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Abstract
Liquid precursors of (K0.5Na0.5)NbO3 thin-films were prepared from alkali acetates and niobium ethoxide in 2-methox-

yethanol solvent either in a stoichiometric ratio or with 5 or 10 mole % of potassium or sodium acetate excess. Fourier-

transform infrared (FTIR) spectroscopy of the dried precursors confirmed the presence of acetate and hydroxyl groups.

Thermal decompositions of the as-dried precursors in air occurred gradually. Between room temperature and ∼200 °C,

the weight loss of a few per cent was due to the evaporation of residual solvents. The major mass loss was due to ther-

mal oxidation of organic group with the major exothermic events at about 250 °C and 450 °C, almost 200 °C below 

the onset of the chemical decomposition of alkali acetates, indicating that a heterometallic complex was formed in solu-

tion, in agreement with FTIR analysis. Both the amount and to a lesser extent the choice of alkali-acetate excess influen-

ced the thermal decomposition of the organic groups predominantly in the temperature interval between ∼200 °C and

∼400 °C.
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1. Introduction

Lead-free piezoelectric ceramics have been the topic
of intensive research since early 2000’s due to the increased
awareness of both health- and environment hazards related
to fabrication, use and disposal of lead-based piezoelec-
trics.1 In addition to studies of bulk piezoelectric and ferroe-
lectric ceramics, the research of thin films has been promo-
ted by miniaturization trends in electronics and microelec-
tromechanical systems.2,3

Sodium potassium niobate with the alkali metal molar
ratio equal to 1 (K0.5Na0.5)NbO3 (KNN) has been one of the
intensively studied lead-free materials compositions, which
could replace human- and environment-hazardous lead-ba-

sed perovskites.4,5 Processing problems related to KNN
films have been reported, and they are related to humidity
sensitivity of reagents, ease of formation of non-perovskite
phases upon heating, volatility of alkali oxides at the proces-
sing temperatures, and consequent loss of stoichiometry and
degraded functional properties, to name only some.6–11

In Chemical Solution Deposition of thin films, the
possible loss of alkalis upon heating could be compensated
by the addition of excess of alkali compounds in the coating
solution. In different studies, the latter varied from no excess
(0) to 20 mole %, nevertheless, the films crystallized in pe-
rovskite phase 9–11 In our previous work we prepared KNN
thin films from acetate-alkoxide based solutions containing
0, 5 or 10 mole % of sodium or potassium acetate excess in
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2-methoxyethanol as the common solvent. The 200–250 nm
thick films crystallized in perovskite phase upon heating at
750 °C for 5 min in a rapid thermal annealing furnace not-
withstanding the amount of the excess or the choice of the
alkali reagent. However, the amount of the alkali excess
strongly influenced the microstructure and orientation of the
perovskite phase, consequently it was also reflected in func-
tional properties of the films and in their phase-transitional
behaviour.12,13 The films, prepared from the solutions with 0
or 5 mole % alkali excess, consisted of equiaxed grains of
about 50 nm across, while the films, prepared from the solu-
tions with 10 mole % alkali excess had columnar micro-
structures, with the lateral grain size almost equal to the film
thickness, see Figure 1. The degree of {100} orientation was
much more pronounced in the latter films.12

A study of KNN thin-film precursors has been under-
taken in order to elucidate the origin of the observed diffe-
rences in the films, presumably stemming from different
chemical composition of the coating solutions. Chemical
composition of the liquid and as-dried precursors was pro-
bed by Fourier-transform infrared spectroscopy. Further-
more, thermo gravimetric and differential thermal analyses
in combination with evolved gas analysis by mass spectro-
metry of the as-dried precursors containing different
amounts of alkali excess were performed and compared.

2. Experimental

Potassium acetate (CH3COOK, 99+%, Sigma Al-
drich), sodium acetate (CH3COONa, 99.5%, Fluka) and

Nb-pentaethoxide (Nb(OCH2CH3)5, 99.99%, Starck) we-
re weighted in a stoichiometric ratio and dissolved in 2-
methoxyethanol. All manipulations and reactions were
performed in a dry inert atmosphere. After 4 hours of ref-
luxing and distillation of by-products, the concentration
of the solution was adjusted to 0.4 M. After cooling to
room temperature, the alkali acetates in excess were ad-
ded. Thus the colourless stable solutions without any alka-
li excess and with 5 mole % excess of K, 5 mole % Na, 10
mole % K, and 10 mole % Na were prepared, further de-
noted as Stoich-, 5K-, 5Na-, 10K-, and 10Na-KNN, res-
pectively. The details of the synthesis are described in our
previous paper,12

For Fourier-transform infrared spectroscopy (FT-IR)
and thermal analysis (TA), the solutions were dried at 60 °C
for 30 min, at 90 °C for 60 min and at 110 °C for 60 min.
The alkali acetates were dried at 200 °C to constant mass.

The FTIR spectra were recorded on two Nicolet
6700 spectrometers. The liquid samples were recorded in
the attenuated total-reflection (ATR) mode with the dia-
mond crystal in the ranges 600–1800 cm–1 and 2300–4000
cm–1. In the interval 1800–2300 cm–1 the bands of the dia-
mond crystal are present and this interval was cut from the
spectra. Note that the liquid samples do not have any im-
portant bands in this range. The spectra of the as-dried
samples were recorded with another device in transmit-
tance mode. The spectra were taken from thin transparent
KBr pellets containing approximately 0.5 wt. % samples
in the 400–4000 cm–1 range.

The samples were analysed by simultaneous ther-
mogravimetry (TG), derivative thermogravimetry (DTG)

Figure 1: Cross-section microstructures of (a) 5K-, (b) Stoich-, (c) 5Na-, (d) 10K and (e) 10Na-KNN thin films. Based on reference12.
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and differential thermal analysis (DTA), (Netzsch STA
409), coupled with a quadropole mass spectrometer (Bal-
zersThermostar GSD 300 T) through a heated quartz ca-
pillary, for the analysis of the evolved gases, EGA. The
samples of about 50 mg were heated in PtRh crucibles at
the heating rate of 10 °C/min to 750 °C in a flowing air at-
mosphere.

3. Results and Discussion

The Stoich-KNN solution precursor was synthesi-
zed upon the reaction of alkali acetates and Nb-ethoxide
in the ether-alcohol solvent. In addition to the ester-elimi-
nation reaction between the acetate and alkoxide groups,14

also partial transalcoholysis, i.e., exchange of ethoxide
groups with methoxyethoxide could be expected.15 Upon
drying in air the solvent evaporated, and reactions with
humidity could be expected, resulting in the formation of
oxo- and/or hydroxo- species.16 Assuming a stoichiome-
tric reaction between the alkali and niobium reagents the
dried precursor could be roughly described as
K0.5Na0.5Nb(OCH2CH3)x(OCH2CH2OCH3)y(O)z(OH)w,
where x + y + z + w = 6. Note that possible oligomerisa-
tion and/or solvation have not been taken into account.

Infrared spectroscopy was used to obtain insight in
chemical composition of the KNN sols and as-dried pre-
cursors. The latter were amorphous, as confirmed by X-
ray diffraction (patterns not shown here). In Figure 2 the
FT-IR spectra of the sols and the solvent are presented.
The FT-IR spectrum of the solvent 2-methoxyethanol
(CH

3
-O-CH

2-CH
2-OH) shows a broad band with the ma-

ximum at 3406 cm–1 assigned to vibrations of O-H bonds
in alcohols. The broad band in the range 2700–3000 cm–1

can be decomposed in the following bands: at 2960 and
2872 cm–1, assigned to the asymmetric and symmetric
stretching of CH3– groups; at 2925 cm–1 a band associated
with asymmetric stretching in –CH2– groups and at 2826
cm–1 a band assigned to symmetric stretching of the CH3–
group in ethers (CH3-O-CH2). The bands at 1455 cm–1 can
be attributed to scissoring motions of –CH2– groups. The
bands in the 1232 –1420 cm–1 range are assigned to scis-
soring and twisting motions of C-H bonds in the CH2-OH
group. The vibrations corresponding to C-O-C bonds in
the ether group lead to a group of bands in the range
1060–1193 cm–1. The band at 1018 cm–1 is assigned to
stretching of (C-OH) bonds while the bands at 963, 926,
890 and 831 cm–1 are assigned to stretching of (C-O)
bonds. The assignations of bands are in agreement with
the bands evidenced in organic compounds as alcohols
and ethers.17,18

FTIR spectra of all KNN sols look similar. In addi-
tion in the spectrum of KNN sols two new bands at 1741
and 1578 cm–1 appear that can be assigned to asymmetric
and symmetric stretching of C=O bond in the acetate
group, introduced by the alkali reagents. The band assig-

ned to stretching of the (C-O) bond that appears in spec-
trum of the solvent at 926 cm–1 was shifted in case of the
KNN sol to 916 cm–1; probably due to interaction in solu-
tion of the acetates with the solvent.

Figure 2: FT-IR spectra of the KNN sols and the solvent recorded

in the ATR mode with the diamond crystal.

In Figure 3 the FT-IR spectra of the dried precursors
are collected. One may note that the characteristic bands
assigned to the organic components of the studied solu-
tions vanished, except those assigned to the COO- vibra-
tions (1560 cm–1 and 1411 cm–1) stemming from alkali
acetates. The presence of adsorbed water and hydroxyl
groups are also noticed, as well as the absorption bands
around 800, 643 and 522 cm–1, characteristic for Nb–O
stretching modes. The results are in agreement with infra-
red and Raman data reported for KNN nanoparticles,19,20

niobate glass-ceramics21,22 and niobium silicate glas-
ses.23–28

Figure 3: FT-IR spectra of the as-dried KNN precursors, recorded

on KBr pellets, in transmission mode.
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In the FTIR spectra of the KNN sols, the two bands
at 1741 and 1578 cm–1 are assigned to the νas(COO–) and
νsym(COO–) groups.29,30 In the as-dried samples these
bands are shifted to 1560 and 1411 cm–1 showing the inte-
raction of the reagents by formation of complexes. Accor-
ding to the data of raw materials, the bands at 1432, 1460
and 1570 cm–1 in sodium acetate and at 1425 and 1590
cm–1 in potassium acetate were assigned to (COO–)
groups. The positions of bands in liquid and in as-dried
samples were displaced as compared to the positions of
bands in raw materials, confirming therefore formation of
acetate-based heteropolynuclear complexes. 

The FTIR spectra of both liquid and dried KNN pre-
cursors were quite similar and did not reveal specific fea-
tures which could be attributed to alkali-acetate excess.
Further analysis of the dried precursors was performed by
TG/DTA/EGA.

The thermal analysis curves of the dried Stoich-
KNN precursor are collected in Figure 4. The sample lost
20.45% of mass upon heating to 750 °C. Its thermal de-
composition occurred stepwise: the mass loss from room
temperature to 200 °C was 2.20%, from 200 °C to 470 °C
14.90%, and upon further heating to the final temperature
3.35%.

The thermal effects recorded by DTA included a
weak endothermic peak between room temperature and
200 °C, and a succession of exothermic peaks between

200 °C and 630 °C. We observed a strong, broad peak at
266.6 °C, a strong, sharp peak at 456.9 °C and another
strong peak at 577.7 °C.

We followed the mass peaks of water (m/e+ 18), car-
bon dioxide (m/e+ 44) and acetone (m/e+ 58). Between
room temperature and 200 °C, in the first step of mass
loss, predominantly water was evolved. In the next step,
from 200 °C to 480 °C, which corresponds to about 74%
of the total mass loss, water and carbon dioxide were evol-
ved in a series of steps. Traces of acetone were also detec-
ted in this temperature range. Upon further heating to 630
°C only carbon dioxide peak was detected.

Thermal analysis of the as-dried Stoich-KNN pre-
cursor revealed that upon heating to 200 °C evaporation of
water and residual solvent occurred as confirmed by a
broad endothermic peak. Upon further heating from ∼200
°C to ∼480 °C, the evolution of water, carbon dioxide and
traces of acetone confirmed thermal oxidation of organic
species, i.e. alkoxide and acetate groups, associated with
broad exothermic DTA peaks. Note that acetone is an in-
termediate product of the acetate group decomposition
and it has been detected in earlier studies of thermal de-
composition of other heterometallic alkoxide-acetate deri-
ved precursors.31–33 An abrupt mass loss of 2%, accompa-
nied by a strong sharp exothermic DTA peak and simul-
taneous evolution of water and carbon dioxide in the tem-
perature interval between ∼450 and ∼480 °C is attributed
to oxidation of residual organic species, however based on
thermal analysis only we could not conclude which reac-
tions took place, or if also crystallization simultaneously
occurred. From about 470 °C to 630 °C thermal oxidation
of carbonaceous residues occurred as evidenced by predo-
minant evolution of carbon dioxide and a broad DTA
exotherm. Chowdhury performed a systematic TA study
of KNN precursors, prepared from metal ethoxides in 
2-methoxyethanol with different refluxing times, from 0 h
to 70 h. It is worthwhile to note that he also detected a
strong exothermic double peak and a mass loss of a few %
at about 500 °C however, only CO2 was evolved in his ca-
se. He attributed it to coupled carbonate decomposition
and crystallization events.34

Before analysing the alkali-excess KNN precursors,
thermal decompositions of potassium and sodium acetates
were recorded by TG/DTA. Note that the final temperatu-
re of 600 °C was selected for analyses to avoid possible
contamination of the instrument by alkali vapours. Accor-
ding to literature sodium acetate decomposes to oxide
with the carbonate as the intermediate phase.35

The TG/DTA curves of both alkali acetates are quite
similar, as evident from Figure 5. The DTA curves of po-
tassium and sodium acetate exhibit an endothermic peak
at 306.1 and 330.8 °C due to melting.35

We observe that the major mass losses of both sam-
ples occur between approximately 420 °C and 540 °C, ac-
companied by strong exothermic peaks. The total mass
losses of 32.5% and 36.4% for potassium and sodium ace-

Figure 4: (a) TG, DTG and (b) DTA and EGA curves of the Stoich-

KNN precursor. A denotes evolution of acetone.

a)

b)
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tate, respectively, are larger than the theoretical values
corresponding to the decomposition of respective acetates
to carbonates (29.6% and 35.4%). This slight increase is
attributed to adsorbed humidity. Evaporation of water up-
on heating to about 200 °C is especially pronounced in the
case of potassium acetate.

Thermal decompositions of the potassium-excess
KNN precursors are collected in Figure 6, a. Note that the
TA curves of the Stoich-KNN are included for easier com-
parison. The total mass losses upon heating from room
temperature to 750 °C were 22.46% and 22.58% for the
5K- and 10K-KNN, respectively. There are some differen-
ces in the TG/DTA curves mainly between 180 °C and
330 °C. The rate of mass loss increases with increasing
amount of potassium-excess. We observe a sequence of a
weaker and a stronger exothermic DTA peak at 207.5 and
275.5 °C in the case of 5K-KNN sample and a similar
one, but more exothermic and shifted to slightly lower

temperatures for the 10-KNN sample, i.e. 199.6 and 247.4
°C, respectively. Both potassium-excess samples exhibit a
strong, sharp exothermic peak at ∼450 °C related to a
small mass loss, similar as the Stoich-KNN. Upon heating
above 480 °C, the TG and DTA curves had quite similar
sequences of peaks in all three samples. The EGA analy-
sis revealed that evolution of carbon dioxide was detected
up to 700 °C for the 10K-KNN and only up to 630 °C for
the 5K-KNN (not shown here) and Stoich-KNN. We
could conclude that the addition of potassium acetate to
the Stoich-KNN solution resulted in changes in the
TG/DTA curves especially between ∼200 and ∼330 °C,
indicating that some interaction between the heterometal-
lic complex and potassium acetate occurred. Note that the
acetate itself was stable upon heating to about 400 °C, see
Figure 5.

The TA curves of the 5Na- and 10Na-precursors are
collected in Figure 6, b. The data for Stoich-KNN are inc-
luded for comparison. The total mass losses upon heating
from room temperature to 750 °C were 20.51% and
22.50% for the 5Na- and 10Na-KNN, respectively. The
main difference between the two alkali-excess samples and
the Stoich-KNN is in the ∼180 °C and ∼400 °C interval.
Contrary to the potassium-excess samples, the major mass
loss of the 5Na-KNN sample is slightly up-shifted in rela-
tion to Stoich-KNN, with the DTA exo-peaks at 280.3 and
351.6 °C. The intensive mass-loss of the 10Na-KNN starts
at a lower temperature than for the Stoich-KNN, and the
major exo-peak is at 248.5 °C, almost 20 °C lower than
that of Stoich-KNN. At higher temperatures the sequences
of mass losses and DTA peaks of sodium-excess samples
are quite similar to those of Stoich-KNN. Similar as in the
case of potassium-excess samples we can conclude that the
sodium-excess samples exhibit different thermal decom-
position pathways than the Stoich-KNN. Furthermore, alt-

Figure 5: TG/DTA curves of potassium and sodium acetates.

Figure 6: TG/ DTA curves of (a) 5K- and 10K-KNN and (b) 5Na- and 10Na-KNN precursors. The corresponding curves of the Stoich-KNN are

added for comparison.

a) b)
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hough there are some differences between the 5K- and 5Na
samples, we observe a similar influence of the amount of
alkali-excess on the thermal decompositions. This obser-
vation is in agreement with the noted differences in the mi-
crostructures of the 5K- or 5Na- thin films as compared to
the 10K- and 10Na-KNN films,12 see Figure 1.

5. Summary

Infrared spectroscopy and thermal analysis were
used to study the KNN thin-film precursors, synthesized
from stoichiometric mixtures of sodium and potassium
acetates, and niobium ethoxide in 2-methoxyethanol with
0, 5 or 10 mole % of sodium or potassium acetate excess
in order to elucidate the origin of the observed differences
in microstructures of the obtained films.

As expected, the FTIR spectra of KNN sols revealed
the presence of acetate groups, which were introduced by
the alkali reagents and a slight shift in the band assigned
to stretching of the (C-O) bond, probably due to interac-
tion of the acetates with the solvent. The FT-IR results of
the dried KNN powders support the formation of acetate-
based heteropolynuclear complexes.

The thermal decomposition of all KNN precursors
occurred stepwise: in the first step, up to 200 °C, water
and residual solvent evaporated and upon further heating
from ∼200 °C to ∼480 °C, thermal oxidation of organic
species, i.e. alkoxide and acetate groups took place. The
TG/DTA curves of potassium and sodium acetates were
also recorded and revealed melting at 306.1 and 330.8 °C,
respectively, and the decomposition between 420 °C and
540 °C in both cases.

Addition of acetate excess to the stoichiometric
KNN precursor resulted in changes in the TG/DTA curves
especially between ∼200 and ∼330 °C, indicating some
interaction between the heterometallic complex and aceta-
te. As compared to the stoichiometric and 5 mole % alkali
excess precursors, the intensive mass-loss of the 10K- and
10Na-KNN started at a lower temperature and the main
DTA peaks at around 248 °C are more exothermic and
down-shifted.

Although there are some differences between the
5K- and 5Na- samples, we observed a similar influence of
the amount of alkali-excess on the thermal decomposi-
tions. This observation is in agreement with the noted dif-
ferences in the microstructures of the films from solutions
with different amounts of alkali excesses.
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Povzetek
Teko~e prekurzorje (K0.5Na0.5)NbO3 smo pripravili iz alkalijskih acetatov in niobijevega alkoksida v stehiometri~nem

razmerju, Na/K/Nb je 0,5/0,5/1, in s prebitkom 5 ali 10 molskih % kalijevega ali natrijevega acetata. Infrarde~a spek-

troskopija s Fourierjevo transformacijo (FTIR) su{enih prekurzorjev je potrdila prisotnost acetatnih in hidroksilnih

skupin. Termi~ni razpadi su{enih raztopin v zraku potekajo v stopnjah. Manj{o izgubo mase, zaznano v obmo~ju med

sobno temperaturo in okoli ∼200 °C, pripisujemo izhlapevanju topila. Najve~je izgube mas v obmo~ju med 200 °C in

400 °C so posledica termi~ne oksidacije organskih skupin. V tem obmo~ju smo najmo~nej{e eksotermne odklone zaz-

nali pri ∼250 °C in ∼450 °C, kar je skoraj 200 °C ni`je od za~etka termi~nega razpada alkalijskih acetatov. Slednje potr-

juje tvorbo heterometalnih kompleksov, v skladu s FTIR analizo. Raziskava je pokazala, da koli~ina in v manj{i meri tu-

di tip prebitka vplivata na termi~ni razpad organskih skupin, predvsem v obmo~ju med ∼200 °C in ∼400 °C. 


