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Research Title: Synthesis of lead-free potassium niobate (KNbO,) powder via the combustion
synthesis
Researcher: Asst.Prof.Dr.Naratip Vittayakorn

Faculty: Faculty of Science Department: Chemistry

ABSTRACT

| Lead-free potassium niobate (KNbO,) powders were synthesized By the combustion synthesis of nitrate
compounds (KNbO,) and niobium pentoxide (Nb,0,) using glycine' (NH,CH,COOH) 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 '(;I.laracterized, using the thermo gravimetric analysis
(TGA), X-ray diffraction (XRD) technique, and scanning electron microscopy (SEM). Different fuel-to-
oxidizer ratios were found to be a key factor of the process. A;s-prepared and calcined powders prolvided the

perovskite structure with a nano-scale of mean crystalline size.

Keywords : lead-free piezoelectric materials, potassium niobate, KNbO,, combustion synthesis
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Abstract

Nano-crystalline alkali metal niobate (ANbO,; A = K and Na) powders were synthesized by the
combustion of nitrate compounds and Nb,O usiﬁg 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 the thermo gravimetric analysis (;I‘GA), Fourier transform
infrared (FT-IR) épectroscopy, X-ray diffraction (XRD) technique, and scanning electron microscopy
(SEM). Different fuel-to-oxidizer ratios were found to be a key factor of the process. As-prepared and

calcined powders provided the perovskite structure with a nano-scale of mean crystalline size.
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1. Introduction

Combustion synthesis (CS) or self-propagating high temperature synthesis. (SHS) has been
reported as a siinple, rapid, energetically economic and low-cost method for producing various industrially
useful advanced materials [1]. This process is provided, based on the fundamentals of a highly exothenﬁic
redox -chemical reaction, in which an oxidation and a reduction reaction take place simultaneously. This
synthesis technique begins with a mixture of easily oxidized reactants (such as nitrates) and a suitable
organic fuel (as a reducing agent). The mixture is then heated until ignition, when it produces a self-
sustaining combustion reaction with long duration of tempe%ature that is high enough for the synthesis to
take place, even without an external heating source [2]. A large amount of gas released during chemical
reaction results in ultrafine nano-sized powder with dry, fluffy, usually crystalline and unagglomerated
features [3]. Thus, combustion synthesis is known as a quick, straightforward preparation process for
producing homogeneous, very flge crystalline and unagglomerated multicomponent oxide ceramic
powders, without intermediate decomposition and/or calcination steps [4]. Metal nitrate was found to be
the oxidizing salt preferred, due to its water solubility. Fux’chermofe, it possesses a relatively low melting

temperature and permits achievement of a homogeneous solution [1]. Combustion synthesis has been
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utilized to produce numerous industrially useful refractory, magnetic, dielectric, semiconducting, insulator,
catalyst, sensor, phosphor, etc. oxide materials and carbide, boride, silicide, nitride, etc. non-oxide
materials [1]. When compared with conventional ceramic processing, the most obvious advantages of
combustion synthesis are primarily: (1) high reaction temperatur§ production that can volatilize low boiling
point impurities and, therefore, result in higher purity products; (2) reaction that has a simple exothermic
nature, and needs inexpensive processing facilities and equipment; (3) short exothermic reaction time that
results in low operating and processing costs; (4) high thermal gradients and rapid cooling rates .that can
produce new non-equilibrium or metastable phases; (5) inorganic materials that can be synthesized and
consolidated simultaneously into a final product by utilizing the:hemical energy of the reactants; and (6)
formation of nearly all sizes and shapes of the products [5]. These advantages have engrossed researchers
enough to become more active in researching the combustion synthesis of new and improved materials,
with specialized mechanical, electrical, optical and chemical properties.

Solid state reaction is a traditional and conventional method used for synthesizing oxide ceramics

[6], and has been used widely for mass production of several advanced industrial materials. It is probably

one of the most fundamental and practical routine methods being used. The stoichiometric constituent of
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oxides and carbonate starting materials are mixed and then calcined for an appropriate duration at a high
temperature in air or oxygen. Intsrmediate grinding is required to obtain phase-pure and homogeneous
products. This method is found to be relatively simple, but time-consuming and energy intensive. As the
Directives on Waste from Electrical and .Electronic Equipment (WEEE), Restriction of Hazardous
Substances (RoHS) and End-of-Life Vehicles (ELV) have enforced EU legislation on disposal of vsaste
products since 2004, 2006 and 2003, respectively, non-lead piezoelectric materials need to be considered
for environmental protection [7-8]. One of the main obstacles for commercial development of non-lead
piezoelectric materials seems to be difficulties in processing, especially densification. Therefore,
development of aiternative methods, which ;an produce powder with high sinterability and controlled
stoichiometric composition, are necessary and cﬁallenging.

The combustion synthesis was found to be a superior alternative chemical process because of its
characteristics, as explained above. This work synthesized perovskite alkali metal niobate (ANbO,; A =K

and Na) powders via the combustion synthesis technique for the first time. The chemical reaction,

nucleation mechanisms and influence of fuel content to phase formation were studied.
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2. Experimental Procedure

Exothermic redox reaction could be initiated only when oxidizer and fuel were mixed intimately in
a fixed proportion. The elemental stoichiometric coefficient, (), could be calculated for releasing
maximum energy by following the method of Jain et al. [9], which is based on thennochemiléal concepts
used in propellant chemistry. The ratio between the total valencies of fuel (glycine; NH,CH,COOH) and
that of the oxidizer (sodium nitrate and/or potassium nitrate) should be united. To satisfy the principle in
the present system, the nitrate (oxidizing valency = 57) to glycine (reducing valency = 9+) molar ratio was

found to be 1:0.56. The comprehensive reaction that formed alkali niobate can be written as:

36NaNO, + 1v8Nb205 +20NH,CH,COOH — 36NaNbQ, + 50H,0+ 28N, + 40CO, 4}
36KNO, + 18Nb,0, + 20NH;CH§OOH — 36KNbO, + 50H,0+ 28N, + 40CO, ' )
18KNO, + 18NaNO, + 18Nb,0, + 20NH,CH,COOH
— 36K, ;Na, NbO, + 50H,0 + 28N, + 40CO, 3)
Various fuel-to-oxidizer ratios should be calculated for investigating and comparing the effect of fuel-

rich/fuel-lean mixtures on the synthesis of alkali niobate powder. Different fuel-to-oxidizer molar ratios,
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such as fuel-deficient (<0.56), equivalent stoichiometric (0.56) and fuel-rich (>0.56) condition, were
applied.

For the combustion synthesis, AR grade sodium nitrate (NaNO,; 99.5%), potassium nitrate
(KNOS;‘99.5%) and niobium pentaoxide (Nb,O,; 99.95%) were used as thg starting materials, and glycine
(NH,CH,COOH; 99.7%) was used as fuel. Without‘a purification step, the appropriate amount of starting
materials was weighed, mixed with de-ionized water in a glass beaker and stirredv 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 inside a fume-cupboard under ventilation and then evaporated. Once the solution had

thickened and begun to dry, the ignition took place when the temperature rapidly increased, resulting in
self—sﬁstaining combustion, with a large volume of rapidly evolving gas products, and formation of
_ voluminous ﬁowd’er.

To investigate thermal behavior of the precursor, the mixture of starting material was vdetermined
using thermo gravrimetric analysis (TGA, Perkin Elmer). The X-ray diffraction (XRD, Ad\.rance D8)
technique was performed on the combustion synthesized and calcined powders, using Ni-filtered CuKg

radiation for phase identification and mean crystalline size calculation. The volume fraction of the
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perovskite phase formation was considered by approximate calculation of the main X-ray peak intensity
~ratio of alkali niobate and/or other secondary phases [10], according to the following equation; %

perovskite = (I /I and I, stand for intensities belonging to the

perovskite’ \" perovskite

+ 1)) x 100, where I,

erovskite
strongest reflection peak of perovskite and secondary phase, respectively. Based on the X-ray powder

D= kA :
Bcosby

diffraction data, Scherrer’s formula [11] was used to calculate the crystallite sizes; , where
D is the average crystallite size, k a constant equal to 0.94, A the wavelength of X-ray radiation, | ﬂ the full
width at half maximum (FWHM) and 93 the diffraction angle. As-synthesized and final powder products
were characterized by using the Fourier transform _infrared (FT-IR, Perkin-Elmer Spectrum GX
spectrometer) technique and scanning electron microscopy (SEM, Hitachi $4700).
3. Results and Discussion

The TG/DTG plots of the stoichiometric precursor for NaNbO,, KNbO, and K, ,Na NbO,
powders are shown in Figure 1. The combination observed on the TGA and DTG curves appeared‘ to show
three-stages of weight loss from room temperature to 900°C. The first one is of relative importance, as it is

assumed to be at an initial temperature (7)) when the samplé weight starts to change rapidly during the
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chemical reaction [12]. A significant weight loss was observed as the temperature reached 200°C,
demonstrating that the T;, was at around this heat. This result supported the concept of this study in that a
hotplate can be applied as a heating source to initiate the combustion reaction at a temperature as low as
that of the T, . As the temperature incr.eased, weight loss proceeded continuously until residual mass ﬁnally
rerﬁained. It was indicated that this reaction belongs to a multi-stage reaction. The overall weight loss was
found to be about 34.99%, 40.00% and 36.66%, which is close to the theoretical value of 34.71%, 36.87%
and 35.75% for KNbO,, NaNbO, and K, ,;Na, NbO,, respectively. These overall weight losses correspond

to the release of 50 mol H,0, 28 mol N, and 40 mol CO, related to Eq. (1), (2) and (3), respectively.

To investigate the effect of fuel proportion and oxidizing agent on phase formation, the nitrate-to-
glycine molar ratio of 1:0.56 (equivalent‘stoichiometric ratio) was used for the combustion synthesis.
Figure 2 shows XRD paﬁems of the as-synthesized NaNbO,, KNbO, and K, Na, ,NbO, .powders;
Regarding K, ;Na, ,;NbO,, the presence of reflection peaks ascribed to the crystalline perovskite phase of
the sample could be matched with orthorhombic potassium sodium niobate .JCPDS file no. 74-2025. This
illustratéd that the perovskite phase of K ;Na, NbO, was produced directly after the combustion process.

The XRD patterns of KNbO, and NaNbO, could be correlated to the diffraction peaks of Nb,O, (®)
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(JCPDS file no. 30-0873) and NaNO, (M) (JCPDS file no. 85-0859) starting materials, with no evidence
found of a perovskite phase. This was cbrrelated with the experimental observation that auto-ignition did
not occur in those conditions, although the equivalent stoichiometric ratio was calculated for maximum
energy release. Oxygen deficiency then could be indicated in the system, and its enviroment might lead to
combustion reaction and failure to follow the theory. Thereby, various fuel-to-oxidizer ratios were carried
out for investigating and comparing the effect of fuel-rich/fuel-lean mixtures on phase formation. Figure 3
shows the XRD patterns of as-synthesized KNbO, ceramic powders obtained from various fuel-to-oxidant

molar ratios. For the equivalent stoichiometric (0.56) and fuel-deficient (0.5) ratios, diffraction peaks of

Nb, O, (®) (JCPDS file no. 30-0873) starting materials were detected, with no evidence of perovskite phase.
These results were correlated with the experimental observation of no ignition and combustion reaction in
those compositions. Furthermore, despite ultra-high fuel content with the fuel-to-oxidant molar ratio of 3
being studied, no diffraction peak of perovskite phase was apparent. However, the diffraction pattern
cérrelated to the orthorhombic KNbO, perovskite phase (4#) JCPDS file no. 32-0822, and the space group,
Cm2m (38), was found when using fuel-rich mixture with fuel-to-oxidant molar ratios of 1.0 and 2.0.

These KNbO, minor peaks were found to accompany the major peak of K,Nb,0, (OJ) ICPDS file no. 84-
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0812. Therefére, results from the fine nucleation condition of the monophasic KNbO, phase, found that the
fuel-to-oxidizer molar ratio of.l.O created the highest volume fraction of the perovskite phase formation (%
perovskite), and was selected to investigate the effect of calcination temperature. The volume fraction of
-the perovskite phase powder formation, which resulted from the combustion method that used various fuel-:
to-oxidizer molar ratios, is shown in Table 1. Thus, the as-prepared powder was calcined for 4 h at
different temperatures, with a heating/cooling rate of 20°C/min. The XRD patterns of those calcined
KNbO, powders are illustrated in Figure 4. With regard to the powders calcined at relatively low
temperatures of 300°C and 400°C, their diffraction patterns suggested apparent un-reacted raw materials
a;companied by a minor perovskite phase, similar to those in ;s-prepared powder. As calcination
temperatures increased to 500°C, diffraction peaks that could correspond to the orthorhombic potassium
niobate perovskite phase (KNbO,) JCPDS no.32-0822 (4) were shown clearly with the minor peak of the
K Nb.O, secondary phase. The secondary phase was found to be a main problem, w%lic'h 'Was usually
discovered in synthesizing KNbO,, as many kinds of potassium niobate compounds with various crystal

structures could occur in the K,0-Nb,O; system, such as K,Nb.O,, or K,Nb,O, [13]. Apart from KNbO,,

the combustion synthesis method also was used systematically to synthesize NaNbO,. In the Na,0-Nb,0,
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system, as shown in F_igure 2, the stoichiometric fuel-to-oxidize molar ratio of 0.56 was found to be
unsuitable. No perovskite phase occurred when using the above fuel content. After trying various fuel
contents, as-synthesized NaNbO, with a fuel-to-oxidize molar ratio of 1 was found to possess the highest
value of 93% volume fraction of the perovskite .phase, comprising a slight Nb,O, (*)(JCPDS file no. 30-
0873) phase, as shown in Figure 5 (c). After calcination, intensity of the Nb205 phase was found to
decrease with increasing calcination temperature (data not shown). The diffraction peak corresponding to
the Nb,O, disappeared after calcination for 4 h at 400°C, whereas the monophasic perovskité NaNbO,
phase was obtained, as illustrated in Figure 5 (d). This NaNbO, phase (V) was consistent with JCPDS file
no. 82-0606, which corresponded to an orthorho;lbic structure with the space group, P2,;ma (26). When
comparing with ?. KNbO, preparation [XRD pattern shown in Fig. 5 (a) and (b)], the calcination
temperature used to achieve the monophasic NaNbO, phase was lower because the perovskité phase of
35% found for as-synthesized KNbO, powder was lower than that of 93% for NaNbO,. Nevertheless, these
results implied that the fuel content and calcination‘ temperature play an important role in perovskite phase

formation. The most suitable fuel-to-oxidize molar ratio should be used in order to produce a high

perovskite phase form or monophasic phase power. In addition, corresponding average crystallite sizes, as
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determined from the XRD pattern in accordance with Scherrer’s equation, are shown in Table 2. As
K, sNa, ;NbO, powder increased in fuel content, the average crystalline size (D) was found to decrease with
regularity from 29 + 11nm (ratio of 0.56) to 14 + 3 nm (ratio of 1.0). As the fuel content increase exceeded
that used, the values were stal?Ie and increased slightly when the fuel content reached the ratio of .1.8 (16 +
6 nm). Likewise, the average crystalline size (D) of NaNbO, was found to decrease from 44.51 + 11.99 nm
(ratio of 0.7) to 23.79 + 5.52 (ratio of 1.8), and then increase to 26.11 + 13.69 nm (ratio of 2.0). The
elevated fuel content was found to result in a smaller crystalliﬁe size (related to a small particle size) of

powder, due to the larger amount of gas evolved. Nevertheless, higher fuel content that releases more

energy can accelerate the crystallite growth and lead to formation of agglomerates. As a consequence of
additional cost and more carbon residual, an extfemely high fuel-to-oxidizer molar ratio (fuel-rich ratio)
did not always provide the desired powder production.

Figure 6 shows the FT-IR spectroscopic studies of the as-synthesized and calcined alkali niobate
powders. The IR band at ~3,500 cm ™ was assigned to O-H asymmetric stretching (V,), as observed in all

samples. It also was related to the moisture content of the KBr pellet, as the scissor bending mode (V,) of

HO-H at 1,600 em’. Regarding the precursor powders of K,/Na,,NbO, and NaNbO, without heat
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treatment [Figure 6 (a) and (c)], the IR spectrum indicated characteristic band peaking at ~ 1,6l’2, ~1,385
and ~8§90 cm_l, which corresponded to the anti-symmetric carboxyl group stretching Vibrgtion, anti-
symmetry NO3_1 stretching and bending vibration, respectively [14]. These spectrums also were found i'n
as-prepareq NaNbO, powc_ier [Figure 6 (d)]. These results showed existence .of the carboxyl and NO:1
group that belonged to the starting material in samples without apparent broad absorption bands at a low
wave number of ~673 cm_l, which was believed to be the vibration (V3) mode of the Nb—O bond in the
corner-shared NbO, octahedron [15]. However, this broad band of Nb-O bond was newly found in as-

synthesized Ky ,Na, ;NbO, powder and NaNbO, powder calcined for 4 h at 400°C [Figure 6 (b) and (e)],

without observation of any starting material band. This result led to assumption that the perovskite niobate
phase was synthesized, which correlated to XRD analysis, and indicated success in synthesizing
monophasic perovskite K ;Na, NbO, and NaNbO, after the combustion process and calcination for4 hata
temperature as low as 400°C, respectively.

SEM images of the as-prepared powders, KNbO, (a), K, Na, ;NbO, (b), NaNbO, (c) and NaNbO,
calcined'at 400°C (d), are presented in Figure 7. No evidence of a different phase was found in those

results. The as-prepared KNbO, SEM image [Figure 7 (a)] reveals rectangular particles with an average
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particle size of 230 + 54 nm. The as-prepared powders, K, ;Na; ;NbO, and NaNbO, [Figure 7 (b) and (c)],
are composed of aggregated polyhedral in nanoparticle shape, due to their extremely small dimensions and
high surface energy of the powders obtained [16]. The average particle sizes, which can be estimated from
micrographs, were found to be in the range of 229 + 52 nm gnd 137 + 52 nm for as-prepared K ;Na, ;NbO,
and NaNbO,, respectively. However, the particle growth of calcined powder appeared to be seen in the
calcined powder of NaNbO, with a relatively higher average particle size of 226 + 46 nm. It can be said
that the firing process tends to produce agglomerated particles and grain growth.
4. Conclusion

The combustion synthesis was used successfully for_synthesizing alkali metal niobate (ANbO%; A
=K and Na) powders. Crystélline K, sNa, NbO, powder was synthesized directly after the combustion
process. Monophasic perovskite NaNbO, and KNbO, powders were obtained following an additional
calcination step. The fuel-to-oxidizer ratio was found to be the key factor for perovskite phase formation
and characteristics of the powder obtained. This combustion synthesis method was studied as an alternative

way to produce nano-crystalline powder alkali metal niobates (ANbBO,; A = K and Na), with the desired

chemical composition, and reduced time and cost.
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Figure legends

Fig.1 The TG/DTG plots of the stoichiometric precursor for NaNbO;, KNbO, and K, ;Na, ;NbO,

powders.
Fig.2 XRD patterns of the as-synthesized NaNbO,, KNbO, and K ;Na, ;NbO, powders.

Fig.3 XRD patterns of as-synthesized KNbO, ceramic powders obtained from various fuel-to-oxidant

molar ratios.

Fig.4 XRD patterns of KNbO, powders calcined at different temperatures for 4h with a heating/cooling

rate of 20°C/min.

Fig.5 XRD patterns of the as-prepared powders, KNbO, (a), KNbO, calcined at 900°C (b), as-prepared

NaNbO, (c) and NaNbO, calcined for 4 h at 400°C.

Fig. 6 FT-IR spectroscopic studies of the precursor of the powders, KO.SNa.OISNbO3 (a), as-synthesized

K,.sNa, sNbO, using a ratio of 0.56 (b), NaNbO, (c), as-synthesized NaNbO, using a ratio of 1.0 (d) and

NaNbO, calcined at 400°C (e).

Fig. 7 SEM images showing as-synthesized powders of KNbO, using a ratio of 1.0 (a), as-synthesized
K, sNa, ;NbO; using a ratio of 0.56 (b), as-synthesized NaNbO, using a ratio of 1.0 (c) and NaNbO,

calcined at 400°C (d).

Table headings
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Table 1 Volume fractions of the perovskite phase formation of KNbO,, NaNbO, and K, ;Na, .;NbO,

powders obtained from various fuel-to-oxidant molar ratios

Table 2 Average crystalline sizes of KNbO,, NaNbO, and K ;Na, ;NbO, powders obtained from various

fuel-to-oxidant molar ratios
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3

Table 1
Y%wtperovskite Fuel-to-oxidant molar ratios

0.56 0.6 08 1.0 12 1.4 1.6 1.8
As-prepared 100.00 100.00 100.00 100.00 83.04 74.13 75.22 76.83
K, sNa, NbO, '

0.7 0.8 0.9 1.0 1.2 14 1.6 1.8 2.0
As-prépared 92.87 92.48 92.53 92.91 91.33 89.49 88.89 91.35 62.77
NaNbO,

Calcination temperature (OC)
As- 300°C  400°C  500°C  600°C 700°C 800°C  900°C
prepared

KNbO 3542 44.69 30.92 85.47 95.47 95.65 96.65 96.49




42

Table 2
D Fuel-to-oxidant molar ratios

0.7 0.8 0.9 1.0 1.2 14 1.6 1.8 2.0
As- 44511  4250f  3731%  20.00% 2745t  2629F 2440f 23.79%  26.12%
prepared 1.99 11.54 8.54 5.29 5.86 5.97 4.92 5.52 13.69
NaNbO,

Calcination temperature (°C)
200°C  300°C  400°C 500°C 600°C 700°C 800°C 900°C

CalcinedN  29.95+4

31.51% 2784k 3082% 3884t 6072 7087F 8527+

aNbO, 51 4.02 7.12 543 8.09 8.09 9.22 15.65

0.56 0.6 0.8 1.0 1.2 1.4 1.6 1.8
As-prepared 28.83%1 2599 2140%6 13.99%2. 13.10F  13.39F 1375+ 15.88%
K, ,Na, NbO, 0.58 +115 56 72 443 468 467 6.48

7
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Fig.1 The TG/DTG plots of the stoichiometric precursor for NaNbO,, KNbO, and K ;Na, ;NbO,

powders.
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l=NaNO3 JCPDS 1n0.85-0859
@=Nb,0, JCPDS no.30-0873
¥=perovskite phase

Intensity (a.u.)

20 30

20/degrees

Fig.2  XRD patterns of the as-synthesized NaNbO,, KNbO, and K, ,Na, NbO, powders.
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4= perovskite phase
@®=Nb,05 JCPDS No.30-0873
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Fig.3 XRD patterns of as-synthesized KNbO, ceramic powders obtained from various fuel-to-oxidant

molar ratios.
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Fig.4 XRD patterns of KNbO, powders calcined at different temperatures for 4h with a heating/cooling

rate of 20°C/min.
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Fig.5 XRD patterns of the as-prepared powders, KNbO, (a), KNbO, calcined at 900°C (b), as-prepared

NaNbO, (c) and NaNbO, calcined for 4 h at 400°C.
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_ Fig. 6 FT-IR spectroscopic studies of the precursor of the powders, K ;Na, ;NbOj (a), as-synthesized
K, sNa, ;NbO, using a ratio of 0.56 (b), NaNbO, (c), as-synthesized NaNbO, using a ratio of 1.0 (d) and

NaNbO, calcined at 400°C (e).
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Fig. 7 SEM images showing as-synthesized powders of KNbO, using a ratio of 1.0 (a), as-synthesized
K, sNa, ;NbO, using a ratio of 0.56 (b), as-synthesized NaNbO, using a ratio of 1.0 (¢) and NaNbO,

calcined at 400°C (d).





