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a b s t r a c t

Nano-crystalline sodium niobate (NaNbO3) powder was synthesized by the solution combustion syn-
thesis of sodium nitrate (NaNO3) and Nb2O5 using glycine as the fuel. The chemical reaction, nucleation
mechanisms and influence of the fuel-to-oxidizer ratio to phase formation were studied. The precursor
and product powders were characterized, using thermo gravimetric analysis (TGA), differential thermal
analysis (DTA), the X-ray diffraction technique (XRD), scanning electron microscope (SEM) and Fourier
eywords:
odium niobate
odified solid state reaction

transform infrared (FTIR) spectroscopy. As-prepared powder possesses an orthorhombic crystal struc-
ture with an X-ray diffraction pattern that could be matched with the perovskite, NaNbO3 JCPDS no.
82-0606. Perovskite NaNbO3 phase, with a mean crystalline size (calculated by X-ray line broadening)
ranging from 44.51 ± 11.99 nm (ratio of 0.7) to 26.11 ± 13.69 nm (ratio of 2.0) was obtained. The SEM
image shows polyhedral-shaped powder with a mean particle size of 137 ± 52 nm and 226 ± 46 nm for

pow
as-prepared and calcined

. Introduction

Sodium niobate (NaNbO3) is a perovskite with an inorganic
omplex oxide and the empirical formula, ABO3. It is among the
andidates for lead-free substances that avoid toxicity of lead-
ased piezoelectric materials (e.g. PZT [1,2]), and is concerned
bout the environment. NaNbO3 has been studied widely for its
nusual structural transition series [3–7]. It has a ferroelectric
hombohedral phase below −100 ◦C, and is antiferroelectric with
rthorhombic symmetry between −100 ◦C and 640 ◦C [4]. Finally,
t possesses cubic paraelectric above 640 ◦C [5], and in addition,
ts antiferroelectric, perovskite-type nature can transform into a
erroelectric one by chemical doping, i.e. K+ [6,7] and Li+ [8].

Generally, alkali niobate powders are synthesized by conven-

ional solid state reaction, where alkali metal carbonate or oxide
ompound of starting materials are heated at high temperature
800 ◦C or above) for a long duration [8,9]. High calcination tem-
erature can cause volatilization of alkali metal, thus causing this
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classical method difficulty in achieving a homogeneous mixture
of the component [8–10]. Powder agglomeration can occur dur-
ing heating, which could affect properties such as low surface area
and low sinterability [10]. Thus, this method does not always allow
for the production of dense, homogeneous single phase ceramics.
Therefore, development of alternative methods that can produce
powder with high sinterability and controlled stoichiometric com-
position is necessary. In recent years, ultra fine ceramic powder,
which is synthesized using mechanochemical synthesis [11], poly-
meric precursors [12], and hydrothermal and polymerized complex
methods [13], has been described in the literature to enable produc-
tion of desired compositions. While synthesizing powder rapidly,
with the desired composition, high porosity and high sinterability
remains a challenge, combustion synthesis (CS) has been found as
a potential solution for this problem.

Combustion synthesis (CS) or self-propagating high tempera-
ture synthesis (SHS) is an effective, low-cost method for producing
various industrially useful materials. It has been introduced as a
quick, straightforward preparation process for producing homoge-

neous, very fine, crystalline and unagglomerated multicomponent
oxide ceramic powders, without intermediate decomposition
and/or calcination steps [14,15]. The combustion synthesis tech-
nique begins with a mixture of easily oxidized reactants (such as
nitrates) and a suitable organic fuel (such as urea [16], tartalic acid

dx.doi.org/10.1016/j.jallcom.2010.11.043
http://www.sciencedirect.com/science/journal/09258388
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17], alanine [18], glycine [19], etc.), which acts as a reducing agent.
he mixture is then heated until it ignites, which is when the tem-
erature of rapid exothermal chemical reaction commences, and a
elf-sustaining combustion reaction starts. This highly exothermic
eaction produces a high temperature and duration long enough
or the synthesis to occur, even in the absence of an external heat-
ng source [20]. Ultrafine nano-sized powder also can be prepared
y releasing a large amount of gas from the system. This process
esults in a dry, fluffy, crystalline, unagglomerated and fine oxide
owder. Metal nitrate was found to be the salt preferred, due to

ts water solubility, and homogeneous solution could be achieved
asily by melting at a low temperature [16].

However, it was reported that an exothermic redox reaction
oxidation and reduction reaction taking place simultaneously)
ould be initiated only when the oxidizer and fuel are mixed inti-
ately in a fixed proportion. The basis of the combustion synthesis

rocess derives from the thermochemical concepts used in pro-
ellant chemistry [21,22]. The method consists of establishing a
imple valency balance, irrespective of whether the elements are
resent in the oxidizer or fuel components of the mixture, and
hen calculating the stoichiometric composition of the starting mix-
ure, which is equivalent to the release of maximum energy. The
ssumed valencies, which are presented as usual products of the
ombustion reaction, consist of CO2, H2O and N2. Therefore, carbon
nd hydrogen are considered as reducing elements with the corre-
ponding valencies of +4 and +1, whereas oxygen is thought to be an
xidizing agent with a valency of −2, and nitrogen a valency of 0. To
xtrapolate the concept of combustion synthesis of ceramic oxide
eans considering metals as reducing agents with their valencies in

he corresponding oxide or nitrate, i.e. +2 for magnesium (oxide),
3 for cerium (nitrate) and +4 for cerium (oxide). In the case of
ultiple valence elements, the final product is used for calculation.
The elemental stoichiometric coefficient, ϕ, which is the ratio

etween the total valencies of fuel (glycine; NH2CH2COOH) and
hat of the oxidizer (sodium nitrate), can be calculated following
he method proposed by Jain et al. [21]:

= n(0(N) + 2 × 1(H) + 4(C) + 2 × 1(H) + 4(C) − 2(O) − 2(O) + 1(H))
1(Na) + 0(N) + 3 × −2(O)

(1)

here n is the mole of glycine. According to the propellant
hemistry for stoichiometric redox reaction between fuel and an
xidizer, the ϕ ratio should be united (stoichiometric). A ϕ < 1
eans oxidant-rich condition and ϕ > 1 means fuel-rich condition.

o satisfy the principle in the present system, the sodium nitrate
oxidizing valency = 5−) to glycine (reducing valency = 9+) molar
atio was found to be 1:0.56. The comprehensive reaction that
ormed NaNbO3 can be written as:

6NaNO3 + 18Nb2O5 + 20NH2CH2COOH → 36NaNbO3 + 50H2O

+ 28N2 + 40CO2 (2)

t should be noted that various fuel-to-oxidizer ratios should be
arried out for investigating and comparing the effect of fuel-
ich/fuel-lean mixtures on the synthesis of sodium niobate powder.
n this study, sodium niobate powder was synthesized via the com-
ustion synthesis technique for the first time. This process used
odium nitrate and niobium pentoxide as starting materials, and
lycine was used as fuel. The different fuel-to-oxidizer molar ratios
uch as fuel-deficient (<0.56), equivalent stoichiometric (0.56) and
uel-rich (>0.56) condition were applied.
. Experimental procedure

For the combustion synthesis of perovskite sodium niobate powder, AR grade
odium nitrate (NaNO3 99.5%) and niobium pentoxide (Nb2O5 99.95%) were used
s the oxidizer, and glycine (NH2CH2COOH 99.7%) as fuel. The appropriate amount
Fig. 1. TG-DTA curves of the precursor mixed in the stoichiometric proportion of
NaNbO3.

of starting materials was weighed, mixed with de-ionized water in a glass beaker
and stirred regularly for 30 min. The fuel (glycine) was then added and the mixture
stirred for 30 min. After that, the solution precursor was boiled on a hotplate and
then evaporated. Once the solution had thickened and begun to dry, the ignition took
place when the temperature rapidly increased, which resulted in self-sustaining
combustion with rapid evolution of a large volume of gas products, and formation
of voluminous powder. For investigating thermal behavior of the precursor, the mix-
ture of starting material was determined using thermo gravimetric analysis (TGA)
and differential thermal analysis (DTA). The X-ray diffraction (XRD, Advance D8)
technique was carried out on the combustion synthesized powder, using Ni-filtered
CuK� radiation for phase identification and mean crystalline size estimation. The
final powder product was characterized by using the Fourier transform infrared
(FTIR) technique and scanning electron microscope (SEM, Hitachi S4700).

3. Results and discussion

Fig. 1 shows the TG/DTA plots of the stoichiometric precur-
sor for NaNbO3 powder synthesis. From observations of the TGA
curve, there appeared to be three-stages of weight loss from room
temperature to 800 ◦C. The definition of initial temperature (Tin) is
when the sample weight starts changing rapidly during the chemi-
cal reaction [23]. As the precursor was heated, a significant weight
loss was observed as the temperature reached 170 ◦C, indicating
that the Tin was around this heat. The weight loss did not stop until
the temperature reached 480 ◦C. It was indicated clearly that this
reaction belongs to a multi-stage reaction. The overall weight loss
was found to be about 40%, which is close to the theoretical value
of 36.87% that corresponds to the release of 50 mol H2O, 28 mol N2
and 40 mol CO2 related to Eq. (2). This outcome supported our con-
ception that a hotplate can be used as a heating source because it
is capable of initiating the combustion reaction at a temperature as
low as that of the Tin.

The evolution XRD pattern of the combustion synthesized
ceramic powder, with the fuel-to-oxidizer molar ratio, is illustrated
in Fig. 2. The fuel-deficient (0.5) and equivalent stoichiometric ratio
(0.56), were found (according to experimental observation) to have
no ignition and combustion reaction in those compositions. Their
XRD patterns correlated to detection results of the diffraction peaks
of Nb2O5 (�) (JCPDS file no. 30-0873) and NaNO3 (�) (JCPDS file
no. 85-0859) starting materials, with no evidence of perovskite
NaNbO3 phase found. Although the equivalent stoichiometric ratio
(0.56) was calculated for maximum energy release, auto-ignition
did not occur in this study. This could indicate that oxygen defi-

ciency in the system and its environment might lead to combustion
reaction and fail to follow the theory. The fuel-to-oxidizer molar
ratio was increased by using the fuel-rich condition (>0.56), which
was found to produce the perovskite NaNbO3 ceramic powder, due
to its diffraction peaks being detected for all different fuel contents
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In addition, the mean crystalline size (D), which is reported in
Table 1, was not significantly varied between as-prepared pow-
der (29.28 ± 5.29 nm) and increasing calcination temperatures of
up to 400 ◦C (27.84 ± 7.12 nm). It can be suggested that calcina-
ig. 2. X-ray diffraction patterns of NaNbO3 powder obtained from various fuel-to-
xidant molar ratios.

fuel-to-oxidizer molar ratio ranging from 0.7 to 2.0). This NaNbO3
hase (�) was consistent with JCPDS file no. 82-0606, which corre-
ponded to an orthorhombic structure with the space group, P21ma
26). For a fuel-rich condition (fuel-to-oxidizer molar ratio of 0.7,
.8 and 0.9), the NaNbO3 phase (�) was detected with the accom-
anying pyrochlore phase of Na2Nb4O11 (�), which matched JCPDS
le no. 20-1145. No evidence of unreacted Nb2O5 and/or NaNO3
iffraction peak was found. As fuel content increased from the fuel-
o-oxidizer molar ratio of 1.0–2.0, unreacted Nb2O5 (�) (JCPDS file
o. 30-0873) was found together with a majority of NaNbO3 diffrac-
ion peaks. From the reflection peak, the average crystalline size (D)
f NaNbO3 powders was considered as a function of fuel content
y using X-ray line broadening through Scherrer’s equation [24]:

= k�

ˇ cos �B
(3)

here D is the average crystalline size, k a constant taken as 0.89,
the wavelength of X-ray radiation, ˇ the full width at half maxi-
um (FWHM) and �B the diffraction angle. The consequent values

re reported in Table 1. As the fuel content increased, the average
rystalline size (D) was found to decreased from 44.51 ± 11.99 nm
ratio of 0.7) to 26.11 ± 13.69 nm (ratio of 2.0). This suggested that
levated fuel content could lead to the production of a smaller crys-
alline size (related to a small particle size) of powder. Nevertheless,
s a consequence of additional cost and more carbon residual, an
xtremely high fuel-to-oxidizer molar ratio (fuel-rich ratio) did not
lways result in the desired production of powder [25].

Therefore, from findings on the fine nucleation condition of
onophasic NaNbO3 phase, the fuel-to-oxidizer molar ratio of

.0 was selected to investigate the effect of calcination tempera-
ure. From this ratio, the volume fraction of the perovskite phase
ormation (%perovskite) of as-prepared powder was found to be
s high as 93%. This relative value was considered by approxi-
ately calculating the ratio of the main X-ray peak intensities of
aNbO3 and Nb2O5 phases [26], according to the following equa-
ion; % perovskite = (Iperovskite/(Iperovskite + INb2
O5)) × 100. Thus,

he as-prepared powder was calcined at different temperatures for
h with a heating/cooling rate of 20 ◦C/min. The X-ray diffraction

XRD) patterns of sodium niobate (NaNbO3) powder, calcined for
h at different temperatures, are illustrated in Fig. 3. As the XRD
Fig. 3. X-ray diffraction patterns of NaNbO3 powder (obtained from the fuel-
to-oxidant molar ratio of 1.0) calcined at various temperatures for 4 h with a
heating/cooling rate of 20 ◦C/min.

pattern of as-prepared powder was composed of a slight Nb2O5
(�) (JCPDS file no. 30-0873) phase, the intensity of that phase
was found to decrease with increasing calcination temperature.
The diffraction peak corresponded to the Nb2O5, which disap-
peared after calcination at 400 ◦C for 4 h, whereas monophasic
perovskite NaNbO3 phase was obtained. This result suggested that
the perovskite NaNbO3 powder could be synthesized by using the
combustion synthesis process and calcinations at 400 ◦C for 4 h.
This process was found to be a simple, rapid and cost-effective
method when compared with the traditional solid-state reaction,
which takes longer time and requires higher temperature [8,9].
Fig. 4. FT-IR spectra of the precursor mixed in the stoichiometric proportion of
NaNbO3 powder obtained from various fuel-to-oxidant molar ratios and after the
calcination step.
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Table 1
Mean crystalline size, D, of NaNbO3 powder obtained from various fuel-to-oxidant molar ratios.

Fuel-to-oxidant molar ratios

0.7 0.8 0.9 1.0 1.2 1.4 1.6 1.8 2.0

As-prepared 44.51 ± 11.99 42.59 ± 11.54 37.31 ± 8.54 29.09 ± 5.29 27.45 ± 5.86 26.29 ± 5.97 24.40 ± 4.92 23.79 ± 5.52 26.12 ± 13.69

Calcination temperature (◦C)

200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 700 ◦C 800 ◦C 900 ◦C

Calcined powder 29.95 ± 4.51 31.51 ± 4.02 27.84 ± 7.12 30 ± 82 ± 5.43 38.84 ± 8.09 60.72 ± 8.09 70.87 ± 9.22 85.27 ± 15.65
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Fig. 5. SEM micrograph showing as-prepared NaNbO3 powder synthesized usin

ions at this low temperature also produced a lower crystalline
ize when compared with the traditional solid state reaction
ethod.
Fig. 4 shows the FT-IR spectroscopic studies of the crystalline

aNbO3 obtained after combustion synthesis, its precursor with-
ut heat treatment and powder calcined at 400 ◦C for 4 h. For all
owder, an IR band of around 3400 cm−1 was assigned to O–H
symmetric stretching (�3) [27], and on observation, it related to
he moisture content of KBr. Regarding the precursor of NaNbO3
owders without heat treatment, and as-prepared powder with a
toichiometric ratio (0.56), the IR spectrum indicated peaking of the
haracteristic band at ∼1612, ∼1385 and ∼890 cm−1, which corre-
ponded to the anti-symmetric carboxyl group stretching vibration,
nti-symmetry NO3

−1 stretching and bending vibration, respec-
ively [28]. This result proved existence of the carboxyl and NO3

−1

roup (belonging to the starting material) in those samples. With
egard to fuel-rich ratios (0.7 and 1.2), the new broad absorp-
ion bands appeared after combustion at a low wave number of
673 cm−1, suggesting that the Nb–O bond formation did occur.
his Nb–O bond was believed to be the vibration (�3) mode in the
orner-shared NbO6 octahedron, according to reported IR spectra
f niobate glass ceramics [28]. This result led to the assumption
hat the perovskite NaNbO3 phase was synthesized (which corre-
ated to XRD analysis). However, the IR band of anti-symmetric
OO− and that of anti-symmetry NO3

−1 stretching vibration also
ere observed. This clearly indicated traces of existent carboxyl

roup and nitrate in as-prepared NaNbO3 powder, which cannot
e detected when using the XRD technique. For powder calcined
t 400 ◦C for 4 h, the spectra band of vibration (�3) mode belong-
ng to the Nb–O bond was found without observation of any
tarting material band. This can indicate that monophasic per-

vskite NaNbO3 has been synthesized successfully after calcination
t a temperature as low as 400 ◦C for 4 h. Fig. 5 shows an SEM
icrograph of the as-prepared NaNbO3 powder using the fuel-to-

xidizer molar ratio of 1.0 (a) and powder calcined at 400 ◦C for
h (b). The powder was found to be polyhedral in shape, with uni-
fuel-to-oxidant molar ratio of 1.0 (a) and powder calcined at 400 ◦C for 4 h (b).

form features. No evidence of a different or pyrochlore phase was
found, which suggested the homogeneous character of the pre-
pared powder. The average particle size, which can be estimated
from micrographs, was found to be 137 ± 52 nm and 226 ± 46 nm
for as-prepared and calcined powder, respectively. These particle
size values are greater than the average crystalline size calculated
from X-ray line broadening because a particle can be formed gen-
erally of many crystallites [29–31]. The particle growth for calcined
powder seemed to be detected. It can be said that the firing pro-
cess tends to produce agglomerated particles and grain growth, as
reported by other works [32,33].

4. Conclusions

Crystalline NaNbO3 powder, with a volume fraction of the
perovskite phase formation (% perovskite) as high as 93%, was syn-
thesized directly via the solution combustion process using NaNO3,
Nb2O5 and glycine. Monophasic perovskite NaNbO3 powder was
obtained after calcination at 400 ◦C for 4 h. The fuel-to-oxidizer
molar ratio was found to affect the combustion reaction and char-
acter of the powder obtained. The average crystalline size (D)
was found to decrease from 44.51 ± 11.99 nm (ratio of 0.7) to
26.11 ± 13.69 nm (ratio of 2.0). This method is a simple, rapid, cost-
and time-saving way of synthesizing stoichiometric, homogeneous
and fine NaNbO3 powder with a low calcination temperature. The
powder obtained was found to be a uniform soft agglomerated
particle.
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