A lower pyrochlore content was retained,
again, when the calcination temperature was in-
creased, as shown in Fig. 3a to ¢ for those powders
calcined at 800°C, 850°C and 875°C. The calcined
powders shown in Fig. 4a were very fine and uniform
{~1 pm) but were agglomerated (~ 10 pm) when cal-
cined at 800 °C. The grain size of the sintered speci-
mens is indicated by the micrographs shown in Fig. 4b

Figure 2 The microstructure of sol-gel-derived powders: (a) cal-
cined at 800 °C, and then (b) sintered at 1200 °C for 4 h.
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to be rather uniform (~ 8 um). The sintered density is
around 90-93% of theoretical density (TD). The mi-
nor amounts of the pyrochlore phase observed had
transformed into the perovskite phase when the
800 °C calcined powders were pulverized, pressed into
pellets and sintered at 1100°C for 4 h. (Compare
Fig. 3a to d). The characteristics of the samples
pressed from powders calcined at 850 or 875 °C were
the same as those of the samples made from powders
calcined at 800 °C. They were of pure perovskite phase
and of a similar granular structure (Fig. 4c and d).
That is, pyrochlore-free perovskite PMN bulk mater-
ials could be obtained by sintering the powders
derived from the freeze-drying technique at a temper-
ature as low as 1100°C. The amount of pyrochlore
phase remaining in the calcined powders did not exert
a significant effect upon the purity of the phase of the
sintered samples.

As to the characteristics of the powders prepared by
the spray-pyrolysis technique, a broadened peak cor-
responding to the pyrochlore phase was observed for
those powders which were spray-pyrolysed at 900 °C
(Fig. 5a). The powders were mostly of amorphous
form with no perovskite signal observable at all. The
as-sprayed powders were black in colour, presumably
because of the charred hydrocarbon contained in the
PMN solution. The actual temperature experienced
by the atomized mists was inferred from this charred
hydrocarbon to probably be below the hot-zone tem-
perature because the droplets resided for an insuffi-
ciently short interval in this zone. The colour of the
powders was converted into a yellowish colour when
they were calcined at 800 °C for 4 h. These powders
are illustrated in Fig. 5b to be the desired perovskite
phase containing a small amount of the pyrochlore
phase (). The n-particles were completely eliminated
when calcined at 900 °C for 4 h (Fig. 5c). The charac-
teristics of the powders spray pyrolysed at 700 °C were
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Figure 3 XRD patterns of freeze-dried-derived powders.calcined at:
(a) 800 °C, (b) 850°C, (c) 875 °C, and (d) 875 °C followed by sintering
at 110°C for 4 h. (P) and (@) denote perovskite and pyrochlore,
respectively.
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Figure 4 The microstructure of: (a) the typical morphology of the calcined powders; and the pellets sintered at 1100 °C made from freeze-

dried powders calcined for 4 h at (b) 800 °C, (c) 850 °C, and (d) 875 °C.
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Figure 5 XRD patterns of powders spray pyrolysed at 900 °C: (a)
as-sprayed, (b) calcined at 800 °C for 4 h, (c) calcined at 900 °C for
4 h, and (d) sintered at 1100 °C for 4 h. (P) and (@) denote perovskite
and pyrochlore, respectively.

precisely the same as those prepared at 900 °C. That is,
the amorphous phase for the as-sprayed powder could
be completely converted into a crystalline PMN per-
ovskite phase when properly calcined.

The as-sprayed powders were of a hollow, spherical,
geometrical shape around 16 ~23 um in size, and the
calcined powders are shown in the micrographs of
Fig. 6a and b to be agglomerates of a size around
15 pm. The particles in the agglomerates are, however,
of submicrometre size. The spherical geometrical
shape and porous nature of the as-sprayed powders
indicated that the powders were actually derived from
the atomized droplets. The organic materials con-
tained in the as-sprayed powders would decompose
first during the calcining process. Necking between the
particles occurred during the crystallization process so
that large agglomerates consisting of submicrometre
grains resulted. The pyrochlore-free perovskite struc-
ture is indicated by the XRD pattern shown in Fig. 5d
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Figure 6 The morphology of: (a) as-sprayed powders, (b) calcined
particles, and (c} the fractured surface of the specimen sintered at
1000°C for 4 h.

to be obtainable when the 800°C calcined powders
were sintered at 1000 °C for 4 h. The granular struc-
ture was uniform, of 10 um size, as shown in the
micrograph of the fractured surface of the sintered
specimens (Fig. 6¢). The density was around 93% of
TD.

The behaviour of sol-gel-derived powders has been
observed to be rather significantly different from that
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Figure 7 TGA-DTA curves of the spray-pyrolysed and sol-gel-
derived powders. (Heating rate, 5°Cmin~ ')

of the other solution-derived powders. A series of
thermal analyses such as TGA and DTA were thus
performed to investigate the dissociation character-
istics of spray-pyrolysed and sol-gel-derived powders.
This was done to resolve this phenomena. In addition,
FTIR spectra of the alkoxides, including Mg(OEt),,
Nb(OEt)s and Pb(CH;COOQ),, were examined before
and after mixing.

Both the spray-pyrolysed and sol-gel-derived pow-
ders are indicated by the TGA and DTA curves shown
in Fig. 7 to be dissociated by two major steps. The
exothermic peaks which occurred at 275°C and
375°C are indicated by the corresponding data curve
to be quite broad for spray-pyrolysed powders. These
peaks correspond to the oxidation of the residual
hydrocarbons. They are probably broad because of
the randomness in the length of the hydrocarbon
chain charred in the pyrolysing tube, since oxidization
was initiated at different temperatures. On the other
hand, the reactions occurred at 305°C and 365°C,
besides the dissociation of entrapped solvent such as
alcohol, 2-methoxyethanol, at 90°C, for the sol-gel-
derived powders. Most of the organic ligand is in-
dicated by the sharp peak in the DTA curve to disso-
ciate at the same temperature. The former peak
(305°C) was assigned to the dissociation of the OR
ligand attached to Mg>* and Nb** ions [21]. The
small peak occurring at 365 °C possibly comes from
another species, in a small amount, and can thus be
assigned to the dissociation of the OAc ligand at-
tached to the Pb®* ions. That is, two categories of
clusters, one corresponding to the RO-Mg-
O-Nb-OR clusters and the other corresponding to
the Pb—OAc clusters, are possibly formed in the gels
derived from alkoxide precursors.

The FTIR spectra of the dried Mg(OEt),,
Nb(OEt)s, Pb(OAc), gels and their mixtures were
measured, and the results are shown in Fig. 8. The
1024 and 1071 cm ™! peaks observed in the Nb(OEt),
spectrum (Fig. 8b) were assigned, respectivély, to vi-
brational absorption of asymmetric, (v,,), and sym-
metric, v, C-O-Nb bonds [25]. The 1024 cm ™! peak
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Figure 8 The FTIR spectra of the sol-gel starting materials: (a)
Mg(OEt),, (b) Nb(OEt)s, (c) Mg(OEt), + Nb(OEt)s, (d) Pb(OAc),,
and (e) Mg(OEt), + Nb(OEt)s + Pb(OAc), refluxed in 2-
methoxyethanol.

of the corresponding spectrum for the gels derived
from the mixture of Mg(OEt), and Nb(OEt)s did not
shift at all, but the 1071 cm ™' peak shifted signifi-
cantly to 1056 cm ™! (Fig. 8c). The double alkoxide
could thus be assumed to have formed with the pos-
sible structure [26] shown in Fig. 9a; this occurred
during the reflux of the Mg(OR),~Nb(OR)s mixture.

The 1084cm™' and 1117cm™' peaks of the
Mg(OR), gel were insufficiently weak to be resolved in
the mixture. However, some modification apparently
occurred to the v, and v, peaks of the Mg(OR),
spectrum. The other peaks, besides the (C-O)
M peaks, are possibly due to the vibration of hydro-
carbon—oxygen bonds. The 932 cm ™!, 1017 cm ™ ! and
1049 cm ™! peaks, which are possibly due to C-O-Pb
vibrations, were observed in the Pb(OAc), spectrum
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Figure 9 Schematic representation of: (a) the Mg, Nb double alkox-
ide [26], (b) the Pb cluster around the Mg, Nb cluster, and (c) the
reaction of mixed oxides.

(Fig. 8d) to have hardly shifted at all when Pb(OAc),
is dissolved in the Mg(OR),~Nb(OR)s mixture, as
shown in Fig. 8e. This implies that Pb(OAc), did not
form a multiple alkoxide with the Mg and Nb alkox-
ides. A Pb—O-Pb cluster structure, like lead alkoxide
which underwent self-condensation to become a tet-
ranuclear cluster [27], might occur. That is, the
Pb-O-Pb clusters depicted in Fig. 9b are assumed to
form, surrounding the Mg—-O-Nb clusters.

4. Discussion
Both the freeze-drying and the spray-pyrolysis tech-
niques are capable of synthesizing PMN materials free
of the pyrochlore phase, at a rather low temperature.
These materials can still be easily converted into the
perovskite phase during sintering, even though the
pyrochlore phase (m) is present after calcination. On
the contrary, an appreciable amount of pyrochlore
phase still remains after sintering when the materials
are synthesized via the sol-gel route. This difficulty in
synthesizing a pure perovskite phase, due to the
formation of a pyrochlore phase (n-phase), is similar to
the phenomenon observed in the mixed-oxide method.
The particle size of the starting materials, i.e. PbO,
MgO and Nb,O5 powders, in the mixed-oxide process
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is usually a few micrometres. Pyrochlore (n) phases
inevitably result at the interface of PbO and Nb,O;
particles during the calcination process with the
formation of a PMN perovskite phase at the junctions
of PbO-MgO-Nb,Oj; particles, as depicted in Fig. 9c.
Transformation of the n-phase particles into the
perovskite phase requires the Mg?* ions to diffuse all
the way through the other oxide particles to this
region. The pyrochlore phase formed is thus extremely
difficult to eliminate, even after repeated firing for
a prolonged period at an elevated temperature.

On the other hand, the solution mixing of cations is
highly homogeneous and the pyrochlore particles for-
med are only of the scale of a few unit cells. The
transformation of pyrochlore particles into a perov-
skite phase will only involve the diffusion of cations
along a distance of only a few lattice parameters, and
it is, therefore, quite feasible. In the sol-gel process,
although the solution mixing of cations is highly ho-
mogeneous, the pyrochlore phases having formed
preferentially can still not be converted into the perov-
skite phase even when sintered at high temperature.
The pyrochlore particles formed in this process are
inferred from this phenomena to be of a significant
size.

This is in conformity with the observation from the
TGA/DTA and FTIR analysis, in which the co-exist-
ence of Pb(OAc), and Mg-O-Nb-OR clusters is
clearly inferred. The Pb—O-Pb clusters surrounding
the Mg—O-Nb clusters might possibly be of an ap-
preciable size. The pyrochlore particles formed at the
interface of large Pb-O clusters and Mg—-O-Nb clus-
ters might be sufficiently separated so as not to be
converted into a perovskite phase in a finite sintering
interval. A deleterious effect due to inhomogeneous
mixing is observed, that is, the hydrolysis reaction in
the sol-gel process which results in the separation of
Pb?*—cations from the Mg?*~O-Nb®>" mixture is
responsible for the formation of a pyrochlore phase
which cannot be eliminated. On the other hand, the
homogeneous mixing in the solution is preserved
without separation during the freeze-drying or spray-
pyrolysing process. The pyrochlore-phase particles
are expected to be very fine and easy to transform into
a perovskite phase.

As to the comparison between the two DSS
methods, the advantage of the freeze-drying technique
is that the agglomerates obtained are slightly smalier
and are well separated. This is due to the fact that the
cattons are frozen inside the ice particles and are not
brought into contact with each other while the ice
molecules are sublimated. The slowness of this subli-
mation process and the expense of the apparatus are
the disadvantages of this technique. The spray-pyroly-
sis technique, on the other hand, is a fast process. It
takes only seconds to spray the solution into the hot
zone to pyrolyse the atomized mist. Atomized droplets
usually result in larger agglomerates, which is the
advantage of this technique. This is not desirable in
the preparation of high-sinterability powders. The
agglomeration itself is, however, loose, and it can
possibly be disintegrated by milling before calcination.
Direct spray pyrolysis from solution can, therefore, be
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concluded to be a more promising technique for prep-
aration of pyrochlore-free and high-sinterability per-
ovskite PMN materials.

5. Conclusions

1. The powders were of amorphous form when the
PMN solution was either prepared by the sol-gel,
freeze-drying or spray-pyrolysis methods. These pow-
ders could be transformed into the desired perovskite
phase by a calcination process.

2. A pyrochlore phase inevitably resulted during
calcination of the as-dried powders. This phase could
be completely eliminated for powders derived from
freeze-drying or spray-pyrolysis routes. The conver-
sion from the pyrochlore to the perovskite phase
could not, however, be completed for sol-gel-derived
powders.

3. The formation of Pb(OAc), clusters accom-
panied by Mg—O-Nb double-alkoxide clusters, identi-
fied using TGA/DTA and FTIR techniques, is as-
sumed to be the mechanism which results in pyro-
chlore particles which cannot be eliminated in the
powders prepared via the sol-gel process.
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