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Abstract Crystalline lead-free piezoelectric potassium

niobate (KNbO3) powders have been synthesized through a

modified solid-state reaction method. The thermal behavior

of the K2C2O4�H2O and Nb2O5 raw material mixture was

investigated by thermogravimetric analysis (TGA) and dif-

ferential thermal analysis (DTA). The X-ray diffraction

technique (XRD) was used to investigate the phase forma-

tion and purity. The morphology of the powder obtained was

characterized using a scanning electron microscope (SEM).

The XRD pattern showed that the monophasic perovskite

phase of KNbO3 could be synthesized successfully at a

temperature as low as 550 �C for 240 min, with an average

crystallite size of 36 ± 8 nm. The SEM images suggested

that the average particle size of the powder obtained was

278 ± 75 nm.

Introduction

Lead zirconate titanate (PZT) ceramics are used widely in

piezoelectric applications, due to their superior piezoelectric

properties near the morphotropic phase boundary (MPB) [1,

2]. However, more than 50% of the lead-based piezoelectric

material contains poisonous lead, which is a major draw-

back [3]. It has been reported that the use of lead-based

ceramics causes serious environmental problems and

numerous physical symptoms [3]. Furthermore, EU legis-

lation will enforce draft directives for waste from electrical

and electronic equipment (WEEE), and restrictions on the

use of certain hazardous substances in electrical and elec-

tronic equipment (RoHS) and end-of life vehicles (ELV) [4–

6]. According to these issues, lead and other heavy metals

should be phased out, and alternative lead-free piezoelectric

materials are receiving considerable attention.

Among various alternative families, perovskite type

(ABO3) ceramics have attracted much consideration.

Among alkali metal niobates, potassium niobate (KNbO3)

is a well-known perovskite oxide that possesses attractive

physical and piezoelectric properties [6–9]. Furthermore,

the electromechanical coupling factor of the thickness-

extensional mode, kt, was reported to reach as high as 0.69

for the 49.5�-rotated X-cut on the Y-axis. This value of kt is

the highest among current lead-free piezoelectrics [10].

However, the main hindrance regarding this alkali niobate-

based material lies in the difficulty of preparing dense and

stoichiometric controlled ceramics using the conventional
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solid-state reaction and ordinary air sintering methods

[11, 12]. These difficulties are caused by potassium vola-

tility at high temperatures and excessive reactivity with

moisture [13, 14]. Thus, different additive methods, hot

pressing and spark plasma sintering have been used to

improve ceramic densification [12, 15–19].

Several alternative ways for preparing alkali niobates

have been investigated and developed: the hydrothermal

[20] and hydrothermal-assisted sol–gel method [22], and

glycothermal [23], nitrate–tartarate precursor technique

[21], etc. However, most chemical synthesis routes require

high purity reactants, which are more expensive and

demand complicated procedures and specific apparatus.

A modified solid-state reaction method has been used to

synthesize the NaTaO3 perovskite type material success-

fully, with reduced reaction temperature [24]. In this

method, the carbonate compound was replaced by oxalate,

and the addition of urea played an important role. Recently,

this method also has been applied to synthesize lead-free

sodium niobate (NaNbO3) powders (without fuel) [25]. By

replacing sodium carbonate using oxalate as the raw

material, a lower calcination temperature and fine powders

with an average crystallite size of 31.45 ± 5.28 nm were

achieved.

In this study, a modified solid-state reaction method,

with an expected lower reaction temperature, was used to

synthesize KNbO3 particles, using potassium oxalate as

raw material without the addition of any fuel. Effects of the

calcination conditions on the KNbO3 phase development

were investigated by the X-ray diffraction technique

(XRD) and a scanning electron microscope (SEM).

Experiment

KNbO3 was synthesized by a modified solid-state reaction

method. Reagent-grade potassium oxalate monohydrate

(K2C2O4�H2O, 99.9%) and niobium oxide (Nb2O5, 99.9%)

were employed as the starting material. The raw materials

were weighed in stoichiometric quantities following the

equation below.

K2C2O4 � H2OðsÞ þ Nb2O5ðsÞ ! 2KNbO3ðsÞ þ CO2ðgÞ
þ COðgÞ þ H2O ð1Þ

These starting materials were mixed by the ball-milling

method using ethyl alcohol and partially stabilized zirconia

balls for 18 h. Then, the mixture was dried on a hot plate

with regular stirring for a suitable period. After drying, the

precursor mixture was determined by thermo gravimetric

analysis (TGA, Perkin Elmer) and differential thermal

analysis (DTA, Perkin Elmer) for investigating the thermal

behavior during heat treatment and finding the appropriate

calcination temperature. Based on TG–DTA results, the

mixture was placed subsequently in a closed alumina

crucible, and calcined for different periods of time at

various temperatures ranging from 300 to 700 �C, to

investigate formation of the KNbO3 phase.

Subsequently, calcined powders were inspected by room

temperature X-ray diffraction (XRD, Advance D8), using

Ni-filtered CuKa radiation to examine the effect of thermal

treatment on the phase development and optimal calcina-

tion condition of crystalline KNbO3 powder formation. The

room temperature FTIR spectra were recorded in the range

of 4,000–400 cm-1 (Perkin-Elmer, Spectrum GX spec-

trometer), with eight scans and a resolution of 4 cm-1

using KBr pellets. Powder morphologies and particle size

were figured directly using a scanning electron microscope

(SEM, Hitachi S4700).

Results and discussion

Figure 1 shows the TG–DTA curves of the stoichiometric

precursor of KNbO3. The thermogravimetric (TG) curve of

the KNbO3 precursor shows three stages of weight loss

from room temperature to 1,300 �C. Four endothermic

peaks at 123, 398, 524 and 1,066 �C were observed in the

differential thermal analysis (DTA) curve. Three weight-

loss steps were observed in the ranges of 50–121, 121–172,

and 416–532 �C. The corresponding weight losses seen

were 3.92, 1.07, and 16.00%. The overall weight loss was

found to be about 21%, which is close to the theoretical

value of 20.01%, and corresponds to the release of 1 mol

H2O, 1 mol CO, and 1 mol CO2 related to Eq. 1. In the

temperature range from 50 to 121 �C (first stage), the ini-

tial weight loss of 3.92% showed decomposition of the

oxalate molecule releasing water molecules (0.98 mol

Fig. 1 TG–DTA curves of an uncalcined powder mixed in the

stoichiometric proportion of KNbO3
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H2O), which concurred with the theoretical value for

releasing 1.00 mol H2O (4.00%). This weight-loss corre-

sponded to the endothermic peak, centered at 123 �C.

The second and third weight-loss steps illustrated the

highest weight loss (*17%), which indicated a large

elimination of organic compound that could be related to

the release of CO and CO2 by combustion reactions

according to Eqs. 2 and 3 (16% theoretically). In the

temperature range from 121 to 532 �C, the DTA curve

shows corresponding endothermic peaks (398 and 524 �C)

that agree with the TG result.

K2C2O4 ! K2CO3 þ CO ð2Þ
K2CO3 ! K2Oþ CO2 ð3Þ

However, an exothermic DTA peak was found centered

at 565 �C. This implied that the third decomposition stage

could lead to the formation of potassium niobate

compound, which could be expected from the exothermic

peak at 565 �C (as confirmed by XRD analysis in Fig. 2).

As the temperature increased to 695 �C, weight loss was

found to start again in the TGA curve, which could be

correlated to the decomposition of the activated-K2CO3

residue. It is well known that K2C2O4 decomposes to

K2CO3 at a higher temperature; however, this carbonate

residue could decompose at a lower temperature when its

degree of arrangement is lower than its initial state [26].

When heating further, an endothermic peak (without the

observed weight-loss stage) could correspond to the phase

transformation at 1,066 �C. Therefore, temperatures from

the above TG–DTA analysis, which ranged from 300 to

700 �C, were selected for calcinations and investigation of

the phase formation. The mixture of raw materials in the

required stoichiometric ratio was calcined in air using a

heating/cooling rate of 20 �C/min at various temperatures

and followed by the phase analysis using an X-ray diffrac-

tometer.

The X-ray diffraction (XRD) patterns of potassium

niobate (KNbO3) powders, calcined for 4 h at different

temperatures, are illustrated in Fig. 2. The diffraction pat-

tern of the powder calcined at 300 �C suggests a compo-

sition of potassium oxalate (e) (JCPDS no.22-1232) and

niobium oxide (d) (JCPDS no.30-0873) raw materials. No

evidence of the KNbO3 perovskite phase was found. As

calcination temperatures increased to 500 �C, diffraction

peaks of un-reacted raw materials were also found, but with

lower intensity. This could demonstrate that the completed

reaction cannot occur at such a low temperature range. As

the diffusion coefficient is a temperature dependent

parameter, the rate of diffusion is affected greatly by higher

temperatures [27], which also could improve higher atomic

mobility [28]. Nonetheless, the powders calcined from 550

to 700 �C showed diffraction peaks that could correspond

to the orthorhombic potassium niobate perovskite phase

(KNbO3) JCPDS no.32-0822 (.). Amplified peak inten-

sities can be seen after calcinations at increased tempera-

tures. However, this result indicates the formation of

KNbO3 perovskite phase powder, which passes through the

calcination temperatures from 550 to 700 �C in 4 h. These

temperatures were lower than those in the chemical syn-

thesis of KNbO3, which used the polymerized complex

method (PC method). This technique achieved the KNbO3

compound after the calcination step at 900 �C [29], or once

the citrate precursor route had obtained KNbO3 nano-

powder after heat treatment at 800 �C [30]. In addition,

other chemical methods always require high purity

reagent, which is more expensive, and involves complex

procedures.

For a verdict on fine KNbO3 nucleation condition, a

temperature of 550 �C was chosen to find the effect of

calcination dwell time. The mixture of raw material pow-

der was calcined at 550 �C for 15–360 min. The XRD

analysis of calcined powder, with a different dwell time

(Fig. 3), revealed an amorphous phase for a calcination

period of 15 min, and no distinct crystalline phase could be

detected. The absence of reflection peaks that correspond to

K2C2O4�H2O and Nb2O5 indicated the amorphous nature of

the powder obtained. The presence of reflection peaks for

the XRD pattern of powder calcined at 550 �C for 20 min

or longer could be ascribed to the crystalline phase of the

sample. The different diffraction pattern of the powder,

calcined for 20 min, suggests the nucleation condition of

the KNbO3 phase, which was confirmed by further soaking

time. After the calcination step at 550 �C for 20 min or

longer, the powder showed an XRD pattern that could be

matched with the perovskite potassium niobate (KN) phase
Fig. 2 X-ray diffraction patterns of KNbO3 powder calcined at

various temperatures for 4 h with a heating/cooling rate of 20 �C/min
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JCPDS no.32-0822. These XRD analyses agreed with the

TG–DTA analysis, in which crystallization of the KNbO3

phase was found around the previously mentioned tem-

perature range. During the course of calcinations, the rise

in calcination temperature and dwell time resulted in

increased diffraction peak intensities, which related to

higher crystallinity of the powder. This was supported by

the increase in lattice parameters and average crystallite

size, as revealed below. Nevertheless, it has been con-

firmed that this modified solid state reaction method can

synthesize pure KNbO3 phase powder by using potassium

oxalate monohydrate as starting material at the calcination

temperature of 550 �C for 20 min. This calcination tem-

perature is much lower than that used in a mixed oxide

powder process, which lies in the range of 800 �C [9, 11,

13, 31, 32], or solution process (sol–gel and precipitation

methods) that requires calcination temperatures of over

600 �C [33, 34]. Since XRD analysis suggested an ortho-

rhombic crystal structure for preparing KNbO3 powder,

lattice parameters of the sample could be deliberate by

means of the UnitCell program package (ftp://rock.esc.

cam.ac.uk/pub/minp/UnitCell/). The corresponding cell

parameters, which are close to those reported from JCPDS

file No.32-0822 (a = 5.695 nm, b = 5.721 nm, and c =

3.973 nm) are given in Table 1. The suggested ortho-

rhombic crystal structure, obtained from matching with the

JCPDS file, could be supported by this correlation of lattice

parameters.

The average crystallite size of KNbO3 powders was

considered as a function of calcination temperature, and

time for broadening the X-ray line of the reflection peak

using Scherrer’s equation [35]: D = kk/bcoshB, where D is

the average crystallite size, k a constant taken as 0.89, k the

wavelength of X-ray radiation, b the full width at half

maximum (FWHM), and hB the diffraction angle. The

corresponding values are reported in Table 2. The average

crystallite size of powders, calcined from 550 to 700 �C

for 4 h, was found to be about 36 ± 8 to 58 ± 6 nm. As

the dwell time increased, it was found that the average

crystallite size of calcined powders was increasing from

33 ± 9 to 36 ± 8 nm. The low D values suggest that the

surface area of calcined powder was high enough to sup-

port high sinterability sufficiently [36]. The increase in

crystallinity of the KNbO3 phase was affected by increas-

ing dwell time and calcination temperature. This conse-

quence may confirm that the dwell time and calcination

temperature also play an important role in developing the

pure phase creation.

Figure 4 shows the FT-IR spectroscopic studies of the

crystalline potassium niobate (KNbO3) before and after the

calcination step. The IR band for the uncalcined precursor

was observed at 3,253 cm-1, due to O–H asymmetric

Fig. 3 X-ray diffraction patterns of KNbO3 powder calcined at the

calcination temperature of 550 �C for various dwell times with a

heating/cooling rate of 20 �C/min

Table 1 Lattice parameters of

the KNbO3 powder calcined at

various calcination temperatures

for 4 h

KNbO3 Calcinations temperature (�C)

Lattice parameter 550 600 650 700

a 5.6929 ± 0.0005 5.6876 ± 0.0070 5.7019 ± 0.0022 5.6952 ± 0.0028

b 5.6989 ± 0.0080 5.6994 ± 0.0048 5.7153 ± 0.0108 5.6980 ± 0.0060

c 3.9802 ± 0.0005 3.9768 ± 0.0006 3.9912 ± 0.0155 3.9777 ± 0.0030

Table 2 Mean crystalline size,

D, of the KNbO3 powder

calcined at different

temperatures for 4 h and for a

different dwell time at 550 �C

KNbO3 Calcination temperature (�C)

550 600 650 700

D 36.40 ± 8.25 41.46 ± 8.84 53.59 ± 6.56 57.81 ± 6.31

550 �C Dwell time (min)

20 30 40 60 120 240

D 33.15 ± 9.22 34.36 ± 7.92 34.54 ± 8.128 35.30 ± 8.30 35.97 ± 6.47 36.40 ± 8.25
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stretching (m3), which related to the moisture content of the

KBr pellet and scissor bending mode (m2) of HO–H at

1,600 cm-1 and 1,310 cm-1. When KNbO3 powders were

calcined at 550 �C for 4 h, the absorption of bands at a low

wave number range of 620 cm-1 suggested occurrence of

Nb–O bond formation, which was believed to be the

vibration (m3) mode in the corner-shared NbO6 octahedron,

according to the reported IR spectra of niobate glass

ceramics [37]. This result shows that the perovskite KNbO3

phase was synthesized, which correlated with other results.

The TG result indicated that the mass loss in the TG curve

at around 700 �C could be the result of the K2CO3 residue

decomposition, however, the FTIR band corresponding to

the C–O stretching mode of carbonate at 1,450 cm-1 [38]

was not found in KNbO3 powders calcined at 550 �C for

4 h. This observation could be described as the effect of

dwell time.

Figure 5 shows SEM micrographs of KNbO3 powder

prepared using a modified solid state reaction method at

550 and 700 �C for 240 min. The KNbO3 powder was

found to be polyhedral in shape, with uniform features. The

secondary phase could not be observed, which suggested

the homogeneous character of the powder prepared. The

mean particle sizes, which can be estimated from the

micrographs, were found to be 278 ± 75 and 341 ± 80 for

powder obtained at 550 and 700 �C, respectively. Particle

growth was detected in powder calcined at a higher tem-

perature. This value is greater than the average crystallite

size, calculated from X-ray line broadening. It was

believed that this contradictory value could indicate the

agglomerate of the calcined powders. As reported by other

studies [39, 40], the firing process tends to produce

agglomerated particles and grain growth. No evidence of a

different or pyrochlore phase was found. This outcome

relates to the XRD result, in which the monophasic

perovskite phase of KNbO3 can be established after cal-

cinations at 550 �C for 240 min.

Conclusion

Crystalline KNbO3 powder was prepared from a modified

solid state reaction of K2C2O4�H2O and Nb2O5. The final

product was confirmed by XRD and SEM techniques. This

is a simple cost- and time-saving method for synthesizing

stoichiometric, homogeneous, and fine KNbO3 powder,

with a low calcination temperature of 550 �C for 240 min.

This temperature is about 250 �C lower than others used,

even in conventional methods. The powder obtained was

found to be a uniform agglomerated particle that possesses

an average crystallite size (defined by XRD) of between

36 ± 8 and 58 ± 6 nm, and a mean particle size (defined

by SEM micrograph) of 278 ± 75 nm.

Fig. 4 FT-IR spectra of an uncalcined powder mixed in the

stoichiometric proportion of KNbO3 and KNbO3 particles calcined

at 550 �C

Fig. 5 SEM micrographs showing KNbO3 powder synthesized at 550 �C (a) and 700 �C (b), for 4 h with a heating/cooling rate of 20 �C/min
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