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Abstract

Potassium triniobate (KNb;Og) ceramic powder has been synthesized by a novel aqueous organic gel route relatively at low
calcination temperature above 700 °C. Initially, homogeneous K-Nb precursor gels were prepared using the starting materials K-
EDTA and Nb-citrate complex. Afterward, the mixture in stoichiometric ratio of K, Nb, and citric acid produced a pale yellow
viscous like gel from which precursor powder was obtained after prolonged heating at 80 °C. The X-ray diffraction patterns
reveal the formation of nearly single crystalline phase of KNb;Og powder calcinated from 750 to 800 °C. Furthermore, the
particle size of KNb;Og powder is also estimated in the nano range using XRD data by the Debye-Scherrer formula. The
microstructure, compositional homogeneity, and EDS analysis were performed by scanning electron microscopy that confirmed
the fine, almost homogeneous agglomerate microstructure of synthesized ceramics. Thermal analysis showed about 90.3%
weight loss of the precursor powder which was mainly responsible for the decomposition of the organic and some other

substances. FTIR analysis ensured characteristic absorption bands for the formation of KNb;Og ceramic powder.
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Introduction

Alkaline metal niobates and their derivatives have attracted
great deal of attention as a future functional material because
of their excellent ferroelectric, piezoelectric, electro-optical,
nonlinear optical, photorefractive, photocatalytic, and ion con-
ductive properties [1-9]. Among them, potassium triniobate
(KNDb;Og) has attracted significant attention for their applica-
tions, in particular, for nano-optical devices, biosensors, and
catalytic systems because of its high electro-optical and non-
linear optical coefficient and distinctive photochemical and
catalytic activity [10-17]. KNb;Og is a perovskite-type lay-
ered compound which is regarded as one of the most promis-
ing materials for its lead-free nature. Lead is a heavy metal and
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its toxic continuous uncontrolled exposure can cause many
symptoms such as nerve, brain, and kidney damage; anemia,
nausea; and headaches [18-23].

The chemical and microstructural homogeneity of alkali-
earth metal niobates affects critically the electro-optic behav-
ior, and therefore the synthesis of ceramic powder with good
stoichiometry, homogeneity, and sinterability is necessary to
develop KNb;Og ceramic powder. Traditional solid-state re-
action method has already been applied to synthesize KNbz;Og
powder [24]. However, this method leads to poor composi-
tional homogeneity and requires high sintering temperature
[25, 26]. In recent years, chemical processing technique such
as hydrothermal method has also been utilized to prepare the
ceramic powder [27-30]. But in this method, it is difficult to
eliminate the possible presence of impurity phases completely.
Among various wet chemical powder preparation methods,
the aqueous organic gel route is becoming increasingly impor-
tant owing to the advantages of homogeneous mixing at mo-
lecular level, good stoichiometric control, relatively low pro-
cessing temperature, use of aqueous based processing system,
the formation of active powder, etc. Interestingly, the fabrica-
tion of various ceramic products, for instances, PbMgNb4O1,,
SrTiO;, and SrBiNb,Oy, is applied, but yet to employ the
synthesis of KNb;Og nano powder [31-34].
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In the present work, we report the preparation of KNb3;Og
single phase ceramic powder via a novel aqueous organic gel
route. The process produced inorganic powder by using
polyfunctional carboxylic acid and metal salts to form soluble
metal carboxylate complexes in amorphous solid precursor
which can form the desired compound after calcining above
700 °C. The effect of calcinations temperature on particle size
has also been studied. Herein, we report the novel aqueous
organic gel synthesis method, phase and microstructure, com-
positional homogeneity, bond formation, and thermal behav-
ior of KNb3;Og ceramic powder.

Methods and procedures

The procedure followed to synthesize KNb;Og powder by
novel aqueous organic gel route outlined in Fig. 1. The
starting materials were KNOj3, Nb,Os, ammonia solution,
citric acid, and ethylenediaminetetraacetic acid (EDTA).
Citric acid and EDTA were used as the chelating agents.
First, for the preparation of K-EDTA complex, potassium ni-
trate was dissolved in deionized water and mixed with aque-
ous EDTA. The required amount of ammonia solution was
added to achieve pH > 7 that made transparent K-EDTA com-
plex. Then, the pH of the solution was adjusted to 7 using
nitric acid. Second, for the preparation of Nb-citrate complex,
Nb,Os was dissolved in HF to form NbOFs> or NbF,*~ com-
plexes by heating for 48 h. Aqueous solution of ammonium

[ EDTA aqueous solution ] [ Citric acid aqueous solution ]

KNO, —>

K-EDTA solution [ Nb-citrate solution ]

Citric acid —»|

Nb,OsnH,0 —

Stirring at ~25°C

[ Precursor solution ]

Heating at 80°C

[ Precursor gel ]

Pyrolysis

[ Precursor powder ]

Calcinations at
500-800°Cfor4 h

[ KNb;Ogz Ceramic Powders ]

Fig. 1 Flow chart for synthesizing KNb3Og powder via a novel aqueous
organic gel route from mixtures of all water-soluble compounds including
K-EDTA and Nb-citrate
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oxalate was added to the solution with excess oxalate ions.
Then, ammonia solution was added with continuous stirring to
form a precipitation of hydrous niobium oxide (Nb,Os-
nH,0). The precipitation was aged at 80 °C for 12 h; after
that, it was filtered and washed with distilled water for several
times to make the fluoride free. The hydrous niobium oxide
was then dissolved in aqueous solution of citric acid (C¢HgO7)
by continuous stirring and heating at 60 °C to form a trans-
parent pale yellow Nb-citrate complex.

Finally, the synthesis of KNb3;Og was carried out using the
stoichiometric molar ratio of K:Nb:CcHgO;=1:1:3 and was
mixed homogenously by the addition of ammonia to control
pH = 8.0 of the solution. The resultant homogenous solution
was heated to 80 °C until a gelatinous viscous matter was
produced. After completion of evaporation, the metal com-
plexes decomposed and a fluffy black mass was obtained.
This black mass called the precursor was easily crashed to
powder. This precursor powder was calcinated from 500 to
800 °C for 240 min. in static air to obtain KNb3;Og ceramic
powder.

The synthesized products were examined with X-ray dif-
fraction (XRD, X’Pert-Pro, Philips, Japan) for phase and
structural investigation using Cu Ko radiation of wavelength
(A= 1.5405 A). Phases present were determined by composi-
tion with JCPDS file database (reference code: 01-075-2182)
of KNb3Og compound. The microstructure, morphology, ele-
mental composition, and homogeneity of the solid powder
were characterized by scanning electron microscopy (SEM,
JEOL JMS-6390) and an energy-dispersive spectroscopy
(EDS) from a non-polished powder surface. Thermal behavior
analysis was carried out in static inert (nitrogen) atmosphere
heating from 30 to 1000 °C at a heating rate of 20 °C/min.
using TG/DTA 6300 thermal analyzer (EXSTAR 6000, Seiko
Instruments Inc., SII). Fourier transform infrared (FTIR) spec-
tra on pellets of powder mixed with KBr were also recorded
on a Spectrum 100 (PerkinElmer) spectrometer.

Results and discussion

The XRD patterns of KNb;Og powder calcinated from 700 to
800 °C are shown in Fig. 2. First, we detect the appearance of
perovskite-type structure of KNb;Og crystalline phase for the
sample calcinated from 750 to 800 °C. The XRD pattern can
be identified and indexed using the XRD data for the KNb;Og
that closely matches well with Joint Committee on Powder
Diffraction Standard (No. 01-75-2182). It is observed that
the synthesized sample at 800 °C consists of a nearly single
phase of layered KNb3;Og with minimal impurity. The crystal
structure of KNb;Og belongs to the orthorhombic phase with
lattice parameters, a = 8.90 A, b=21.16 A, and ¢=3.79 A,
which was determined for the sample at 800 °C. These values
of lattice parameters are very consistent to previous report
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Fig. 2 XRD patterns of KNb3Og powder calcinated at 700 °C, 750 °C,
and 800 °C for 240 min. The inset shows deconvoluted peaks for the
sample at 800 °C

[11]. Notably, with the increase of calcinations temperature,
the intensities of the diffraction peaks are strengthened and
found maximum for the sample at 800 °C. Importantly, these
calcinations temperatures are lower than those used in the
solid-state synthesis of KNb;Og product [24, 35]. However,
a main peak at angle 29.65° corresponding to undissolved
Nb,Os [36, 37] together with KNb;Og phase was observed
only in the product calcinated at 700 °C (Fig. 2). However, the
diffraction pattern of the KNb;Og phase is somewhat complex
because of the sophisticated nature of the perovskite type with
layered structure [24, 38]. As the crystalline phase of KNb3;Og
precursor powder was not observed, thus initially, the product
was calcinated at 500 °C, 550 °C, 600 °C, and 650 °C for
240 min. and their corresponding XRD patterns are shown
in Fig. 3.

Here, the product calcinated at 500 °C is completely amor-
phous in structure. As the calcinations temperatures increased,
relatively broad and sharp peaks are found with lower inten-
sity. At 650 °C, two peaks were indexed demonstrating that
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Fig. 3 XRD patterns of KNb3;Og precursor powder and calcinated at
500 °C, 550 °C, 600 °C, and 650 °C for 240 min

Fig.4 SEM images of KNb;Og powder calcinated at a 800 °C, b 750 °C,
and ¢ 700 °C for 240 min. The inset shows an enlarged micrograph of the
sample at 800 °C

the powder is composed of both amorphous and crystalline
phase at this stage.

Moreover, the dimensions of the crystallites from XRD
patterns are calculated using the Debye-Scherrer formula

09
~ Bcosf

(1)

where ¢ is the crystallite size, ) is the wavelength of the radi-
ation, 6 is the Bragg angle, and ( is the full width at half
maximum (FWHM). Here, FWHM values of the main char-
acteristic peaks position (26) of 29.65°, 26.02°, and 26.01°
were used for the samples at 700 °C, 750 °C, and 800 °C,
respectively. The deconvoluted peaks for the KNb;Og powder
at 800 °C are presented in the inset of Fig. 2 as well. The
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Fig. 5 a-c Elemental mapping of SEM image and d EDS spectra of
KNb;Og powder calcinated at 800 °C
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calculations showed that the crystallite sizes of the samples
calcinated at 700 °C, 750 °C, and 800 °C are 15, 18, and
19 nm, respectively. This indicates that crystallite size in-
creases slightly with the increase of calcinations temperature
for KNb;Og powder.
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Fig. 6 TG-DTA curves of the KNb;Og precursor powder

The SEM micrographs of KNb;Og powder calcinated from
700 to 800 °C are shown in Fig. 4. The KNbsOg calcinated
powders reveal dense aggregate microstructure with particle
size varying from 1 to 10 pm, approximately. Although there
is a relatively low calcinations temperature, it is possible to
observe the micrograph of the powder calcinated at 700 °C.
An interesting feature to consider is that no significant growth
of particles size was noticed with increasing calcination tem-
perature that proves the high reactivity of the powder.

However, the particle size observed by SEM is much great-
er than the average crystallite size, calculated from X-ray line
broadening. Thus, it is believed that this contradictory value
might indicate the agglomerate polycrystalline structure of the
calcinated powder.

Figure 5 panels b and c reveal almost homogeneous distri-
butions of Nb and K for the calcinated powder at 800 °C on
microscopic scale. This result suggests that the sintering tem-
perature around 800 °C of the KNb;Og ceramic might indicate
good sintering property keeping the original particle morphol-
ogy and size. Further, the elemental analysis of the KNb3;Og
powder calcinated at 800 °C is shown in Fig. 5d. The EDS
spectra confirm the presence of Nb, K, and O elements. The
weight and atomic percentages of Nb and K are also listed
with error scale below in Table 1. However, the relatively
small error in atomic percentages (Table 1) can be attributed
to non-quantitative measurement of KNb3;Og ceramic powder.

In this section, Fig. 6 illustrates the TG and DTA curves of
the precursor powder of KNbsOg. The thermogravimetric
(TG) curve of the KNb;Og precursor powder exhibits consis-
tent total weight loss of 90.3% from room temperature to
1000 °C.

Table 1 Atomic number, series,

and weight and atomic Element Atomic No. Series Weight (%) Atomic (%) Error (%)
percentages of Nb and K in
synthesized KNb;Og powder Niobium (Nb) 41 L 93.95 86.74 4.7
Potassium (K) 19 K 6.05 13.26 0.3
Total 100 100 5.0
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Fig. 7 FTIR spectra of KNb;Og phase calcinated at 700 °C, 750 °C, and
800 °C

The weight loss of the precursor between 80 and 200 °C is
about 8.1% indicated by the endothermic peak on DTA curve
which might be correlated to the elimination of free and bound
water. A sharp exotherm between 200 and 300 °C is mainly
due to citrate oxidation reaction of CO, and H,O resulting the
weight loss of 3.9%. This might also be the release of NH; as
reported previously [39—41]. The TG curve indicates a large
weight loss of about 33.9% from 300 to 600 °C which could
be attributed to burn out of most of the organics or thermal
decomposition of nitrate ions caused by the release of NO,. At
600~900 °C, nitrate is completely decomposed along with the
elimination of large amount of isolated residual carbon
resulting 36.2% weight loss [33]. At the final stage from 900
to 1000 °C, weight loss of 8.2% was observed. However, the
DTA curve does not show any clear exothermic peak corre-
sponding to KNb3;Og decomposition which confirmed the
structural stability of the product.

Herein, Fig. 7 shows the FTIR spectra of KNb;Og powder
calcinated at 700 °C, 750 °C, and 800 °C. IR spectra of the
sample within the range of 700 to 1200 cm ' show character-
istic absorption bands at 997 cm 1,950 cm ', 909 cm !, and
809 cm ! for the formation of KNb;Og ceramic powder [10,
42-44].

Conclusion

In summary, potassium triniobate (KNb;Og) ceramic powder
has been successfully synthesized via a novel aqueous organic
gel route at relatively low temperature (above 700 °C). To the
best of our knowledge, this is the first example of KNb3Og
ceramic powder synthesized by this method. The use of K-
EDTA and Nb-citrate has proved very effective for affording
an environment-friendly (Pb-free) low-cost technique. The
ceramic powder calcinated from 700 to 800 °C was investi-
gated by XRD and SEM techniques. XRD pattern of the
KNb3;Og powder confirmed the orthorhombic perovskite-

type layered structure. The synthesized powder showed al-
most homogeneous agglomerated particle of 1 to 10 um ap-
proximately (defined by SEM micrograph) and crystallite size

of 15 to 19 nm (calculated from XRD line broadening). FTIR

spectra also revealed the characteristic 997 cm ', 950 cm !,

909 cm ', and 809 cm™' absorption bands that support the
local structure of KNb;Og ceramic powder. Finally, thermal
analysis confirmed the structural stability of the powder up to
1000 °C even though the samples were obtained at relatively
low temperature (above 700 °C). Therefore, we believe that
organic gel route might be an effective method to discover
additional new metal niobate ceramic powder.
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