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Abstract

NaNbOj; fine powders were prepared by reacting niobium pentoxide with low NaOH concentration solution under hydrothermal conditions at
160 °C. The reaction ruptured the corner-sharing of NbOg octahedra in the reactant Nb,Os, yielding various niobates, and the structure and
composition of the niobates depended on the [OH ™ ] and reaction time. The fine Nb,Os powder first aggregated to large particles and then turned to
metastable intermediates with multifarious morphology. The reaction was fast for the situation of [OH] =2 M. The [OH ] determined the
structure of final products, and three types of NaNbO; powder with the orthorhombic, tetragonal and cubic symmetries were obtained, respectively,
depending on the [OH™]. The low [OH ] was propitious to yield orthorhombic NaNbOj3. The present work demonstrated that higher [OH ] was
not favored to synthesize NaNbO; powders and the conversion speed in this reaction was not in proportion to the [OH™].

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alkaline niobates have attracted much scientific attention
for their excellent nonlinear optical, ferroelectric, piezoelectric,
electro-optic, ionic conductive, pyroelectric, photorefractive,
selective ion exchange, and photocatalytic properties [1-17].
For example, lead-free potassium and sodium niobates are
potential substitutes for lead zirconium titanate (PZT) as high-
performance piezoelectric ceramics. Large lead content in
piezoelectric PZT causes serious concerns about environment
pollution during the fabrication, use and disposal of the
materials, and therefore more and more attention has been paid
to environmental issues nowadays, and research on the
potential substitutes is more urgent than ever [3,16,17].

Alkaline niobate powders are usually synthesized by solid
state reaction, where potassium salt and niobium pentoxide are
heated at temperatures of 800 °C or above [8-10,16,17,19,27].
Sol-gel method using alkoxide and organic components as
precusors has also been reported for synthesizing alkaline
niobates. Cho synthesized (Na,K)NbO; thin films with
chemical vapor deposition [2]. The synthesis of KNbOj has
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been widely investigated, while there are few papers on
NaNbO; [3-6,8-11,16,18,23,24].

Currently, the hydrothermal synthesis of alkaline niobate
powders has attracted much attention for its advantages, such as
high degree of chemical homogeneity achieved on molecular
scale, use of mild temperatures and pressures, a single step for
the synthesis of nanocrystalline powders, and elimination of
high-temperature calcination and ball-milling procedures
[16,17,21,23-26]. C.H. Lu. et al. synthesized KNbO3; with
Nb,Oj5 particles at 200 °C in 8 M KOH solution [3]. .C.M.S.
Santos et al. obtained NaNbO; powders at 200 °C for 6-24 h
with NaOH concentration between 4.3 and 8.4 M [4]. GK.L.
Goh. hydrothermally synthesized NaNbO3 in NaOH solutions
(6.7-15M) at 150 °C and 200 °C [5]. J. Zhu synthesized
Na,Nb,0g-2/3H,0 fibers and NaNbO; cubes between 100 °C
and 180 °C for a period of 30 min and 48 h in 10 M NaOH
solution [8]. In the previous work on hydrothermal syntheses of
NaNbOs, all the reaction conditions involved high [OH ], with
the result that its liquid waste was very harmful to the
environment. The reaction speed and mechanism in low [OH ]
remain unknown, and they are important issues.

In the present work, the influence of [OH ] (1-4 M) on the
product with various reaction times is systematically investi-
gated in order to synthesize NaNbO; with low [OH]. The best
[OH ] to synthesize NaNbOj is discussed together with the key
factors affecting the reaction speed.
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Fig. 1. XRD patterns of the powders prepared at 160 °C for 1.5 h with various
OH™ concentration.

2. Experiments

Analytical grade sodium hydroxide (86%) and 4N niobium
oxide were adopted as raw materials. Sodium hydroxide was
dissolved in 150 ml distilled water and mixed with 0.01 mol
Nb,Os. Hydrothermal synthesis of sodium niobate powders
was conducted in a stainless steel autoclave of 200 cm® with a
Teflon line under autogenous pressure. The resultant suspen-
sion was transferred to an autoclave with a filling factor of
80 vol%, and heated at 160 °C for 6 h. After cooling down, the
solid residues were filtered and washed with distilled water
until the pH value of filtrated solutions became 7-8. Finally, the
product was poached ultrasonically with distilled water and
dried at 80 °C in an oven.

The XRD analysis using Cu radiation (Rigaku D/
MAX2550PC) was conducted to determine the crystal
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Fig. 2. XRD patterns of the powders prepared at 160 °C for 4 h with various
OH™ concentration.

examined using a scanning electron microscope (XL-30-
ESEM). Raman spectra of the product powders were measured
by a Nicolet ALMEGA Raman spectrometer with the existing
line at 523 nm of a Nd:YAG laser at room temperature. The
exposure time of every sample was 1s, and the number of
exposure was 10 times. The thermal stability was investigated
by TG-DTA with a heating rate of 10 °C/min.

3. Results and discussion

Fig. 1 shows the XRD patterns of the powders synthesized at
160 °C for 1.5 h with [OH ]=1.0 M, 2.0 M, 3.0 M and 4.0 M.
The content of NaNbOj phase first increases then decreases
with increasing [OH]. When [OH ] is 1.0 M, the product is
mainly composed of Na;(H3;0)NbgO;9-(H>0);4 and Nb,Os.
The pattern of the powders obtained from the solution

structure. The morphologies of the product powders were [OH ]=2.0M is different from the solution with
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Fig. 3. XRD patterns of the powders prepared at 160 °C for 6 h with various OH™ concentration. (b and c¢) The enlarged views from (a).
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[OH ]=1.0M where the NaNbO; phase is found in the
patterns clearly, suggesting that the reaction between NaOH
and Nb,Os takes place more substantially. With increasing the
[OH ] to 3.0 M, the conversion ratio of Nb,Os increases, and
the product is mainly of poorly crystallized NaNbOs3. The main
product is also Na;(H30)NbgO;9-:(H,O);4 when [OHT] is
4.0 M. Therefore, increase of the [OH ] does not accelerate its
reaction speed, and it has the highest reaction speed for
[OH ]=3.0Min 1.5h.

The XRD patterns of the powders prepared after 4 h reaction
at 160 °C with different [OH ] ((OH ]=1.0M, 2.0 M, 3.0 M
and 4.0 M) are presented in Fig. 2. The product is almost
NaNbOj; for the situations of [OH ] = 3.0 M and 4.0 M. After
being reacted with NaOH at 160 °C for 6 h, all the Nb,Os
powders have been transferred into NaNbO; (see Fig. 3). But
NaNbOj; derived from different solution has the different space
groups. In [OH] 1.0 M and 2.0 M solutions, the product is
orthorhombic phase, and it is tetragonal when [OH ] is 3.0 M,
and it becomes cubic phase when [OH ] increases to 4.0 M.
According to the previous work, cubic NaNbOj (lueshite-type)
could only be produced at temperatures below 100 °C, and
increasing the hydrothermal temperature leads to the stabiliza-
tion of solid-phase Nb,Os (an undesirable phase) in acidic
conditions as well as of aqueous species NbO;~ at higher
reagent concentrations, which diminishes the formation of
NaNbO; [11]. However, we have synthesized the cubic at
160 °C, and it is much different from the literatures.

Fig. 4 is composition diagram of the samples synthesized at
160 °C with various OH™ concentration and various reaction
time. It is obvious that excessive alkaline concentration is not
necessary for acceleration of reaction. The optimal alkaline
concentration for the fastest reaction is around [OH ] =2 M. If
there is plenty of OH™ in the precursor solution, the Nb,Os
slowly dissolves in the hydroxyl solution, and the OH™ also
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Fig. 4. Composition diagram of the samples synthesized at 160 °C with various
OH™ concentration and various reaction time.

adsorbs in the surface of Nb,Os powders, and there has an
affinity between Nb=O bond and O-H bond, so
Nb=0:--OH:--O =Nb forms under the hydrothermal condi-
tion. This helps to form entangled networks of polymeric chains
of Nb hydroxides. The skeleton of the polymer corresponds to
Nb atoms linked by bridging O atoms. Since an excess of
sodium is always used and the sodium hydroxide has good
solubility in water, Na™ ions is very rich in the solution, and they
adsorb at the surface of grains. The second stage of the
synthesis is the crystallization of Na;(H;0)NbgO,9-(H,0),4 by
heating. As reported previously [20,22], Nb¢O;® ™ hexaniobate
Lindqvist ion, in which NbOg octahedrons share edges, is not
very stable, so it changes to the stable NaNbO; perovskite,
which has a NbO;~ corner-sharing octrahedron network at
higher temperature. The mechanism in NaOH-Nb,0s-H,0
system can be considered as following:

3Nb,Os +80H~ — NbgO;5~ +4H,0 (1)
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Fig. 5. DTA-TG curves of NaNbO; powders prepared at 160 °C for 6 h with various [OH ]: (a) 1.0 M, (b) 2.0 M, (c) 3.0 M, and (d) 4.0 M.
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Fig. 6. Raman spectra of the powders prepared at 160 °C for 6 h with various
OH™ concentration.

NbgO19®~ + 7Na* + 16H,0
— Na7(H3O)Nb6019-(H20)14l + OH™ (2)

Na;(H30)NbgO9-(H,0)14 |
— 6NaNbO3; | + Na™ +OH™ + 15H,0 (3)

The driving force of reaction (2) is provided by the
supersaturation. The supersaturation can be defined as the ratio
between the product of the current of concentration relevant
aqueous species and the solubility product of Na;(H;O)N-
bgO19:(H20)14. On the contrary, the concentration of the
aqueous niobium species is related to the solubility of Nb,Os.
Though the concentration of the aqueous species at the
beginning of reaction is nearly constant because Nb,Os is not
dissolved in the cool hydroxyl solution, the niobium aqueous
becomes different with increasing the reaction temperature.
High [OH ] is favor to dissolve Nb,Os and form NbgO;o%™.

Since the reaction temperature is the same, the initial variation
of supersaturation will be mainly related to the variation of
niobium and sodium concentration, so reactions (1) and (2) are
fast when there is high [OH]. Sodium is largely excessive in
all the hydrothermal system, two much OH™ anions frustrated
the reaction (3). So in higher [OH ], reaction (3) is slower. The
XRD patterns show equilibrium of the reactions (1)—(3) with
various [OH ] for different reaction time. [OH ] is not the
higher the better in preparing perovskite NaNbO;.

As shown in Fig. 5, the difference between the orthorhombic
and cubic structures is observed in the DTA-TG curves. The
loss of mass increases with increasing [OH ]. These results
suggest that Na* ion in the crystal may be replaced partially
with proton and this replacement induces adsorption of water.
This is consistent with the previous result that as-synthesized
powders of KNbOj included water molecules and OH [5]. A
small peak is observed in the DTA curves in the solids
synthesized with OH™ concentration of 2.0 M and 3.0 M,
indicated there is a phase change.

The Raman spectrum of the powders synthesized for 6 h are
shown in Fig. 6. The band positions of the Raman spectra
provide important structure information of the samples. There
is some difference among the samples synthesized with
different [OH]. There is a shoulder peak about 555 cm ! in
the low [OH™] sample, and it gradually disappears with
increasing [OH ]. There is a band in 872 cm~! for all the
samples, which should arise from the short Nb=O stretching
mode (A;,), and the band at 605 cm ! can be assigned as the
vibration mode of NbOg group (A,,). The band at 563 em ™' is
the Nb—O-Nb stretching mode (E,). The band at about
286 cm ™! arises from the breathing vibration of the ion Nb—O
bonds bending mode (A;,) [14,15,25]. It splits into three peaks
in the orthorhombic structure, and they gradually become one
peak. The Raman spectra are consistent with the structural
information from XRD.

Fig. 7. SEM micrographs for powders prepared at 160 °C for 1.5 h from (a) [OH ] = 1.0 M, (b) [OH ] =2.0 M, (c) [OH ] = 3.0 M, and (d) [OH ] =4.0 M solutions.
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Fig. 9. SEM micrographs for powders prepared at 160 °C for 6.0 h from (a) [OH ] = 1.0 M, (b) [OH ] =2.0 M, (c) [OH ] =3.0 M, and (d) [OH ] = 4.0 M solutions.

SEM micrographs of the samples prepared at 160 °C for
1.5 h are shown in Fig. 7. The reactant Nb,Os fine powders with
a particle size of about 100 nm are observed in Fig. 6(a), and
they react with the NaOH solution fast under hydrothermal
conditions, yielding large grains of several micrometers in size
in the early reaction in low [OH ] (see Fig. 6(b)). The particles
are highly porous which give a very high surface area in contact
with the solution. When the [OH ] is 2.0 M, the morphology of
the particles is like mushroom. The new phase of the mushroom
like particles observed in SEM images should be a sodium
niobate, which coexists with the un-reacted Nb,Os. The

reflection peaks in the XRD patterns of these mushroom like
particles are broad and have low intensity, indicating poor
crystallization in these mushroom-like solids. Cubic particles
are observed when [OH ] increases to 3.0 M, and bar-like s
particles are obtained when [OH ] is 4.0 M.

Fig. 8 shows SEM images of the samples synthesized at
160 °C for 4 h with varying [OH]: (a) 1.0 M, (b) 2.0 M, (c)
3.0 M, and (d) 4.0 M. The morphology is different at various
[OH]. Image (a) shows cubic particles, and there are also the
cubic particles in image (b) but they are smaller in size than
those in image (a). When [OH ] is 3.0 M, fiber like particles
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Fig. 10. Morphology diagram of the samples prepared at 160 °C with various
OH™ concentration and various reaction time.

with porous grains are obtained. There are two morphologies in
the image (d): the cake like particles, stacking with many layers
is mixed with a few stick-like ones.

Fig. 9 shows the SEM images of the samples with (a)
[OH ]1=1.0M, (b) [OH ]=2.0M, (c) [OH ]=3.0M, (d)
[OH ] =4.0 M, after 6 h reaction at 160 °C. The morphology
of (a) and (b) is almost the same. They are all cubic particles
with the average sizes of 0.3 pm and 0.35 wm, respectively, and
the particle size increases with increasing [OH™]. With further
increasing [OH ], the particles become thinner. When [OH ] is
3.0 M the particles are quadrate sheet-like, and the irregular
sheet-like particles are observed for [OH ] = 4.0 M.

Fig. 10 shows morphology diagram of the samples prepared
at 160 °C with various OH-concentration and various reaction
time. The morphologies of various intermediates are different at
different alkaline concentrations based on the same reaction
time. This is perhaps related with the draw and repulsive
between cations and anions. When [OH ] is 1.0 M, after 4 h
reaction, the component of the sample keeps unchanged, but
change appears for its morphology. When [OH ] is 2.0 M, after
4 h reaction, no significant changes are identified for its
component and morphology. The reaction is fastest at
approximately [OH ] =2 M. The morphology of orthorhom-
bic, tetragonal and cubic symmetries is different. That is, the
[OH ] not only affects the products structure but also its
morphology.

4. Conclusions

NaNbOj; can be synthesized in low NaOH concentrations
(1.0-4.0M) at 160 °C. Three types of NaNbO; with the
orthorhombic, tetragonal and cubic symmetries are obtained,
depending on [OH]. The lower [OH ] is propitious to
synthesize orthorhombic NaNbO;. With increasing [OH ], it
gradually turns to cubic. The reaction speed is controlled by the
[OH]. Higher [OH] is favorable to produce Na;(H;O)N-
bs019.(H,0)14, but too higher [OH ] can frustrate the
formation of NaNbOs, so the [OH ] is not the higher the
better in synthesizing NaNbOj;. A small peak is observed in the
DTA curves in the powders synthesized with [OH ] of 2.0 M

and 3.0 M, and this indicates that there is a phase change. SEM
micrographs provide a very interesting morphological change
with the reaction condition. Different [OH ] leads to the
intermediates with different morphologies. [OH ] also affects
the product morphology. The NaNbO; powders with orthor-
hombic, tetragonal and cubic symmetries are cubic, square
sheet-like and irregular sheet-like particles.
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