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Abstract: A novel process termed low-temperature combustion-synthesis (LCS) of Ba(NO),-TiO;-CsH,O; - H,O system was investigated
at the initial temperature of 600 °C and ultrafine BaTiO, powders with a particle size of 200-350 nm were prepared. It was found that the
molar ratio of NO;/citric acid and the homogeneity of combustion have remarkable effect on the characteristics of the powder. The re-
action mechanism of LCS BaTiO, powders was proposed on the basis of thermodynamic analysis.
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1 Introduction

BaTiO, powder has a wide range of applications in
the field of electric materials due to its excellent dielec-
tric, piezoeletric, ferroeletric and electro-optic proper-
ties. The quality of the sintered BaTiO, specimens dep-
ends on the particle size, morphology, chemical purity
and homogeneity, and stoichiometry of the starting
powders. Hence processing routes for the synthesis of
BaTiO; often have important effect on the properties of
the sintered material.

In order to make high-quality powders, various syn-
thesis processes such as solid-state mixed-oxide pro-
cess, co-precipitation process, hydrothermal process,
sol-gel process and other chemical processes have been
used for preparing BaTiO, powders [1,2]. However,
these processes require multi-step routes with long-
term reactions or expensive equipment and high energy
consumption.

It is well known that high-temperature combustion-
synthesis (CS) is an advanced powder preparation pro-
cess. Earlier CS was mainly used for synthesizing non-
oxide ceramics and intermetallics. In recent years, CS
has been developed to synthesize oxide and complex
oxide powders. A novel process termed low-tempera-
ture combustion-synthesis (LCS) derived from CS is
developed to prepare ultrafine oxide powders [3].

LCS refers to a low-temperature self-sustaining
combustion synthesis process in which oxidation-re-
duction reactions occur during heating the precursor
derived from organic salt gel (or organic salt) and metal
nitrate (or metal oxide). In contrast to other processes
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mentioned above, the following advantages of LCS are
evident:

(1) Little energy is required to initiate a rapid reac-
tion;

(2) Little or no further processing such as calcination
and milling is required,

(3) Considerable savings in time, energy and equip-
ment can be obtained;

(4) The process uses the heat generated by chemical
reactions between fuel and precursors to convert metal
ions into the target ceramic materials;

(5) Nano-oxides containing dopant elements, low
temperature compounds and cermets, and complex-ox-
ides with strict stoichiometry which are difficult to be
synthesized by the conventional processes can be pre-
pared;

(6) Ultrafine or nanopowders can be obtained in
combination with wet chemical techniques, which
allow the mixing degree of the reactants to be much
better than by directly blending the solid reactants.

In this paper, ultrafine BaTiQ; powders were synthe-
sized by LCS. The combustion behavior of the Ba
(NO»),-TiO,~-CH;0; - H,O system and the effect of the
molar ratio of NO;/citric acid on the phase formation
and powder characteristics were investigated.

2 Experimental Procedures

The raw materials Ba(NO;),, C:H:0;-H,;O and TiO,
used are reagent grade. The average particle size of
TiO; is ~0.1 pm.

According to the propellant thermal-chemistry [3]
and the following reaction:
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9Ba(NO,), + 9TiO, + 5C¢H;:O,-H,O — 9BaTiO; +
30CO,+9N, +25H,0.

26.13 g Ba(NO;), was mixed stoichiometrically with
TiO; and citric acid in an agate mortar. The mixture
powders through —100 mesh were mixed homogene-
ously with 30 mL 65% HNO; (mass fraction) in a glass
beaker, and heated in a furnace kept at 600 °C, which
smoked, bubbled and boiled after 2 min and lasted for
15min followed with autoigniting yellow flame and
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large amount of gases. The combustion self-propagated
from top to bottom of the glass beaker, lasted for 2 min
and then extinguished. The combustion-synthesized
powders (specimen A) are loose and porous, which are
easy to be milled.

On the basis of the above-mentioned experiment, a
series of specimens B1-B7 prepared from the mixtures
0f26.13 g Ba(NO:;), with different molar ratio of NO; /
citric acid and 40 mL ethanol are shown in table 1.

Table 1 Raw material compositions of the specimens

Raw material compositions

Specimen . - =
m(Ba(NOs),)/g m(CH;0;-H,0)/ g m(TiO,)/g Vethanot / ML Molar ratio of NO; / citric acid
Bl 26.13 21.01 7.98 40 2.0:1
B2 26.13 16.81 7.98 40 2.5:1
B3 26.13 14.00 7.98 40 3.0:1
B4 26.13 11.67 7.98 40 3.6:1
B5 26.13 10.50 7.98 40 4.0:1
B6 26.13 9.33 7.98 40 4.5:1
B7 26.13 8.40 7.98 40 5.0:1

The mixtures were milled in a planetary mill for 6 h
and then put into a furnace kept at 600 ‘C for LCS.

XRD was used for phase analysis, powder morphol-
ogy was observed with SEM, agglomerated powder
particle size was measured with SA-CP3 particle size
analyzer, and specific surface of the as-prepared pow-
ders was measured with BET method.

3 Results and Discussions

SEM morphology of specimen A is shown in figure
1. Most of the powders with almost spherical morphol-
ogy are agglomerated in different fashions throughout
the sample. The agglomerates are basically clusters,

each of which consists of some spherical powder par-
ticles. The characteristics of the powders in the clusters
are uniform, weekly agglomerated with an average size
of 1-2 um and the clusters are easy to be deagglome-
rated by ultrasonic dispersion. The specific surfaces of
the powders synthesized at the top, median and bottom
zone of the glass beaker are 0.83 m*/g, 0.76 m*/g and
0.70m*/g respectively. The equivalent particle sizes
calculated from specific surfaces are 1.21 pm, 1.32 um
and 1.43 pm respectively, consistent with the measured
particle sizes from SEM morphology.

XRD analysis shows that the combustion synthe-
sized powders at the top part of the glass beaker is Ba-

Figure 1 SEM images of the as-synthesized BaTiO; powders of specimen A from different positions of the beaker after and before
grinding respectively, (a) and (b) from the top zone; (c) and (d) from the median zone; () and (f) from the bottom zone.
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TiO, with a very small amount of Ba,Ti,O, and BaCO,
as shown in figure 2. While more Ba,Ti,0, and BaCO,
phases are formed at the median and bottom zones of
the glass beaker. Ba,Ti;O is beneficial for dielectric
properties, while the small amount of BaCO, can be
eliminated through a low temperature calcination.
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Figure 2 XRD patterns of the combustion product from dif-
ferent zone of specimen A, (a) from the bottom zone; (b) from
the median zone; (c) from the top zone.

The molar ratio of NO;/citric acid is an important
factor of phase formation and morphology control of
the as-synthesized powders. The mixture of specimens
B1-B7 began to smoke, bubble and boil after being laid
in the furnace for 30s, continued for 2min followed
with autoigniting yellow flame and large amount of
gases. The combustion flame lasted for 2—5 min and
then extinguished.The XRD patterns (as shown in fig-
ure 3) of specimens B3, B4 and B5 show that the syn-
thesized powder is BaTiO, with a very small amount of
Ba,Ti;O; and BaCQO,, and the XRD patterns of B2 are
of BaTiO, phase with only a very small amount of
Ba,Ti;O, and no appearance of BaCO,. While the XRD
patterns of specimens B1, B6 and B7 show much more
amount of Ba,Ti;0, and BaCO..

The specific surfaces of B2, B3 and B7 are 1.48, 2.48
and 0.98 m*/g respectively. The median agglomerated
particle sizes of B2, B3 and B7 are 2.21, 0.65 and 2.95
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Figure 3 XRD patterns of as-synthesized powders of specim-
ens B1-B7.
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um respectively. The particle size distribution curves of
specimens B2, B3 and B7 are shown in figure 4. SEM
micrographs show spherical morphology with a par-
ticle size of 200-350 nm as shown in figure 5. Finer
and more homogeneous powder with looser agglomer-
ation is shown in the micrograph of B3 than that of B2
and B7, which is consistent with the results of agglo-
merated particle sizes and BET measurements,

It is noticed that higher purity BaTiO; powders were
obtained in stoichiometric (specimen B4), near stoichi-
ometric (specimens B3, B5) composition or fuel-rich
composition with the molar ratio of NO;/citric acid of
2.5 (specimen B2) and the finest powder was obtained
in specimen B3 with da:;;=0.42 pm (dger is theequival-
ent particle size derived from the specific surface valu-
e). The lower R, ratio of ~1.55 in specimen B3, in
comparison with those of specimens B2 and B7 (R, 5=
3.25, R,5=2.89), indicates less and loose agglome-
rated powders in specimen B3, where R, is the ratio of
median agglomerated particle size to BET equivalent
particle size.

3.1 Mechanism of BaTiO; Formation

Two mechanisms have been proposed for BaTiO,
formation from amorphous precursors [4]. One is that
the precursors such as a citrate salt, BaTi (C:HsO») 5
6H;O or an oxalate salt, BaTiO(C,0,), 4H,0, decom-
pose to form a finely divided mixture of BaCO, and
TiO,, which subsequently reacts to form BaTiO; heated
at 600—700 “C. The other is that an intermediate basic
carbonate forms during calcinations of citrate-based
resins and oxalate salts with subsequent decomposition
of the intermediate to BaTiO,. On heating a mixed pre-
cursor for synthesis of BaTiO,, if BaO crystallizes first,
it can form any of the following phases: BaTiO;,
BaCO,, and Ba(OH), (figure 6). The formation of Ba
(OH), is least likely at all temperatures as shown in fig-
ure 7. At 1.01x10° Pa, BaCO, is the most stable phase
until 172 °C. If BaCO, crystallizes first, it will decom-
pose into BaO and CO, when temperature > 893 C in
air. The formation of BaTiO, by a reaction between
BaCO, and TiO, is thermodynamically possible when
temperature >172 °C in a ir. However, BaTiO; is repor-
ted to form only when temperature >1000 ‘C by the
conventional solid-state mixed oxides process. Such a
large difference may be due to the newly produced
BaCO, or BaO and TiO, in the precursors are more ac-
tive than those in the conventional solid-state mixed
oxides process and the diffusion path between the new-
ly produced BaCO, or BaO and TiO, in the precursors
is shorter than that in the conventional solid-state mix-
ed oxides process. Such a large difference in the ther-
modynamic feasibility and the actual formation tem-
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Figure 4 Particle size distribution
curves of as-synthesized agglome-
rated powders of specimens B2, B3
and B7.
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Figure 5 SEM images of the as-synthesized powders of specimens (a) B1; (b) B2; (c) B3; (d) B4; (e) BS; (f) B7.

BaCO; +TiO,

BaO + T102 BaTlO;

Ba(OH), + TiO,

Figure 6 Possible reactions starting with crystallization of
BaO.

peratures also indicates that this reaction in the conven-
tional solid-state mixed oxides process is constrained
by the kinetics and not thermodynamics.

According to F. R. Sale and F. Mahloojachi's work
[4] on the barium nitrate-citric acid system, barium ni-
trate was detected, while no metastable citric salt was
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Figure 7 AG® vs T at 1.01x10° Pa, (a) BaCO,+TiO,—BaTiO,
+CO; t ; (b) BaO+H,0—Ba(OH),; (¢) BaO+CO,—BaCO;;

(d) Ba(OH),+TiO,—BaTiO;+CO, ! ; (¢) BaO+TiO,— BaTiO.
found. It is easy for nitrate to react with citric acid
through the following exothermal reduction-oxidation
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reaction during heating:
9Ba(NO1)2 + 5C6H307 ‘ Hzo g 30C02 + 9Ng +

25H,0 +9Ba0 (H

Tsang-Tse Fang [5] reported that Ba(NO,), would de-
compose at 400-600°C:

Ba(NO,); — BaO+ 2NO, + 1.0, )

As seen in figure 7, BaCO, is the most stable com-
pound at 1.01x10°Pa until 172°C in the Ba-Ti-C-O-H
system [6]:

BaO +CO, — BaCO, 3

With increasing temperature, the stability of BaCO, de-
creased and BaTiO; would form from the unreacted
BaQ through the following reaction:

BaO + TiQ, — BaTiO; 4)
This reaction is insensitive to temperature change.

In presence of TiO,, BaCO, will react with TiO, to
form BaTiQO,; through the following reaction above
172°C:

BaCOJ + TiOz - BaTiO; + COz (5)

In the Ba(NO,),-Ti0,-C:H;O; - HO system, the main re-
actions occurring in the higher temperature flame zone
might be reactions (1), (4) and (5), while those occur-
ring in medium and low temperature zone might be (1),
(2), (3) and (5), and Ba,Ti,;O, formed through:

ZBaC03 + 9Ti02 - BazTil)Ozo + 2C02 (6)

According to the above-mentioned analysis, it can be
understood that BaTiO; decreased while BaCO; and
Ba,Ti.O. increased in the combustion product from top
to bottom of the glass beaker, as shown in the XRD pat-
terns in figure 2. It would be beneficial for eliminating
BaCO, through increasing the combustion temperature
and creating a homogeneous combustion zone. It is ob-
vious that inhomogeneous combustion causes in-
homogeneity of particle sizes, specific surfaces, poros-
ity and agglomeration states of powders in different
zones. Due to higher combustion temperature of the
precursor at the top of the glass beaker, more complete
combustion and more gases evolved lead to the higher
content of BaTiO;, finer particle size, higher specific
surface and higher porosity of powder agglomerates, in
comparison with those at the medium and bottom parts
of the glass beaker, which is consistent with the SEM
images in figure 1.
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The effect of the molar ratio of NO5/citric acid on the
powder characteristics can also be explained from the
above-mentioned analysis. When the molar ratio of
NO;/citric acid =2.5-3.0, there occurred sufficient ox-
idation-reduction reaction in the system, in which
Ba(NO,), decomposed and evolved NO,. NO, reacted
with citric acid to produce large quantity of heat and
gases, and resulted in higher content of BaTiO, and
specific surfaces of powders.As the molar ratio of NO;
/citric acid increased from 2.5 to 5.0, or decreased from
2.5 t0 2.0, insufficient oxidation or reduction causes in-
complete combustion, lower combustion temperatures,
lower content of BaTiO, and specific surfaces of pow-
ders,

In order to synthesize high purity, mono-phase
BaTiO; powder, a precursor with the compositions
mixed in the level of atom or molecule is needed. The
LCS of Ba(NO,),-Ti0,-C:H4O; - H,0 system is to be in-
vestigated and the control of homogeneous and com-
plete combustion is to be proceeded.

4 Conclusions

LCS of Ba(NO,),-TiO,-C:H;0, H,0O system was in-
vestigated and ultrafine BaTiO, powders with particle
size of 200350 nm were synthesized. It is found that
the molar ratio of NO;/citric acid and the homogeneity
of combustion have important effect on the phase for-
mation and powder characteristics. The reaction mech-
anism of LCS BaTiO, powders was proposed based on
thermodynamic analysis and experimental results. Fur-
ther work is to be proceeded to obtain a homogeneous
precursor with the compositions mixed in a level of
atom or molecule and homogeneous and complete
combustion for synthesizing high purity and mono-di-
spersed BaTiO, nanopowder.
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