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Abstract

We describe the preparation of lead oxide nanopowders by a combustion synthesis process in which nitric acid and glycine are used as oxidant
and fuel reagents respectively. We observe that the fuel-to-oxidant ratio affects the phase formation, valence, yield, particle shape and size of lead
oxide powders. 60 nm-diameter lead oxide particles, with a yield of 86%, were obtained for a 1.7 glycine-to-nitrate molar ratio. This process
produces powders with greater uniformity and smaller particle size than commercially available and we illustrate the improvement that these
nanopowders offer in the synthesis of (1�x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (called PMN–PT) transparent ceramics by solid-state reaction.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Despite current efforts to limit the use of heavy metals in
technological applications, lead oxide powders are still impor-
tant precursors in the synthesis of a variety of materials
including flint glass, phosphors [1], materials for gas sensing [2],
data [3] and energy storage [4]. In particular, lead-based transparent
ferroelectrics are significant optoelectronics materials [5–7] which
exhibit extremely high electro-optic coefficients and strong photo-
refractive effects [8,9]. One of the most representative material of
this class, (1�x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 or PMN–PT, also
presents large non-linear susceptibility coefficients and is therefore
attractive in nonlinear optical applications. Current efforts aim at
developing reliable PMN–PT fabrication methods to improve on
the optical clarity and optical damage threshold [10]. Compared to
single-crystals which are difficult to grow for these compositions
[11], ceramics can be easily hot-pressed or sintered in a variety of
sizes and shapes with a high degree of optical uniformity on
10.1016/j.ceramint.2014.09.001
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a macroscopic scale. Soft mechanochemical pulverization [12],
sol–gel method [13], chemical co-precipitation method [14], B-site
precursor method [15] have been reported for synthesis of PMN–
PT ceramics. Conventionally, PMN–PT powder has been synthe-
sized by the solid-state mixed oxides method [16–18]. One of the
main challenges associated to the fabrication of high-quality PMN–
PT is the avoidance of a parasitic pyrochlore phase (A2B2O7, A
and B metals), which not only decreases the dielectric and
piezoelectric properties of the materials [19], but also degrades
the optical transmission by introducing scattering centers [20]. The
formation of pyrochlore (also observed in bismuth-containing
ferroelectric compounds) is attributed to the stereochemical activity
of the 6s2 lone pair of Pb2þ (or Bi3þ ), which tends to accom-
modate itself into an anion site, hence favoring the pyrochlore
crystal-structure [21,22]. To suppress the formation of this
undesired phase, various methods have been proposed [23,24],
the most effective of which uses magnesiumniobate MgNb2O6

(columbite) as a starting material. Columbite has an octahedral
structure similar to that found in the perovskite structure and favors
the formation of the PMN–PT phase at a lower temperature. While
fine and highly dispersed MgNb2O6 and TiO2 raw powders are
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now commercially available, PbO powders are only available in
micron size and acicular shapes, which we have found unsuitable
for proper densification of high-quality optical ceramics.

During the past few years, several methods have been
explored to fabricate lead oxide nanoparticles using direct
chemical synthesis [25], sonochemical [26] and sol–gel
pyrolysis methods [4]. Among the available processes, the
combustion technique is capable of producing ultrafine and
uniform powders (less than 100 nm), which help reduce the
sintering temperature of ceramics [27–30]. The powder char-
acteristics are dependent on the flame temperature generated
during the combustion, which in turn is a function of the nature
of fuel and of the fuel-to-oxidant ratio. The effects of different
fuels and fuel-to-oxidant ratios on the crystallographic phases
produced and powder characteristics have been extensively
investigated by Chavan and Tyagi [31] and Bedekar et al. [32]
for many oxides. It was established that a careful control of the
fuel-to-oxidant ratio is necessary to get the desired product [33].
The choice of a given fuel is essentially determined by its ability
to chelate metallic ions in solution. In particular, the amino-acid
glycine, with its carboxylic acid function and amino group is a
powerful complexing agent for a number of metallic ions [34]
and has successfully been used in combination to nitrates to
synthesize complex chromites [35], manganites [36], zirconates,
ferrites [37,38], and oxide ceramics powders [39]. Similarly,
combustion synthesis methods based on carboxylate azides or
urea have also been successfully developed for the preparation
of oxide ceramic powders such as Fe2O3 and Al2O3 [40–42]. In
this paper, we describe the synthesis of lead oxide nanopowders
by the glycine–nitrate process (GNP), for the fabrication of
PMN–PT transparent ceramics by solid-state sintering.
Table 2
Quantitative analysis the powders with different glycine-to-nitrate ratios.

Glycine/Nitrate Ash composition Yield (lead load) (%)

1.3 41%PbOþ59%Pb3O4 73.4
1.7 73%PbOþ27%Pb3O4 85.6

Fig. 1. Powder X-ray diffraction of as prepared ash for different glycine-to-
nitrate ratios. (92� 120 mm (300� 300 DPI)).
2. Experimental

In the combustion process, lead acetate trihydrate (99.999%,
Aldrich) and nitric acid (70%, Aldrich) were used as the cation
source and oxidant respectively, glycine (Z99%, Aldrich) was
used as a fuel (reductive agent). Based on preliminary experiments,
we investigated five different glycine-to-nitrate molar ratios, 0.2,
0.5, 0.9, 1.3, 1.7. The required amount of Pb(CH3COO)2 � 3H2O
was dissolved in a quartz crucible with 50 ml of water. Different
Table 1
Effect of the glycine-to-nitrate ratio on powder yield.

Glycine:
Nitrate

Reaction temperature
(1C)

Ash
composition

Weight of ash (g) We
(g)

0.2 640715 Pb2O3þPbO1.44 0.78 0.7
0.5 740725 Pb2O3þPbO1.44 0.30 0.2
0.9 / PbOþPb12O19 0.15 0.1
1.3 600710 PbOþPb3O4 2.35 2.1
1.7 590720 PbOþPb3O4 2.60 2.5

(Note: The theoretical yield should be 3 g in Pb3O4 phase. A very quick reaction w
could not be measured with sufficient accuracy. The spread in the temperature v
indication of the pyrometer measurement accuracy. Nanopowders of phase pure Pb3
at 420 1C in oxygen for 2 h.)
solutions corresponding to the above-mentioned glycine-to-nitrate
ratios were prepared and stirred for 20 min and then heated on
a hot-plate in a hood. Flame temperatures were measured by a
two-color optical pyrometer (Ircon, UX 70P) focused on the
glowing ash during combustion. After combustion, the powders
were calcined at 420 1C in oxygen atmosphere for 4 h and X-ray
diffraction (XRD) (Rigaku, D/Max) was used to evaluate the
crystalline phases. The morphology of the powders after ball-
milling was examined by scanning electron microscopy (SEM)
(Zeiss, Ultra-55). These powders were then subsequently used to
prepare PMN–PT ceramics with composition 0.75Pb (Mg1/3Nb2/3)
O3�0.25PbTiO3 doped with 3 at% lanthanum, using magnesium
niobate (MgNb2O6, H. C. Starck), titanium oxide (Z99.5%,
Aldrich) and lanthanum oxide (99.99%, Alfa Aesar) starting
powders. These powders were ball-milled for 20 h and pressed
into pellets followed by cold-isostatic pressing (CIP) at 200 MPa.
ight of ash after calcination Ratio of weight after and before calcination
(%)

0 90
7 90
4 93
4 91
5 98

as observed in the glycine-to-nitrate ratio 0.9, and an equilibrium temperature
alues was obtained by repeating each experiments three times and is not an
O4, showing no measurable coarsening, are obtained after a second calcination



Fig. 3. TMA of a PMN–PT green body made from combustion-synthesized
lead oxide nanopowders. (84� 120 mm2 (300� 300 DPI)).
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Thermo-Mechanical Analysis (TMA) (Setaram, Dilatometry-
System evolution) was used to compare the densification rates of
green-bodies prepared with combustion-synthesized lead oxide.
Transparent ceramics of PMN–PT were prepared by sintering
green-bodies in a tube furnace at 800 1C and for 4 h followed by a
dwell at 1150 1C for 4 h in an oxygen atmosphere.

3. Results and discussion

3.1. Effect of glycine-to-nitrate ratio on the formation of lead
oxide powders

Upon heating, the auto-ignition of the lead acetate, glycine
and nitric acid solution results in the formation of a volumi-
nous ash. In order to fabricate stoichiometric PMN–PT
ceramics with these lead oxide precursor, it is essential to
know the proper stoichiometry of the lead oxide produced.
Hence, after combustion-synthesis, the powders were calcined
at 420 1C in an oxygen atmosphere for 4 h in an attempt to
shift the valence state of lead to Pb2þ . This facilitates Table 1
shows the reaction temperature during combustion as a
function of the glycine-to-nitrate ratio. The reaction tempera-
ture goes through a maximum as the glycine-to-nitrate ratio
increases (Table 1). When nitric acid and glycine are in
stoichiometric proportions, the reaction temperature is the
highest. We observe that the weight of collected ash decreases
as the reaction temperature increases. This can be simply
explained by the fact that volatilization of the reactants is more
pronounced at high temperatures. The weight loss after
Fig. 2. SEM photographs of powders obtained with different glycine-to-nitrate rat
calcination is within 10%. Fig. 1 shows the X-ray diffraction
of the produced lead oxide after calcinations and for different
glycine-to-nitrate ratios. From the XRD data, we were able to
determine the phases and composition of the different calcined
ashes (Table 1). According to Chick et al. [39], for glycine–
nitrate combustion, N2, CO2 and H2O are primarily evolved as
gaseous products. The complexity of the redox reactions
involved during the combustion in such an open system may
however limit our ability to draw a direct correlation between
the G/N ratio and the nature of the solid phases obtained. In the
subsequent analysis, we only consider powders obtained with
1.3 and 1.7 G/N ratios because the powder yields are much
larger than those achieved with other ratios. Table 2 sum-
marizes the results of quantitative X-ray diffraction analysis
ios (a) 0.2; (b) 0.5; (c) 0.9; (d) 1.3; (e) 1.7. (76� 120 mm2 (300� 300 DPI)).



Fig. 5. SEM photographs of PMN–PT ceramics made from (a) combustion-synthe

Fig. 4. XRD on a PMN–PT ceramic made from combustion-synthesized lead
oxide nanopowders. (92� 120 mm2 (300� 300 DPI)).

Fig. 6. Photographs of PMN–PT ceramics made from (a and b) combustion-synt
(92� 120 mm2 (300� 300 DPI)).
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carried on these two powders. For a glycine-to-nitrate ratio of
1.7, a maximum yield of 85.6% in lead is obtained. Fig. 2
shows the SEM photographs of lead oxide powders produced
by combustion synthesis with 0.2, 0.5, 0.9, 1.3 and 1.7
glycine-to-nitrate molar ratios and after ball-milling. After
combustion, the as-produced particles are agglomerated. The
morphology of the particles vary from platelet-like at low G/N
values (o0.9) whereas for higher G/N ratios, the primary
particles are spherical with an average size of 60 nm.

3.2. Solid-state synthesis of PMN–PT transparent ceramics

Based on the previous results, we selected lead oxide
nanopowders synthesized with a 1.7 glycine-to-nitrate ratio
for the fabrication of PMN–PT transparent ceramics of
composition 0.75Pb (Mg1/3Nb2/3)O3�0.25PbTiO3 doped with
sized lead oxide; (b) commercial lead oxide. (45� 120 mm2 (300� 300 DPI)).

hesized lead oxide nanopowders; (c and d) and from commercial lead oxide.
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3 at% La. The densification of the PMN–PT green-bodies was
measured by the thermomechanical analysis (TMA). Fig. 3.
shows that the densification and densification rate of a PMN–
PT green body made with combustion-synthesized lead oxide
powders. We found that the densification is three times higher
than that of a PMN–PT green body made with commercial
lead oxide powders. After reactive sintering, XRD on the
ceramic shows a pure perovskite phase devoid of pyrochlore
(Fig. 4). Fig. 5 compares the microstructures of sintered
ceramics made with combustion synthesized lead oxide and
commercial lead oxide. The samples were polished with an
alumina suspension and thermally-etched at 800 1C for 30 min.
In the case of the ceramic made with combustion-synthesized
lead oxide, the grain-size is smaller (3 mm) than that of a
ceramic made with commercial lead oxide (9 mm). The former
is also fully dense while the latter still has some intergranular
and intragranular porosity, which turns out to be detrimental to
the transparency of the ceramic as can be seen on Fig. 6.
4. Conclusion

A glycine–nitrate combustion synthesis can be used to
fabricate lead oxide with small particle size. It is found that
the glycine-to-nitrate ratio affects the phase formation, valence,
yield and shape of the lead oxide powders. When the amount
of nitric acid (oxidant agent) and glycine (reductive agent) are
in stoichiometric proportions, the reaction temperature is at its
highest. However because of volatile loss, the ash yield
decreases as the reaction temperature increases. Lead oxide
powders synthesized by this method have smaller particle size
than commercial powders, and help improving the densifica-
tion of green-bodies and the transparency of PMN–PT
ceramics.
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