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A b s t r a c t  

Raw chemicals such as metal nitrates and chlorides were found to affect the thermal decom- 
position behaviour of EDTA-gel precursors used for the production of ceramic powders. Fine, 
homogeneous ceramic powders were produced from nitrate solutions while chlorides gave segre- 
gated phases. In studies on the production of lead zireonate titanate (PZT) using chlorides, the 
segregation and loss of lead was observed and shown to be caused by the formation and evapora- 
tion of PbCl2. Thermal analysis (DTA/TG) quantitatively proved the suggested reaction mecha- 
nism for this phase segregation. Crystallization of the desired perovskite phase of lead zirconate 
titanate (PZT) and barium titanate (BT) initiated at temperatures as low as 250~ in the nitrate- 
EDTA precursors. Water of crystallization and formation of BaCO3 in the barium titanate precur- 
sor were suggested to account for differences in the observed decompositional behaviours of the 
BT and PZT precursors. 
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Introduction 

Ferroelectric and superconducting oxide powders may be synthesized by a 
variety of chelating and sol-gel methods. For the aqueous gel techniques, pre- 
cursors are prepared from the corresponding metal nitrate solutions using 
chelating agents such as citric acid [1-3] and ethylene diamine tetraacetic acid 
(EDTA) [4-6]. The thermal decomposition of gel precursors prepared by the 
citrate process has been studied by several authors [7-9] but those of  EDTA pre- 
cursors were studied only recently [4--6, 10]. The organic part of the precursor 
is more easily oxidized, because of the initiating and oxidizing effect of nitrates 
[7, 8, 10]. It is known that chloride ions are not decomposed during thermal 
decomposition, but the details of the influences of the different anions are not 
well understood [11]. Furthermore, different metal elements may lead to a dif- 
ferent decompositional behaviour [8]. Simultaneous thermal and evolved gas 
analysis offers a powerful technique to study these differences. This paper pre- 
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sents a thermoanalytical study on the thermal decomposition of gel precursors 
made from different raw chemicals. 

E x p e r i m e n t a l  p r o c e d u r e  

Chemicals 

EDTA: Aldrich Chem. Co. Ltd. No. E26282 
Pb(NO3)2: Fluka Chemika, No. 15335 
ZrCI4: Fluka Chemika, No. 96600 
TiCh: Fluka Chemika, No. 89541 
Ba(NO3)2: Fluka Chemika, No. 11787 

Instruments 

DTA/TG: SSC/5200, TG/DTA 320, Seiko Instrument, Aug. 1989 
XRD: Philips PW 1710 powder diffractometry 
EGA: INFICON Quadrex PPC mass spectrometry 

The starting reagents used were high purity, analytical grade, EDTA acid 
(>99%), Pb(NO3)2 (>99%), Ba(NO3)2 (>99%), ZrCI4 (>98%) and TiCI4 
(>98%). The nitrate solutions of zirconium and titanium were prepared sepa- 
rately by dissolving zirconium and titanium hydroxides in nitric acid. The hy- 
droxide precipitates were previously obtained by adding ZrCl4(aq) and 
TiCl4(aq) to ammonia solution, followed by triple filtering and washing with 
deionized water to remove residual chloride ions. Highly concentrated nitric 
acid and a chilled environment were required to dissolve the zirconium hydrox- 
ide and titanium hydroxide precipitates [12]. The concentrations of metal ions 
in the nitrate solutions were determined by using a simple gravimetric tech- 
nique, where a specific volume of each solution was evaporated and calcined at 
1000~ for 1 h, forming their respective oxides. EDTA acid solution with 
pH = 5 was prepared by dissolving EDTA acid in deionized water and adding 
the minimum required amount of ammonia solution. 

The ceramic compositions chosen for investigation were Pbt.t(Zr0.s2Ti0.48)O3 
and BaTiO3. The desired metal nitrate or chloride solutions were gradually 
added to the EDTA solution individually while the pH value was maintained at 
a value of 5 by the addition of ammonia solution. The resulting clear solution 
was evaporated under vacuum in a revolving flask at 50-70~ until a viscous 
liquid was obtained. No precipitation was observed during evaporation. The 
viscous liquid was dried in a vacuum oven at 80~ for 24 h to produce the de- 
sired precursors. Solutions were prepared having different values of the ni- 
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trate/EDTA ratio, as shown in Table 1 together with theoretical calculations of 
volatile materials in these precursors. 

Table 1 Composi t ion of EDTA-ehelated precusor  

PZT/  BT/ EDTA/ NH3/ NO3/ Cl/ NO3/EDTA volatile 
Name 

mole mole mole mole mole mole ratio (wt%) 

PZT1 0.1 0.15 1.27 0.62 4.13 75.0  

PZT2 0.1 0.15 1.67 0.81 5.40 78.1 

PZTCI 0.1 0.15 1.18 0.22 0.4 1.47 72.6 

BT1 0.1 0.11 1.02 0.60 5.45 78.8 

IJ]"2 0.1 0.11 1.88 1.26 11.45 85.9 

PZT-- Pbl . l (Zr0 .52Ti0 .48)O3,  M .W. = 346.337 g/mole 
BI" -- BaTiO3,M.W. = 233.21 g/mole 
EDTA : M.W. -- 292.24 g/mole 
NH3 solution : 35%, specifiegravity = 0.88 g/era 3, M.W. = 17 g/mole 
HNO3 solution : 70%, speeifiegravity -- 1.42 g/era 3, M.W. = 63 g/mole 

The decomposition behaviour was characterised by simultaneous thermal 
analysis (TG/DTA) carried out from room temperature to 1000~ at a heating 
rate of 10 deg.min -1. The evolved gas products were analyzed using a mass 
spectrometer in an air atmosphere. The resultant phases of the precursor after 
calcination were examined using XRD and TEM microanalysis. 

Resu l t s  

Thermal decomposition behaviour 

The nitrate-EDTA precursor 

Figure 1 shows the typical DTA/TG curves obtained for the decomposition 
of the PZT1 and PZT2 gels in air, with a samPle weight of 10 mg. Both PZT- 
EDTA gels show one or two small endothermic peaks around a temperature of 
200~ and almost complete decomposition after two sharp and large exothermic 
reactions at 210-240~ The total weight losses agree well with the values cal- 
culated assuming complete loss of all the volatile components (75.5 wt% for the 
PZT1 gel and 78.0 wt% for the PZT2 gel at 700~ For the PZT2 gel, more 
complete decomposition and loss of volatile material was observed after the 
exothermic reaction at 240~ The effect of excess nitric acid on the thermal de- 
composition of the organic component is clear in the case of the PZT2 gel, 
which exhibited a much sharper exotherm and a weight loss which was virtually 
complete at an external temperature of 250~ 
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Fig. 1 DTA/TG curves for PZT1 and PZT2 precursors. The total weight losses  agree with 
those calculated on the basis of  the amount of  volatile material present 

The decomposition behaviour of the BT-EDTA gels is quite different, being 
less sensitive to the nitric acid/EDTA ratio as shown in Fig. 2. The two curves 
show a similar decompositional behaviour, even though BT2 contains twice the 
ratio of nitric acid/EDTA used for BT1. The excess nitric acid in the BT2 gel 
does not give a substantially larger exothermic peak than that of the BT1 gel. A 
large weight loss is apparent at temperatures below 250~ but a considerable 
amount (___20 wt%) of material remains, giving rise to a further weight loss at 
higher temperatures. The total weight losses of both BT-EDTA gels (83.5 wt% 
for the BT1 gel and 88 wt% for the 131'2 gel at 800 ~ are a little more than the 
theoretical predictions (78.8 wt% and 85.9 wt% respectively). In addition, the 
intensity of the exothermic reaction was much less than that of the PZT-EDTA 
precursor and the mass loss steps revealed in DTG curves show that there were 
at least four separated reactions. 

The chloride-EDTA precursor 

Figure 3 shows the typical DTA/TGA data for thermal decomposition of the 
chloride-EDTA precursor for PZT powder. It shows a small endothermic reac- 
tion close to 200~ and three exothermic reactions at 210, 330 and 490~ 
These DTA events are accompanied by a first weight loss at 200~ and gradual 
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Fig. 2 DTA/TG/DTG curves for BT1 and BT2 precursors. The total weight losses arc larger 
than the predictions 
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Fig. 3 DTA/TG/ITD3 curves of chloride-EDTA precursor. The total weight loss is much 
greater than the prediction 
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decomposition from 250 to 550~ The gradual mass loss may be explained by 
gradual decomposition/oxidation of the organic components. However, the total 
weight loss (85 wt%) was much greater than that of the theoretical prediction 
given in Table 1. The DTG curve shows four main mass loss peaks during heat- 
ing. The positions of the first three exothermic peaks correspond to the exother- 
mic peaks of the nitrate 1 gel in Fig. 1 and are characteristic of the 
decomposition of the PZT-EDTA precursor. The last weight loss peak in the 
chloride-EDTA gel is at over 490~ and was not accompanied by any sharp exo- 
thermic or endothermic reaction, as shown in Fig. 3. This will be discussed 
later after the results obtained on examination of the calcined powder in 
DTA/TG have been presented. 

Phase development 

The nitrate-EDTA precursors 

The sequence of crystalline phases formed during the course of thermal 
treatment of the PZT2 precursor is shown in Fig. 4 (results for the PZT1 pre- 
cursor were similar). It is apparent that the as-dried gel was amorphous, but 
contained some crystalline ammonium nitrate (NHaNO3) as a minor phase 
which decomposed to yield gaseous NH3 and HNO3 when heated to 200~ The 
gaseous ammonia product was confirmed by mass spectrometry. Thus, it is 
clear that the endothermic peak at 200~ in the DTA curve (Fig. 1) is caused by 
the decomposition of the ammonium nitrate which was seen to be accompanied 
by the softening/melting of the solid precursor. Further decomposition and oxi- 
dation of the organic part evolves a considerable amount of heat which increases 
the local temperature in the precursor and causes burning of the residual carb- 
on. The liberated nitric acid and nitrogen oxides provide an oxidising environ- 
ment and thus facilitate the decomposition and oxidation of the precursor. A 
pure PZT phase, together with some PbO, was readily formed after calcination 
at only 250~ The XRD peaks corresponding to PZT became more clear and 
sharp at higher temperatures. The intermediate PbTiO3 phase, which is often 
present in materials produced by the mixed oxides method, was not observed. 

XRD results for the BT2 precursor are shown in Fig. 5. Both BT-EDTA pre- 
cursors are similar and agree with the data for the PZT-EDTA precursors. Both 
BT gels contained two different crystalline forms of NH4NO3 as the main crys- 
talline phases. None of the peaks correspond to those of Ba(NO3)2, indicating 
that the metal cations are still homogeneously distributed. Formation of crystal- 
line BaTiO3 occurred at temperatures as low as 250~ but it was accompanied 
by a just detectable amount of BaCO3 which was stable up to at least 800~ The 
presence of carbonates in the powder calcined at 1000~ for 1 h was not detect- 
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able by XRD. The BT-EDTA precursor produced a porous and friable powder 
after calcination at 250~ This porous matrix transformed into larger crystal- 
line agglomerates after subsequent calcination at higher temperatures in a simi- 
lar way to the PZT-EDTA precursor. 
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Fig. 4 Phase development of the PZT2 precursor after calcination for 1 h at various tempera- 
tures 
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Fig. 5 Phase development of  the I3'I"2 precursor after calcination for 1 h at various tempera- 
tares 

The chloride-EDTA precursor 

The XRD results for as-prepared chloride-EDTA precursors and the powders 
calcined at various temperatures are shown in Fig. 6. There is a minor crystal- 
line phase attributed to NH4CI in the chloride-EDTA precursor. However, this 
is not evident after calcination at 250~ The endothermic peak at 200~ in the 
DTA curves (Fig. 3) is most likely caused by the decomposition of this minor 
crystalline phase and softening/melting of the glassy precursor. 

In products obtained after firing at 500~ evidence of PbCI2 was clear and 
this compound was the only crystalline phase. The PbCI2 disappeared on further 
heating to 600~ at which temperature the first crystalline metal oxide was 
formed, as shown in Fig. 6. The main peaks corresponded to orthorhombic 
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ZrTiO4, and not the expected PZT, PbZr03 or PbTiO3 phases. At 600~ the 
PbTiO3 phase first appeared, becoming more clearly evident as the calcination 
temperature increased. 

The chloride-EDTA precursor did not form the desired PZT phase, even af- 
ter calcination at 1000~ for 1 h, but produced orthorhombic Ti-deficient 
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6 Phase development of the chloride-EDTA precursor after calcination for 1 h at vari- 
ous temperatures 
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ZrTiO4, rutile TiO2 and PbTiO3. The c/a ratio of the resultant lead titanate 
phase (1.052) is less than that of pure PbTiO3 (1.064), indicating that some Zr 
is present in solid solution, and the (111) main peak of ZrTiO4 (din = 2.93A, 
2| = 30.45 ~ is shifted slightly to a lower angle due to the titanium-deficiency. 
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Fig. 7 TEM micrograph with EDX spectra shows the phase segregation in calcined powder 
derived from the ehloride-EDTA precursor at 1000~ Region A = 'rio2, region 
B = Pb'riOa, region C = ZrTit-(3r2)~O4-3x 
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The compositional segregation in the chloride-EDTA derived powder cal- 
cined at 1000~ for 1 h was further confirmed using nanoprobe EDX down to 
20 nm in the TEM, as shown in Fig. 7. Here, three types of particle morphol- 
ogy can be seen in the powder. Large cubic particles (region A), which are oc- 
casionally found isolated but dispersed within the finer particles, are mainly Ti 
containing, indicating that these are TiOz. The dark, strongly diffracting, 
smoothly-contoured particles, denoted as B in Fig. 7, comprise a Zr-containing 
PbTiO3 phase. The very fine particles (region C), which are less than 0.1 ~tm 
in size, were identified as ZrO2 with some Ti. These fine (C) and cubic (A) par- 
ticles were completely lead free, as shown in the EDX spectra. 

It is clear that there are at least three phases in the chloride-EDTA derived 
powder calcined at 1000~ for 1 h, which may be identified as TiO2, Ti-defi- 
cient ZrTiO4, and PbTiO3 (containing some Zr). The development of these 
phases is discussed below. 

Evolved gas analysis (EGA) 

The results of EGA by mass spectrometry indicate that the gaseous products 
were NH3, H20, NO and CO2. Figures 8 and 9 show the evolved gases during 
thermal decomposition for the PZT2 and BT2 gels, respectively. The four gase- 
ous products were evolved from 200 to 240~ for the PZT2 gel and from 170 
to 250~ for the BT2 gel. However, the ratios of the quantities of these gases, 
given in Table 2, are quite different for these two gels. The gaseous products 
from PZT2 are of the same order of magnitude. But, in the BT2 precursor the 
amount of water is much greater than that of the three other gaseous products. 
This gives a clear idea why the exothermic heat is so small in BT-EDTA precur- 
sors. It also suggests that the BT-EDTA precursors incorporated a lot of water. 
Furthermore, the gaseous products of both EDTA precursors are similar to 
those observed in the decomposition of amorphous citrate gels, suggesting that 
a similar reaction scheme may be involved. 

Discussion 

The nitrate-EDTA precursor 

The sharp exothermic reaction and weight loss of the PZT-EDTA precursor 
at temperatures around 240~ may be explained in terms of the exothermic re- 
action between nitric acid and EDTA, and the following spontaneous combus- 
tion of the organic component. A higher molar ratio of nitric acid to EDTA 
resulted in more complete decomposition of the gel. Crystallisation of the PZT 
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Fig. 9 Evolved gas analysis of BT2 precursor 

Table 2 Evolved gas quantity ratio/% 

Precursor NH3 H20 NO CO2 Evolved tcmp./~ 

PZT2 gel 16.2 44.8 12.2 26.8 200-240 

BT2 gel 7.9 75.2 5.5 11.4 170-250 
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phase initiated when enough heat was generated by this exothermic reaction, 
though the external temperature was only z250~ 

The decomposition behaviour of the BT-EDTA precursors are distinguished 
from those of PZT-EDTA precursors by their small exothermic reaction at 
210-240~ and the separated loss steps as shown in the DTG curve (Fig. 2). A 
large amount of residual carbon is left in the BT-EDTA derived powder due to 
incomplete oxidation of the organic part of the gel and the formation of BaCO3. 
The total weight loss of the BT-EDTA gel precursors was 2-4 wt% more than 
that predicted. 

Two factors may be involved for the small exothermic reaction at 210~ de- 
spite the high nitrate/EDTA ratio of 131" gels. First, the BT-EDTA precursors in- 
corporated excess water as revealed by evolved gas analysis. For any given set 
of decomposition conditions, it would be necessary for this chemically-bonded 
water to be removed, resulting in an overall less intensive exothermic reaction 
and possible incomplete oxidation. The observed weight changes for the BT1 
and BT2 gels suggest a value of x ~15-20 in a complex BT-EDTA.xH20. It is 
this decomposition and evaporation of water that reduces the intensity of the 
main exothermic reaction. The value is somewhat larger than the incorporated 
water in EDTA complexes reported in the literature [13, 14], which have been 
shown to occur with up to 10 molecules of water to one of EDTA. 

Secondly, the formation of barium carbonate in BT-EDTA precursors cannot 
be ignored. The formation of carbonate reduces the amount of carbon in the 
carbonaceous char and hence decreases the exothermic oxidation. From this 
point of view, elements such as Sr and Ca may affect the decompositional be- 
haviour in a similar manner. 

Mechanism of phase segregation in chloride precursors 

Yoshikawa and Tsuzuki [15] have confirmed that lead monoxide is required 
to form the lattice of the perovskite structure of PLZT. Such initial formation of 
PbO at low temperature (300~ has also been demonstrated in the preparation 
of PZT ceramic powder by the alkoxide route [16]. Therefore, it is assumed that 
the absence of PbO in the calcined powder obtained from the chloride-EDTA 
precursor could be a primary reason for absence of the PZT phase. The absence 
of PbO in the chloride-EDTA derived powder is due to the formation of PbCI~, 
which was found to be stable until 600~ above which is started to react with 
the ZrTiO4 which had formed because of the absence of PbO. 

According to the XRD data, traces of PbTiO3 were formed initially at 600~ 
but this phase only became clearly evident at higher temperatures. However, 
ZrTiO4 was present in abundant quantities at 600~ and above. As a result, it 
seems likely that the titanium ions which eventually produce the significant 
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quantities of PbTiO3 at higher temperatures must come from Z r T i O 4  which co- 
exists in the region 500--600~ with PbCI2. A possible reaction between PbCI2 
and ZrTiO4 is as follows: 

x TiCI4 x PbCI2 + ZrTiCh --~ x PbTiCh + ZrTil-3rzxO4-3x + 

The titanium tetrachloride will volatilize and hydrolyze/oxidize further to form 
titanium oxide during subsequent calcination. 

According to the suggested reaction above, x can vary from 0 to 2/3, and the 
remaining lead chloride (1.533 mole) of the original precursor stoichiometry 
cannot be accounted for. However, the results shown in Fig. 10 indicate that the 
unreacted lead chloride is lost as a vapour. The TG curves of powder from the 
chloride-EDTA precursor calcined at 500 and 600~ show an unexpected 
weight loss from 500 to 700~ The only crystalline phase in the powder pro- 
duced at 500~ was lead chloride (Fig. 6). Figure 10 shows a melting peak at 
483~ which is associated with the lead chloride, and a broad endothermic re- 
action around 640~ in the DTA curve. This latter endothermic reaction has an 
associated large weight loss of 58 wt% in the TG curve (for the powder calcined 
at 500~ 

0 
X 
w 

64o'~-~.~. - TG \ 

/ DTG . i  ""--.. d r~ 
z 
LU 

0 2 0 0  4 0 0  6 0 0  

TEMP.~  

0 

20 

o~ 
40 "~ 

t.O 
o3 
o 

6O (5 

\ 
\ 
\, 80 \ 

\ 

8 0 0  1000 

Fig. 10 DTAITGIDTG curve of calcined derived from chloride-EDTA precursor at 
500~ h. The 58 wt% loss of 500~ powder agrees with the proposed re- 
action mechanism 
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These thermoanalytical data indicate that the unreacted lead chloride was 
gradually evaporated after melting. A' theoretical calculation of weight loss for 
the powder calcined at 500~ gives a value of 56.7 wt% for the loss of unre- 
acted lead and all chloride ions (including the weight change due to the forma- 
tion of TiO2). This value was obtained by taking Xmx = 2/3 in the suggested 
reaction. If x was less than this maximum value, it should give a greater weight 
loss due to the greater amount of unreacted PbCI2. These calculations show a 
good agreement with the observed total weight loss of 58 wt% for this powder. 

Conclusions 

1. Fine, homogeneous ceramic powders were prepared by the metal nitrate- 
EDTA gel process. The calcination temperatures employed were substantially 
lower than those required in the conventional routes. The nitrate ions provided 
an 'in-situ' oxidising environment for the decomposition of the organic compo- 
nent, and the subsequent heat evolution facilitated the crystallization of the PZT 
and BT phases at a very low external temperature (~250~ 

2. Phase segregation in the chloride-EDTA precursor was found to be due to 
the formation and subsequent evaporation of PbCI2. The suggested reaction 
which was proved by DTA/TG analysis explained the detailed weight changes 
and phase segregation. 
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Zusammenfassung m Man fand, dab Rohchemikalien wic z.B. Metallnitrate und -chloride das 
thermische Zersetzungsverhalten von EDTA-Gelpr~kursoren ffir die Herstellung von Keramik- 
pulvern beeinflussen. Aus Nitratl6sungen wurden feine, homogene Keramikpulver gefertigt, 
wfihrend Chloride segregierte Phasen ergeben. In einer Untersuchung an der Fertigung von 
Bleizirkonattitanat (PZT) unter Einsatz von Chloriden wurde eine Entmischung und der Verlust 
yon Blei beobachtet und als Grund dafftr die Bildung und Verdampfung von PbC12 ermittelt. Mit- 
tels DTA/TG konntr der vorgeschlagene Reaktionsmeehanismus ffir diese Phasenentmischung 
quantitativ bekr~ftigt werden. Die Kristallisation der gewfinschten Perovskit-Phasr von Bleizirk- 
onattitanat (PZT) und Bariumtitanat (BT) seXzte bei den Nitrat-EDTA Pr~ursoren bei so nie- 
drigen Temperaturen wie 250~ ein. Kristallwasser und die Bildung von BaCO3 im Bariumti- 
tanat-Priikursor werden ffir die Unterschiexie im beobachteten Zersetzungsverhalten der 
PrKkursoren B'F und PZT verantwortlich gemacht. 
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