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A Pb(Zr,Ti)O3 precursor gel made from a sol prepared using 1,1,1,-tris(hydroxymethyl)ethane, lead acetate
and zirconium and titanium propoxides, stabilised with acetylacetone, was analysed using TGA-FTIR
analysis. Decomposition under nitrogen (N, ) gave rise to evolved gas absorbance peaks at 215°C, 279 °C,
300°C and 386 °C, but organic vapours continued to be evolved, along with CO, and CO until ~950°C.
The final TGA step in N, is thought to relate to decomposition of an intermediate carbonate phase and
the final elimination of residues of triol or acetylacetonate species which form part of the polymeric gel
structure. By contrast, heating in air promoted oxidative pyrolysis of the final organic groups at <450°C.
In air, an intermediate carbonate phase was decomposed by heating at ~550°C, allowing Pb(Zr,Ti)O3 to
be produced some 400 °C below the equivalent N, decomposition temperature.

© 2008 Published by Elsevier B.V.

1. Introduction

Lead zirconate titanate, PbZrxTi;_xO3 (PZT), ceramics are of
fundamental and practical interest because of their favourable
dielectric, piezoelectric and ferroelectric properties. Thin film
forms find potential applications in ferroelectric memories, bulk
acoustic wave resonators and sensors [1]. A wide variety of prepa-
ration techniques have been employed to produce PZT thin films,
such as sputtering, laser ablation, MOCVD (metalorganic chemical
vapour deposition) and sol-gel [2-7].

In most sol-gel process for PZT, metal alkoxides and/or other
metal-organic precursors are mixed in alcohol to form a stable
sol, which on further reaction produces a polymeric gel net-
work. For thin-film fabrication, the precursor sol is deposited
onto a substrate by spin coating; subsequent heat-treatments to
decompose the organic components of the metal-alkoxy gel are
normally carried out on a hot-plate over the temperature range
200-400°C. A final heat-treatment at 550-700 °C produces a crys-
talline, ferroelectric PZT film. The thickness of single-layer films
produced by the early sol-gel routes was restricted to ~0.1 pm
due to process-induced cracking. Several sol-gel routes have been
reported subsequently, including two developed in this labora-
tory, which attain single-layer thickness values of ~0.4 or ~1 wm,
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making them potentially attractive for manufacturing films in the
micron range, as fewer deposition-heating cycles are needed com-
pared to earlier sol-gel systems [6-9]. One of the routes for thicker
films involves forming a gel-precursor solution using a triol reagent
[1,1,1-tris(hydroxymethyl)ethane, CH3C(CH,OH)3] [6,7]. Informa-
tion on the molecular structure of the starting sol has in the past
been obtained using solution '3C NMR spectroscopy which showed
that oligomeric species were formed by molecular bridging of metal
centers through the triol molecule. The triol exchanges initially for
-0C3Hj5 ligands of the Ti and Zr pentanedionate modified starting
propoxide reagents [6]. No detailed information is available on the
thermochemistry of the gel to ceramic conversion. Here the results
of TGA-FTIR experiments are reported. The approach has provided
useful information on other sol-gel systems for producing ferro-
electrics, for example PbTiO3 BaTiOs, (Bi,La)4Ti3013, SrBi;Nb;Og
[10-12].

2. Experimental

Precursors from Sigma-Aldrich of zirconium n-propoxide, 70
wt% in n-propanol [Zr(OC3H7)4]; titanium diisopropoxide bis(2,4-
pentanedionate), [Ti(OC3H7),(CH3COCHCOCH3);] abbreviated
TIAA (75 wt¥% solution in 2-propanol); lead (II) acetate trihydrate;
and the triol gel-forming reagent 1,1,1,-tris(hydroxymethyl)ethane
[CH3C(CH,0H)3] abbreviated to ‘THOME’, were used to produce
a PbZrg3Tig703 sol [6,7]. Firstly, Zr(OC3H7)4 was added to 2,4-
pentanedione (acetylacetone) under a N, atmosphere, the mixture
was heated at 90 °C for 2 h, resulting in a golden solution. The TIAA,
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lead acetate trihydrate and THOME were added to the solution.
The mixture was stirred at 70°C for 4 h to obtain a stock solution
and diluted thereafter with 2-methoxyethanol to a concentration
0.75 M. The sol was made with 10% molar excess of lead acetate, as
this is a usual means of compensating for PbO loss by evaporation
during thin-film heat-treatments. Thermogravimetric analysis
(TGA) was conducted in flowing nitrogen and in air (Stanton &
Redcroft TGA 1000, London, England). The gels for this purpose
were obtained by drying the sol at 60 °C for 4 h on a hotplate stirrer.
The TGA furnace was run at 20°Cmin~! until 950°C. This was
the maximum practicable working temperature of the apparatus;
the sample was held at 950°C for 20 min. The evolved gasses
from the sample at different time/temperature combinations
were analysed by Fourier transform infrared (FTIR) spectroscopy
(NICOLET FTIR 560 spectrometer, Madison, WI) in the wavenumber
range, 4000-400 cm~'. Precision in measuring wavenumbers is
estimated at £10cm~1.

3. Results
3.1. Decomposition in nitrogen

A standard TGA plot of the PZT precursor gels heated in N,
Fig. 1a, shows the main mass loss to occur below 500°C, equat-
ing to 48 mass% of the original dried gel sample. The four main
mass loss stages, following the 60°C pre-treatment, occurred
over the approximate temperature ranges: 130-250°C,250-300°C,
300-350°C and 350-450°C. A small, gradual loss of around a fur-
ther 2 mass% occurred from ~750 °C to the maximum temperature
studied, 950°C. The corresponding Gram-Schmidt plot, showing
the variation in the total absorbance of evolved gasses as a func-
tion of time/temperature, Fig. 2a, indicated peaks at 107 °C (very
faint), 215°C, 279 °C (with a shoulder at 300°C), 386 °C and a broad,
low intensity absorbance over the temperature range 750-950°C,
which extended into the hold period at 950°C.

The FTIR spectra of the vapours evolved at temperatures corre-
sponding to the peaks on the Gram-Schmidt plot are presented in
Fig. 3, and the principal features are described below. Peak assign-
ments were carried out with reference to standard texts [13-15]
and instrument software (Nicolet Vapor Phase Library, Madison,
WI).
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Fig. 1. TGA pattern of the dried triol-based Pb(Zr3Tigp7)O3 sol carried out (a) in N,
and (b) in air.

107°C (Fig. 3a): Only very faint peaks (absorbance <0.005)
appeared in the FTIR spectrum at this temperature, implying that
only a small volume of vapour was released, in agreement with
the very low intensity of the Gram-Schmidt peak (Fig. 2a). Broad
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Fig. 2. FTIR Gram-Schmidt plot of the dried sol for (a) N, and (b) air.
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Fig. 3. FTIR spectra of the evolved gases from the dried Pb(Zro3Tip7)O3 sol during the TGA experiment at different time/temperatures in nitrogen: (a) 107 °C, (b) 215°C, (c)
279°C, (d) 322°C, (e) 386°C, (f) 600°C, (g) 858°C, (h) 900°C and (i) 950°C.
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absorbance around 2900 cm~!, due to aliphatic C-H stretches, and
peaks around 1130cm~! and 1060cm~! due to C-O stretching
vibration are typical of alcohols. Very faint absorbance due to O-H
stretch was present around 3500 cm~!. The weak Gram-Schmidt
peak is therefore probably due to small amounts of alcohol solvent
which were not eliminated fully during the prolonged preliminary
heat-treatment at 60°C.

215°C (Fig. 3b): Absorbances centered at 3585cm~! and
3475 cm~! signify O-H stretching. Three strong carbonyl stretches
(C=0) exist at 1800cm~"', 1760cm~" and 1730cm~". The former
two peaks could be due to acetic acid, or other similar carboxylic
acid. Acetic acid could arise as a by-product of ligand exchange reac-
tions involving the acetate groups originating from the lead acetate
starting component, and the triol reagent [6]. The lower wavenum-
ber carbonyl peak(s) could signify other carboxylic acid or/and ester
groups. However, ketone/aldehyde groups or acid anhydrides can-
not be excluded on the basis of IR data. The peak at 1370cm™!
(medium) is assigned to —CH3 bending and/or O-H deformation
of RCOOH. The 1185cm™! (strong) absorbance is associated with
the corresponding C-O stretch of carboxylic acid. The peaks at
1060 cm~! and 1010~ cm are attributed to C-O vibrations.

279°C (Fig. 3c): The ~1800cm~' absorbance is no longer
present. An ester is inferred by carbonyl bands at 1770 cm~! and
1725cm™!, together with a very strong peak at 1235cm~! typ-
ical of the stretching vibration of the C-O-C group within an
ester. An equivalent stretch in the 215 °C pattern could have been
masked by overlap by the neighbouring strong 1185cm~! peak.
The fact that the 1235cm~! peak is the strongest in the pattern,
and there is a 1045cm~! peak of medium intensity could indi-
cate an ether or vinyl ether (R,C=CH-0-CR3) to coexist with an
ester. The ether group would give rise to the asymmetrical C-O-C
stretching between 1275 and 1200 cm~! and symmetric stretching
at 1075-1020cm~. Overlap of peaks from ether and ester could
account for the very high intensity of the 1235cm~! peak. For a
vinyl ether, an accompanying C=C stretch at ~1660-1610cm™" is
expected; a peak at ~1625 cm~! appears in Fig. 3c. A weak peak at
2300cm~! is inconclusive - it could indicate the onset of CO, for-
mation at this temperature, and the commencement of pyrolytic
decomposition, involving cleavage of covalent bonds. Alternatively
it could be due to drift in the background correction. Multiple peaks
around 3000 cm~! arise from various C-H and C-C stretches; OH
groups are also indicated at higher wavenumbers.

322°C (Fig. 3d): This temperature is included as it lies just
beyond the shoulder to the previous peak in the Gram-Schmidt plot
(Fig.2a). There is a much higher CO, absorbance than at 279 °C, with
peaks at 2350 cm~! and 2305 cm~! visible. This suggests the shoul-
der to the main Gram-Schmidt peak is due to an increased rate of
CO, production, indicating a major pyrolytic decomposition step.
The remaining peaks were similar to the 279 °C spectrum indicating
no significant changes in the other decomposition products.

386 °C (Fig. 3e): The most intense peaks are the CO, stretches at
2355cm~! and 2310 cm~!. There is no evidence of O-H stretch, but
carbonyl peaks are still present at 1760cm~! and 1720cm~!. The
diminution of the ~1225 cm~! ester, or ether stretch, relative to the
lower temperature spectra, points to ketone/aldehydes as the main
contribution to the total carbonyl absorbance at this temperature.
If esters are no longer present, ether would be the source of the
1225cm~! (and 1030 cm~') peak. The peaks around 670cm~! are
due to bending modes of CO,.

600°C (Fig. 3f): This temperature lies in a region of appar-
ently constant sample mass by TGA (Fig. 1a). However, vapours are
detected by FTIR which suggest minor amounts of ether (1220 cm~!
and 1030cm™1). It is uncertain whether the small blip around the
CO, stretch regionis indicative of CO,, or an anomaly related to drift
in the background correction carried out at the start of the run.

858°C,900°C,950°C(Fig.3g-i): The main absorbances are from
CO, at 2350 and 2305cm~! but very faint peaks at 2180cm™!
and 2110cm™! signify some carbon monoxide production, which
increases in amount with rising temperature. A peak at 2380 cm~!
(medium) is of uncertain origin; it may be due to a C=N or (=N
bond of a nitrile or isocyanate species indicating reaction between
evolved organic species and the N, carrier gas. The enhanced inten-
sity of the peak at 2305-2310cm™! relative to a standard CO,
couplet suggests overlap of the peak with a second peak of similar
wavenumber, which could be from an alkyl isocyanate R-N=C=0.
No carbonyl species or OH containing species are detected. A pair
of peaks at 1230 cm~"! and 1045 cm~! with a characteristic inten-
sity ratio of symmetric and asymmetric C-O-C stretches of ether is
still present, confirming that the high temperature TGA mass loss
at 750-950°C was not due simply to inorganic carbonate decom-
position.

3.2. Decomposition in air

The basic TGA plot, Fig. 1b, in air shows mass loss up to ~ 550 °C;
above this temperature there was a slight deviation but the gradient
remained the same at all temperatures, suggesting baseline drift.
However, the possibility of some PbO volatilization in either sam-
ple cannot be excluded. The principal mass loss stages occurred
at approximately 180-250°C, 250-370 °C, 370-460 °C, 460-550 °C.
The Gram-Schmidt plot, Fig. 2b, shows peaks at 215°C, 268 °C,
332°C and 480°C, but no distinct peak in the temperature range
370-460 °C for which a small change in mass was recorded (Fig. 1b).
The N, run showed a small peak at 107 °C due to alcohol evapora-
tion; the absence of a corresponding peak in air is probably due to
slight variability in gel drying conditions prior to the TGA runs.

215°C (Fig. 4a): This first decomposition stage liberates CO,
(peaks at 2355 cm~! and 2305 cm~1) indicating oxidative decom-
position, causing the cleavage of organic bonds at much lower
temperatures than for pyrolysis in N,. The remaining peaks include
weak OH stretch of H,0, and a broad absorbance in the carbonyl
region, indicative of overlapping peaks due to carboxylic acid/ester
or ketone/aldehyde products. Associated very faint aliphatic C-H
peaks are present.

268°C (Fig. 4b): This pattern is also dominated by CO,
absorbance. There is a narrowing of the wavelength range of the
carbonyl stretches indicating a different combination of carbonyl
products, relative to 215°C. A 1240cm™! peak (medium) and a
1050 cm~! peak (weak) are suggestive of ester or ether.

332°C (Fig. 4c): The peaks due to organic vapours are much
reduced compared to the previous temperature, with CO, very
dominant. The intensity of OH stretch is similar to the two pre-
ceding spectra.

418 °C (Fig. 4d): TGA mass loss occurred between 370 and 460 °C
without giving rise to a distinctive Gram-Schmidt peak, the FTIR
pattern confirmed that only CO, was produced in this decomposi-
tion step.

480°C (Fig. 4e): Again only CO, peaks are present. The absence
of organic species in the 418 °C and 480°C FTIR patterns indicate
that the final TGA steps at 370-460°C and 450-550°C (Fig. 1b)
most probably represent decomposition of metal (lead) carbonates
which had formed due to reaction of the evolving metal oxides with
the CO, evolved from gel oxidative pyrolysis (and with CO, present
in the air carrier gas). An FTIR spectrum of a gel-sample heat-treated
at 450°C for 10min is shown in Fig 5. The peaks at 1435cm™!
and 1320cm™! are consistent with the presence of inorganic lead
carbonate [16]. The existence of a peak at 3400 cm~! suggests a
hydrated carbonate phase may be formed. Fig. 5 also shows the
FTIR pattern of a sample of gel heated at 450°C in nitrogen, which
is discussed below.
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600°C (Fig. 4f): An FTIR pattern at 600 °C (Fig. 4f) confirmed
there to be no further volatilization (the minute deviation in the
CO,, region is most probably due to baseline drift in the background
correction.

4. Discussion

Background studies on the molecular structure of starting
sols [6] indicated that propoxy ligands undergo ligand exchange
more readily than the chelating acetylacetonate species on the Ti
and Zr starting species The results indicated that the molecular
structure of the starting gels is based on a framework of metal cen-
ters linked via THOME molecules, with acetylacetonate chelating
groups chemically bound within the structure.

Comparing the two sets of thermal decomposition results,
there is a marked difference in the decomposition of the triol
PZT gels under nitrogen and air atmospheres. In nitrogen, the
formation/evaporation of carboxylic acids, esters and/or ketone by-
products of sol-gel synthesis, trapped in the gel structure, occur
during the first TGA mass loss step commencing at around ~180°C,
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but cleavage of organic covalent bonds (inferred from CO, forma-
tion) occurs mainly in the temperature range ~300-450°C. Above
450°C there appears from TGA to be no further decomposition
until around 750 °C, however, FTIR at 600 °C shows that very small
amounts of ether and possibly CO, are being produced in this region
under nitrogen, but the levels are too low to record as a change in
mass in TGA plots. At higher temperatures where a TGA mass loss
is evident, namely ~750-950°C (and probably slightly higher tem-
peratures) CO, is clearly evident together with carbon monoxide
and ether. The suspected appearance of nitrile or cyanate species
in the highest temperature samples may be explained by reaction
between the specific combination of organic vapours, CO, and the
carrier N; gas. The role of Pb and other metal species in producing
these species is uncertain.

In air, more inorganic carbonate (hydrated) phase forms at inter-
mediate decomposition temperatures than in nitrogen, as indicated
by comparison of the FTIR spectra of gel samples heated at 450°C,
Fig. 5. Not only are carbonate peaks of much lower intensity in the
nitrogen sample, a number of organic functional groups are also
indicated. Evidence of organic species includes a broad absorp-
tion from ~1750cm~! to ~1450cm~! with peaks at 1600 cm™!
and 1550cm~! in the region associated with metal carboxylate
ions, C=C stretches and/or enol form of diketone (e.g. acetylaceto-
nate). Peaks at 1250cm~"! and 1170cm~! are consistent with C-0
stretches. Presumably, the larger proportion of carbonate phase in
gel residues after heating in air is a result of more CO, being pro-
duced during the preceding pyrolysis stages, as highlighted in the
CO, chemigram of Fig. 6, as well as by reaction with CO, present
in the carrier gas. The TGA plot (Fig. 1), in conjunction with FTIR
data, infers the carbonate phase in the air sample to decompose
in the temperature range 460-550 °C. Under nitrogen, a carbonate
phase is also formed (in smaller quantity) but decomposes at much
higher temperatures, up to ~950°C. It is speculated, based on ear-
lier studies of gel formation reactions [6] that the organic vapours
formed at high temperatures under N, originate from the final
decomposition of THOME molecules, which form part of the poly-
meric chain, and/or acetylacetonate residues within the gel. The
vinyl ether which is tentatively identified here could be a reaction
product of the thermolysis of these groups.

It is possible that similar ethers are produced at lower tem-
peratures, for example the 279°C spectrum also exhibits the
characteristic intensity ratio and frequencies of the asymmetric and
symmetric vinyl ether stretches at 1235 cm~! and 1045 cm~!. These
may form from free (excess) THOME, not involved in the gel for-
mation, or from less strongly bound acetylacetonate groups. In air
the THOME and acetylacetonate groups are eliminated more eas-
ily, since these conditions promote oxidative decomposition. Hence
there is no evidence of ether in the FTIR pattern at 332 °C (Fig. 5c).

In the past, PZT films produced by the triol (THOME) sol-gel
route have normally been processed using only one hot-plate treat-
ment at a temperature in the range 300-400°C, or occasionally
with a 200°C pre-treatment. Although, the kinetics of gel and
thin-film decomposition will differ, the present results suggest a
decrease in process-induced stresses, and thus an increase in film
crack-resistance may be possible by increasing the number of hot-
plate heat-treatments such that they coincide with the main TGA
mass loss steps. In future, four treatments involving temperatures
close to those highlighted in Fig. 2b should be investigated for the
purpose of minimising structural disruption associated with gas
evolution.

5. Conclusions

TGA-FTIR of a PZT gel prepared from lead acetate, and
acetylacetonate-stabilised titanium and zirconium propoxides
using a triol [CH3C(CH,0H)3] gel-forming agent was performed in
nitrogen and air. Decomposition in air involved four steps, with the
final one occurring at 450-550 °Cand associated with inorganic car-
bonate decomposition. Gel powders heated under N, gave rise to a
more complex decomposition sequence culminating at 750-950°C
in the decomposition of carbonate and probably residual triol or
acetylacetonate residues. The reaction of these organic vapours in
N,, generated an additional product thought to be a nitrile and/or
isocyanate species.
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