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Abstract
BNBT (0.94[(Bi0.5Na0.5)TiO3]-0.06BaTiO3) nanopowders were prepared starting from an aqueous solution of 
inorganic salts (barium acetate, bismuth nitrate, sodium nitrate and titanium isopropoxide) either by the cit-
rate-nitrate sol-gel combustion (SGC) or by spray drying (SD). Their chemical and microstructural properties 
were compared with the ones of the same system obtained by mechanical mixing of oxides (SSCO). The SD and 
SGC powders require temperatures 150 and 300°C lower than SSCO powder to form the perovskite phase. The 
chemical and physical properties of the obtained powders strongly depend on the considered chemical route. 
Therefore the subsequent sintering step and consequently the microstructure of the obtained ceramics differ 
signifi cantly. The microstructures as well the piezoelectric properties of the sintered SGC, SD, SSCO samples 
are investigated and a critical comparison is presented.
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I. Introduction
Among piezoelectric ceramics, materials based on 

lead zirconate titanate solid solution Pb(Ti,Zr)O3 (PZT) 
exhibit the best piezoelectric properties and are the most 
widely used [1–3]. However, the research has been re-
cently focused on lead free compositions [4,5], as a con-
sequence of environmental issues connected with the 
lead toxicity.

The solid solution between bismuth sodium titanate, 
(Bi0.5Na0.5)TiO3, and barium titanate, BaTiO3, is consid-
ered as one of the most promising lead-free piezoelectric 
materials [6]. However, the stoichiometry of this system 
must be carefully controlled in order to obtain a com-
position lying in the rhombohedral (Fα)-tetragonal (Fβ) 
morphotrophic phase boundary (MPB) and consequent-
ly to fully exploit its piezoelectrical potentials [7].

Recently, the so called “chemical methods” have at-
tracted cosiderable attention of many researchers. The 
use of precursors solution, in fact, leads to very homo-
geneous nano-structured powders with higher reactiv-
ity than those produced by the conventional solid state 
reaction. This characteristic allows a sensible reduc-
tion in the temperature of perovskite phase formation 

and milder sintering conditions limiting in this way the 
loss of volatile Bi2O3 and Na2O.

Several chemical methods, like aqueous citrate gel 
[8–11], conventional sol-gel [12,13], hydrotermal syn-
thesis [14–16], stearic acid gel [17] and mechanochemi-
cal synthesis [18] were applied for obtaining NBT and 
NBT-based ceramic powders.

Among these methods, aqueous-based spray drying 
[19] and sol-gel combustion [20] are relatively simple 
and low-cost techniques to produce very fi ne powders 
with a close control of the stoichiometry and well deter-
mined physical and morphological properties.

The spray-drying process is divided in four princi-
pal phases: i) atomization of the solution and mixing 
with the air fl owing in a hot chamber, ii) evaporation 
of a liquid phase from the obtained droplets iii) drying 
of the formed particles and iv) separation of the dried 
particles from the air fl ow. All these steps contribute 
to the fi nal morphology of the particles and must be 
controlled.

The citrate sol-gel combustion combines the ad-
vantages of the sol-gel chemistry with the combus tion 
process, and leads to produce homogeneous and high-
ly reactive crystalline powders without the intermediate 
decomposition and/or calcining steps required by other 
chemical synthesis routes. 
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In this study 0.94[(Bi0.5Na0.5)TiO3]-0.06BaTiO3 pow-
ders were synthesized by the citrate-nitrate sol-gel com-
bustion (SGC), spray drying (SD) and solid state synthesis 
from carbonate and oxides (SSCO). The microstructure as 
well as the piezoelectric properties of the sintered SGC, 
SD, SSCO samples were investigated and a critical com-
parison is presented.

II. Experimental
In Fig. 1 the fl ow charts relative to the differ-

ent experimental procedures used are presented. 
Ti[OCH(CH3)2]4 (97%, Aldrich), Ba(CH3COO)2 (99%, 
Merck), Bi(NO3)3·5H2O (98%, Aldrich) and NaNO3 
(99.5%, Carlo Erba) were used as raw materials in SD 
and SGC precursor solution. 

In SD route, the metal salts were dissolved under 
stirring in nitric acid (Carlo Erba reagents, 65 wt.%) in 
presence of hydrogen peroxide (Riedel de Haen, 30%). 
The as-prepared solution was sprayed and dried in a 
Labplant SD-05 spray drier at 220°C. The powder was 
then calcined at 650°C, grounded and sieved.

In SGC, citric acid monohydrate (>99%, Merck) 
was used as both chelating agent and fuel for the com-
bustion process. Nitric acid solution was used to dis-
solve all the starting metal salts, with molar ratios of ci-
trate/nitrate (C/N) equal to 1. Citric acid monohydrate 
was then dissolved into the acid solutions to obtain a 
molar ratio of citric acid to metal cations equal 2.5 : 1. 
The resulting solution was heated under stirring at 80°C 
to evaporate the exceeding solvent and to form a trans-
parent orange-yellow gel. The addition of urea (a mo-
lar ratio of urea to metal cations was 1.4 : 1) prevents 
the precipitation of metal-citrate compounds as a con-
sequence of pH variations induced by the evaporation 
of NH3. The prepared gel was heated at 500°C to obtain 
the pervoskite phase.

For SSCO route the stoichiometric amount of BaCO3 
(99.4%, Merck), and TiO2 (99.4%, Degussa), Na2CO3 
(99.5%, Merck), Bi2O3 (99.9%, Aldrich) were ball milled 
in water for 48 h. Water was removed by freeze-drying 
and the powder sieved at 400 μm. The SSCO powder 
was then calcined at 800°C, grounded and sieved.

The SD, SGC and SSCO BNBT powders were uniax-
ially (650 Kg/cm2) and isostatically (3000 Kg/cm2) 
pressed in thin disks (30 mm diameter and 1 mm thick-
ness) and sintered at 1100–1150°C for 2 h.

The chemical composition of the precursor solutions 
and combusted powders was determined by inductive-
ly coupled plasma-atomic emission spectro metry (ICP-
AES) (Liberty 200, Varian, Clayton South, Australia). 
The thermogravimetry (TGA) and differential thermal 
analyses (DTA) were carried out at a heating rate of 
10°C/min using a simultaneous thermal analyser (STA 
409, Netzsch, Selb/Bavaria, Germany). Phase purity 
was tested by X-ray diffractometer (XRD) with a Mini-
fl ex Rigaku (Japan) system operating with Ni fi ltered 
CuKα radiation. The powder morphology was investi-
gated by scanning electron microscopy (SEM) (Leica 
Cambridge Stereoscan 360) coupled with an energy-dis-
persive X-ray spectrometer (EDS). Infrared spectra of 
the precursor powders and of heated powders at differ-
ent temperatures were recorded in the range 400 to 4000 
cm−1, using a Fourier transform infrared spectrometer 
(FTIR) (Perkin-Elmer 1700). Electrical measurements 
were carried out on the sintered samples electroded with 
silver paste and poled at 3 kV/mm and 120°C for 40 
min. An HP4194 impedance analyser was used to de-
termine the piezoelectric constants. The electrical char-
acterization at low fi eld (0.5 V) was performed on the 
disk shaped samples (electroded perpendicularly to the 
direction of the applied pressure) following the stand-
ard IEEE 176-1987 and CENELEC 50324. The elasto-

Figure 1. Scheme of the synthesis of the BNBT powders: SD and SGC routes
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piezo-dielectric constants were calculated from the val-
ues of resonance and antiresonance frequencies of the 
planar mode (maximum conductance - fs, and maximum 
resistance - fp), minimum impedance and capacitance. 
The d33 constant was directly measured by a d33-meter 
S5865, Sinocera on the same samples.

III. Results and discussion
The composition of the SGC and SD powders was 

controlled after every critical step of the process and re-
sulted constant throughout the synthesis path keeping 
the expected stoichiometric ratios.

The DTA and TGA curves of the SD precursor pow-
der and SGC precursor gel are compared in Fig. 2. The 
SD mixture of nitrates evolves with endothermic reactions 
that under 200°C are attributed to water and titanium iso-
propoxides decomposition, whilst at higher temperatures 
(420–500°C) they are attributed to nitrates decomposition 
[19]. The endothermic peak at 650°C is related to the for-
mation of the solid solution of interest. On the other hand, 
the SGC precursor gel is subjected only to exothermic re-
actions (except for small endothermic peaks related to the 
evaporation of the adsorbed water). The exothermic peak 
centred at the lowest temperature (250°C) is attributed to 
the auto-ignition redox reaction between fuel and oxidiz-
er responsible for the greater part of the weight loss, while 
the peaks at 440 and 500°C can be related to the decom-
position of residual organics and to the perovskite phase 
formation. The total weight loss was then 30% for the SD 
powder and 70% for the SGC precursor gel.

The FT-IR spectra of SGC and SD powders treat-
ed at different temperatures are shown in Fig. 3. Before 
calcination/combustion, both samples present the typi-
cal vibrations of NO3

- ions at 825 cm−1 and at 1384 cm−1 
and NO2 asymmetric and symmetric stretching (around 
1600 and 1380 cm–1). In addition, the SGC sample 
shows, the bands at ~ 1400 cm−1 (hidden by an intense 
band of nitrate ions centred at 1384 cm−1) and at 1635 
cm−1, that can be assigned to symmetric and asymmet-
ric stretching vibration of [COO]− and the very small 
band at 1717 cm−1 assigned to the C=O stretching mode 
of an ester bond. These two bands can be related to the 
formation of the metal citrate complex during synthe-
sis. Moreover the band at 3144 cm−1, related to the OH 
stretching vibration, is due to the unreacted citric acid.

The intensity of these bands decreases progressively 
with temperature: the ones related to the residual carbo-
nitro compounds disappear in the SD sample calcined at 
650°C and in the SG sample combusted at 500°C, while 
the bands related to the adsorbed water molecules (3440 
and 1630 cm−1) and Ti-O bond (640 cm-1 [21]) are present 
in the spectrum of both SG and SD calcined powders. 

The XRD patterns of the powders treated at differ-
ent temperatures are shown in Fig. 4. The powder proc-
essed via spray-drying shows the formation of pure per-
ovskite phase at 650°C. The system passes through the 

formation of the more stable pyroclore phase: in fact the 
most intense peak (2θ = 30) that is observed at 350°C, 
in addition to the amorphous phase, converts to per-
ovskite phase between 550 and 600°C. The XRD dif-
fractograms of the SGC powder show that combustion 
at 300 and 400°C leads to amorphous powders. An in-
itiation temperature higher than 400°C is needed to di-
rectly induce the crystallization of the pure perovskite 
phase (except for a very small amount of metastable py-
rochlore phase). On the other side, the SSCO pow der is 
fully reacted only after calcination at 800°C.

Figure 3. FT-IR spectra of SGC and SD powders treated
at different temperatures

Figure 2. Thermal analysis TG-DTA of the SD precursor 
powder and SGC precursor gel dried at 220 and 100°C

respectively
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The morphologies of the as-sprayed and as-combust-
ed powders are shown in Fig. 5. The as-combusted pow-
ders are nanostructured, but show high aggregates that 
preserve the lamellar structure deriving from the gel 
polymeric network. On the other hand, spherical and hol-
low aggregates of highly reactive nanometric particles 
are produced by SD method. The Table 1 summarizes 
the values of specifi c surface area and mean particle size 
of the BNBT powders obtained from three techniques. 
The values of specifi c surface area correspond to nomi-
nal primary particle size of around 200 nm for the SD and 
SSCO powders and 70 nm for the SGC powders [22]. 
The aggregation degree of primary particles is particular-
ly evident for the SD particles as mean diameter size re-
veals (6.6 μm). The unavoidable aggregation of primary 
particles occurs during the thermal treatment of precursor 
powders necessary to produce a pure perovskite phase. 
The high specifi c surface area obtained from SGC is a 
consequence of the big amount of gas (CO2, NOx) devel-
oped during the combustion process. 

The microstructures of the sintered SGC, SD and 
SSCO samples are shown in Fig. 6. The SD sample pres-
ents two areas named A and B that differ from the ma-
trix characterized, respectively, by elongated grains (A) 
and smaller grain size (B). The EDS analysis reveals 
that, in comparison to the matrix phase, the composition 
of A zone is Ba rich, whilst the composition of B zone 
is Bi rich. The SGC sample shows a homogeneous mi-
crostructure without inclusion and with mean grain size 
comparable to that of the starting powder. Fully dense ar-
eas change to large pores as a consequence of presintered 
zone present in the as-combusted powder. The SSCO 
sample shows a bimodal microstructure with a fraction 
of large grains of about 20 μm within a fi ne sized grain 
matrix (of about 2 μm), most probably due to non homo-
geneous size distribution in the starting powder. 

The large differences between microstructures ob-
tained through different processes could be explained 
on the basis of chemical and physical properties of the 
starting BNBT powder. The evolution of nanostru cures 

Table 1. Values of specifi c surface area and D50 of SD, SGC 
and SSCO powders

Figure 4. XRD patterns of the powders treated at different 
temperatures [(●) perovskite phase, (○) pyroclore]

Figure 5. SEM micrographs of the as-spray dried powder (SD) at 220°C
and of the as-combusted powder (SGC) at 500°C

Powders Specifi c surface area
[m2/g]

D50
[μm]

SD 4.8 6.6
SGC 15.0 1.0

SSCO 4.8 0.9
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during the process is strictly connected to the reduc-
tion of the high surface energy. Several processes are 
involved in this reduction: at atomic level (composition 
segregation or enrichment of impurities on the surface), 
at level of individual structures (shaping of nanoparti-
cles structures) and at overall system level (sintering, 
Ostwald ripening) [23]. All these processes are espe-
cially active in nanoparticle systems because solid state 
diffusion mechanisms involved are promoted by high 
surface energy and short diffusion distance. In particu-
lar, phenomena of phase segregation at surface level to-
gether with partial sintering can occur also at low tem-
perature heavily infl uencing the nanostructures during 
the calcination or combustion steps. The partial sinter-
ing can be explained by the low surface area of the SD 
powder after calcination whilst the segregation of BaO 
at surface level could explain the formation of Ba rich 
phase (zone A, Fig. 6) during sintering. Furthermore, 
evaporation and condensation of high volatile Na2O 
could leave Bi rich phase (zone B, Fig. 6) inside ma-
trix. The SGC combusted powder seems to be less infl u-
enced by these mechanisms, most probably because the 
temperature reached in the fast combustion step (higher 
than that set in the oven) is high enough to promote the 
direct formation of perovskite phase without involving 
the phase evolution steps that occur during the calcina-
tion of the as-sprayed powder (Fig. 4).

The piezoelectric properties are summarized in Ta-
ble 2. The segregation of Ba and Bi rich zones in the 
SD sintered sample causes a decrease of its piezoelec-
tric performances. The stoichiometry of the system, in 
fact is crucial to obtain suitable piezo electrical proper-
ties. Nevertheless, despite a very different microstruc-
ture, the materials show comparable piezoelectric prop-
erties: further investigations will be carried out to better 
understand the correlation between piezoelectric prop-
erties and BNBT microstructures.

IV. Conclusions
BNBT sintered samples were prepared following 

two chemical routes and comparing the results with 
samples obtained by solid state synthesis.

The spray drying from salts solution (SD) and sol 
gel combustion synthesis (SGC) were considered. The 
nanostructures of the powders are strongly dependent 
on the considered chemical route. The as-combusted 
powders are nanostructured, but show high degree of 
agglomeration with a lamellar structure deriving from 
the gel polymeric network. On the other hand, spheri-
cal and hollow aggregates of highly reactive nanometric 
particles are produced by SD. The nanostrucured pow-
ders obtained by chemical routes require 150 and 300°C 
lower temperature than the SSCO powder to form the 
perovskite phase. Nevertheless, the high reactivity of 
the as-sprayed powder generates phenomena of pre-
sintering and phase segregation at surface level during 
calcination that infl uences negatively the fi nal micro-
structure of sintered samples. The SGC samples show 
an uniform microstructure as a consequence of higher 
stability of starting powder produced by a rapid heat-
ing at high temperature. The materials show compara-
ble piezoelectric properties, but the SGC sample densi-
fi es at lower temperature.
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