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Chemical synthesis of KNbO3 and KNbO3–BaTiO3 ceramics
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Abstract

Powders of KNbO3 (KN) and KNbO3–BaTiO3 (KN–BT) solid solution were prepared by the Polymerised Complex Method (PC method),
based on the Pechini-type reaction route. The crystallization process of KN and KN–BT solid solution during the calcination of an amorphous
precursor was observed, using TGA–DTA analysis and X-ray powder diffraction. After calcination the powders were ball milled, pressed into
pellets and sintered. Using this procedure we achieved relatively high-density and very homogeneous KN and KN–BT ceramics.
© 2005 Elsevier Ltd. All rights reserved.
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. Introduction

KNbO3 (KN) is a technologically interesting material be-
ause of its high-temperature ferroelectricity and piezoelec-
ricity, especially because it does not contain poisonous lead,
hich is used in other materials (e.g. PZT). Apart from its ap-
lications as a high-temperature ferroelectric or piezoelectric
aterial, it was also tested as a material with a positive tem-
erature coefficient of resistivity (PTCR). The applications
f lead-free BaTiO3-based ceramics with a PTCR are re-
tricted to temperatures below∼130◦C. In order to increase
he temperature range of lead-free PTC-resistor operation
o higher temperatures, new PTCR materials are needed.
mong the possible materials, lead-free ferroelectrics with
igh Curie temperatures are of particular interest. KN is
ferroelectric material with a Curie temperature (TC) of

15◦C, thus giving it, and its solid solution with BaTiO3,
he potential to be materials for high-temperature PTCR
pplications.

In our earlier studies the PTC resistors based on
NbO3–BaTiO3 (KN–BT) solid solutions were prepared by

Subsequent reoxidation of the grain boundaries in these
conducting ceramics resulted in the appearance of a s
icant PTCR effect. However, the PTCR effect degrade
elevated temperatures, most probably due to the fine-gr
structure and the non-homogeneity of these ceramics.
peared that the microstructure of the ceramics needed
controlled further in order to improve the PTCR effec
KN–BT ceramics.

The preparation of KN–BT ceramics using conventio
solid-state technology is relatively difficult due to the la
differences in the properties of the cations involved. To
pare ceramics with a microstructure appropriate for PTC
sistors, the homogeneity of the starting powder needs
increased.

Various wet chemical methods have been reported fo
preparation of KNbO3.2–5

In this study, we report on a Polymerised Complex Met
(PC method), based on the Pechini-type reaction route6 for
the preparation of homogeneous KN–BT PTCR ceram
starting from an aqueous precursor solution of the respe
metal complexes.
onventional ceramic technology using calcination of the ap-
ropriate oxides and carbonates.1 The ceramics were pro-
uced in a semiconducting form by atmospheric reduction.

∗ Corresponding author. Tel.: +386 1 477 3762; fax: +386 1 477 3875.

2. Experimental procedure

Niobium (V) chloride (NbCl5, Alfa 51108), potas-
s e

d.
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ium carbonate (K2CO3, Aldrich 20,961-9), barium nitrit
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Fig. 1. Flow diagram for preparing KNbO3–BaTiO3 solid solution by the PC method.

(Ba(NO)2.H2O, Alfa 17680), titanium (IV) isopropoxide-
Ti(OiPr)4 (Ti[OCH(CH3)2]4, Alfa 77115), citric acid (CA)
(C6O7H8, Alfa 31185) and ethylene glycol-EG (C2O2H6,
Alfa 31332) were used to synthesize powders of KN and
KN–BT solid solution with 10 mol% of BaTiO3 and 90 mol%
of KNbO3 (90KN–10BT). A schematic of the experimental
procedure is illustrated inFig. 1.

For the preparation of the powders, CA (0.3 mol) and
NbCl5 (0.01 mol) were dissolved in 100 and 50 ml of
methanol, respectively. With continuous stirring the NbCl5
solution was slowly added to the solution of CA. K2CO3
(0.005 mol) powder was added and the solution was magnet-
ically stirred for 1 h, to obtain a clear, colourless solution of
metal–citrate complexes. This solution, containing Nb5+ and
K+ cations, was mixed with the 0.04 mol EG. The mixture
was then slowly heated up to 130◦C for 1 h, first to evapo-
rate the methanol and subsequently to promote esterification
between the CA and the EG. During condensation of the solu-
tion, white precipitates were formed, but the solid substance
was dissolved when the temperature reached 130◦C. After
esterification, a clear, slightly yellow polymeric gel appeared.
This gel remained clear after cooling to room temperature.

Charring the resin at 280◦C for 2 h resulted in a black, highly
porous, solid precursor.

For the preparation of the KN–BT solid solutions, appro-
priate amounts of Ti4+ and Ba2+ cations were added to the
metal–citrate complex solution with the previous dissolution
of Ti(OiPr)4 and Ba(NO2)2·H2O in EG (Fig. 1).

Later on the precursors were calcinated for 1 h at temper-
atures from 460 to 900◦C. The thermal decomposition and
crystallization of the precursor were investigated by thermo-
gravimetry and differential thermal analysis (TG–DTA, Net-
zsch, STA 409) in static air with a heating rate of 1◦C/min
and X-ray powder diffraction (Model D4 Endeavor, Bruker
AXS). The specific surface area of the powders was deter-
mined using the BET method (Micromeritics Gemini 2370).

Powder calcined at 900◦C was used for the sintering ex-
periments. The powder was deagglomerated by milling in
a zirconium ball mill in ethanol for 3 h. The deagglomer-
ated powders were pressed into pellets, 6 mm diameter and
2.5 mm thick, and sintered for 1 h at the optimum sintering
temperature. The temperature at which the maximum den-
sity was achieved was assumed to be the optimum sintering
temperature.
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Fig. 2. XRD patterns of KN (a–d) and 90KN–10BT (e) powders precursors
calcinated for 1 h at: (a) 460◦C, (b) 540◦C, (c) 600◦C and (d), (e) at 900◦C.

The densities of the sintered samples were measured using
Archimedes principle, whereas their microstructures were
characterized using an SEM (Model 4800, JEOL, Tokyo,
Japan).

Fig. 3. TG–DTA curves of the KN precursor in static air with a heating range
of 1◦C/min.

3. Results and discussion

The X-ray diffraction (XRD) patterns of the KN powders
heated for 1 h at different temperatures are shown in

F
t

ig. 4. SEM micrographs of the KN precursor powder prepared using the PC
he solid-state method (c).
-method (a and b) calcined at 900◦C for 1 h, and calcined powder prepared using
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Fig. 2. After 1 h at 460◦C no crystalline phase could be
detected with XRD. The XRD spectrum of the powder
heated at 540◦C shows the presence of reflections, which
could be ascribed to crystalline phases: the KN perovskite
and K4Nb6O17 (K4N6—orthorhombic, space group:
P21nb(33))7 compounds. With increasing temperature the
amount of K4N6 decreased while the amount of KN in-
creased. After a calcination at 900◦C only the KN compound
was present. Therefore we believe that in the first stage K4N6
is formed from an amorphous precursor and subsequently
it reacts to form KN. Because of the stoichiometry of Nb5+

and K+ cations in the K4N6 compound, the presence of a
potassium-rich phase is expected. However, no such phase
was visible on the XRD pattern, most probably due to
its relatively small content (the peaks for potential K-rich
phases can be hidden behind the peaks of the K4N6 and KN
compounds). The cell parameters of the orthorhombic KN
cell were determined to bea= 0.5696 nm,b= 0.5709 nm
andc= 0.3983 nm, which is close to those reported for that
compound.8

The XRD analysis of the 90KN–10BT powder calcined at
900◦C (Fig. 2e) revealed a few small unidentified peaks be-
sides the peaks corresponding to the matrix perovskite phase.
Also, in the case of KN–BT, the perovskite phase appeared
between temperatures of 460 and 540◦C. However, the peaks
of perovskite phase in the KN–BT samples showed an in-
c KN.
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This sharp peak can be attributed to the crystallization of KN.
Above 590◦C there is no further weight loss and no thermal
effect up to 780◦C.

Fig. 4shows SEM images of the KN powder prepared us-
ing the PC-method and calcined at 900◦C (a and b), and KN
powder prepared using the solid-state method (c). The pow-
der prepared by the chemical method is strongly agglomer-
ated. The agglomerates are composed of smaller nano-sized
particles. In contrast, with the solid-state method the cal-
cined powder is not agglomerated; however, the particle size
is much bigger. The surface area of this powder was only
1.78 m2/g. For the sintering experiments the calcined pow-
ders were deagglomerated by milling; however, some smaller
agglomerates remained in the powder. After milling the sur-
face area of the powder was 14.5 m2/g.

Fig. 5 shows a fracture surface of the KN ceramics, sin-
tered for 1 h at 1055◦C. The ceramic is relatively dense, 89%
of theoretical density. In the dense matrix some large elon-
gated pores are distributed. Such pores are typical for differ-
ential sintering of the powder with agglomerates. The grain
size was around 3�m, similar to that obtained by solid-state
processing,1 where the density of the sintered KN ceramics
reached only 83% of theoretical density.

Fig. 5. Fracture surface of the KN, sintered for 1 h at 1055◦C.
rease in the symmetry of that phase compared to pure
or example, the split peak of pure KN around 2θ = 22.2◦
orresponding to the (0 1 1) and (1 0 0) reflections cha
nto one broad peak in the diffractogram of the KN–BT s
le (Fig. 2d and e). The change in the cell of the perovs
hase in the KN–BT sample compared to pure KN stro
uggests the formation of the solid solution of BaTiO3 in
NbO3. The XRD suggested a tetragonal cell for the s
olution, witha= 0.4034 nm andc= 0.4017 nm after the ca
ination at 600◦C, anda= 0.4016 nm,c= 0.4003 nm afte
alcination at 900◦C. However, it is not clear whether
ingle-phase KN–BT solid solution was formed during
alcination. In the 90KN–10BT sample prepared with
olid-state process, two solid solutions were detected
intering at 1125◦C: a solid solution of BaTiO3 in KNbO3
nd a solid solution of KNbO3 in BaTiO3.1

The results of the XRD analyses were in agreement
he TGA/DTA analyses.Fig. 3 shows the TG/DTA curve
f the KN powder precursor obtained by the PC met
he TGA curve shows two regions of weight loss, while
TA curve shows three exothermic effects with maxim
20, 518 and 582◦C. The first broad peak in the DTA cur
round 320◦C, associated with the large weight loss of
roximately 49.5%, can be related to the burnout of org
pecies involved in the precursor powder. The XRD an
is suggested the appearance of K4N6 as the first crystallin
hase between 460 and 540◦C. Thus, the second small pe

n the DTA curve at 518◦C is most probably related to cry
allization of K4N6. The largest peak in DTA curve at 582◦C
as associated with the second step in TGA curve (42.
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4. Conclusions

The PC method, based on a Pechini-type reaction route
was used to prepare KN and KN–BT powders. The obser-
vations indicate that the crystallization of KN proceeds via
the K4N6 intermediate phase. The perovskite KN is obtained
already after heating at temperature of∼600◦C. In the case
of the KN–BT precursor, a solid solution between the per-
ovskites KN and BT is already formed at temperatures below
900◦C.
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1. Pribǒsič, I., Makovec, D. and Drofenik, M., Electrical properties of
KNbO3–BaTiO3 ceramics. InProceedings of the European Ceramic

Society, ed. C. Kermel, V. Lardot, D. Libert and I. Urbain. Trans Tech
Publications Inc., Brugge, 2001, pp. 1401–1404.

2. Lu, C. H., Lo, S. J. and Lin, H. C., Hydrothermal synthesis of nonlin-
ear optical potassium niobate ceramic powder.Mater. Lett., 1998,34,
172–176.

3. Goh, G. K. L. and Lange, F. F., Hydrothermal synthesis of KNbO3

and NaNbO3 powders.J. Mater. Res., 2003,18, 338–345.
4. Nazeri-Eshghi, A., Kuang, A. X. and Mackenzie, J. D., Preparation

and properties of KNbO3 via the sol–gel method.J. Mater. Sci., 1990,
25, 3333–3337.

5. Amini, M. M. and Sacks, M. D., Synthesis of potassium niobate from
metal alkoxides.J. Am. Ceram. Soc., 1991,74, 53–59.

6. Pechini, M. P., Method of preparing lead and alkaline earth titanates
and niobates and coating method using the same to form a capacitor.
U.S. Patent No. 3,330,697 (1967).

7. Gasperin, M. and Le Bihan, M. T., Mecanisme d’hydratation des nio-
bates alcalins lamellaires de formule A4Nb4O17 (A = K, Rb, Cs). J.
Solid State Chem., 1982,43, 346–353.

8. Katz, L. and Megaw, H. D.,Acta Crystallogr., 1967,22, 639.


	Chemical synthesis of KNbO3 and KNbO3-BaTiO3 ceramics
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	References


