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VIBRATIONAL SPECTRAL CHARACTERIZATION OF 
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DURING VARIOUS STAGES OF SOL-GEL PROCESSING 
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ABSTRACT 

Lead lanthanum Zirconate Titanate (PLZT 7/65/35) powders were pre- 

pared by a sol-gel process, using lead acetate, lanthanum acetate, zirco- 

nium n-propoxide and titanium n-propoxide as precursors along with 2- 

methoxyethanol as the solvent. Nitric acid was used to catalyze the sol-gel 

reaction. FTIR spectroscopy characterized the starting precursors, moni- 

tored the sol to gel transformations involving solutions with different molar 

ratios of water to alkoxide precursors, and tracked the crystallization behav- 

ior of the gels upon heat treatment. Raman spectroscopy was employed at 

room temperature to follow vibrational spectral changes for the samples that 

were cooled after various stages of heat treatment and crystallization of the 
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1300 SETH,  S C H U L Z E ,  A N D  CONDRATE 

gels. The resulting spectral changes were analyzed in terms of  the structural 

changes that occurred during the sol gel process. 

INTRODUCTION 

Lanthanum doped lead zirconate titanate (PLZT) ceramics were the first 

electro-optic ceramics to be generated with extensive commercial applications.' 

The importance of the the role that chemical stoichiometry, porosity, grain 

sizes and impurities in the fabricated ceramic material plays in terms of its 

final physical and chemical properties must be underscored. Realizing that 

the nature of the starting materials plays a vital role in influencing the fab- 

rication parameters to form a theoretically dense, high purity, fine grained 

ceramic oxide structures, metal alkoxides have been utilized in the prepara- 

tion of PLZT materials.' Their reaction processes involve sol-gel technology 

which yields high-purity powders with submicron particle sizes. Their heat 

treatment stages usually utilize temperatures which are much lower than 

those required during conventional mixed-oxides processing. This technique 

enables the fabrication of not only submicron powders but also thin films 

and fibers. Various electroceramic powders have been prepared by such pro- 

cessing techniques, resulting in ceramics with enhanced proper tie^.^ 

Infrared and Raman spectroscopy can be used as complimentary tech- 

niques to investigate the structural arrangements in materials containing 

perovskite oxides. The Raman spectra of perovskite ferroelectrics are rich in 

details concerning the symmetry types and the band characteristics of their 

scattering phonons. However, certain first order bands can be absent in the 

Raman spectra of crystals which are centrosymmetric. This possibility oc- 

curs for optical phonon modes of cubic perovskite ferroelectrics. Lurio and 

Burns4 reported Raman scattering results for PLZT materials which do not 

have this problem at the investigated temperatures. The Raman spectrum 
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LEAD LANTHANUM ZIRCONATE TITANATE 1301 

of antiferroelectric PbZr03 which relatcs to PLZT materials has also been 

investigated in detail.5 Corresponding infrared spectral data have also been 

investigated for PLZT.4 

For an ordered crystal, the vibrational bands observed in the IR and Ra- 

man spectra that correspond to k = 0 phonon modes are sharp. These bands 

are broadened or replaced by a broad continua when the crystal structure is 

disordered due to the breakdown of the k = 0 selection rules.'s7 The lead zir- 

conate titanate family possesses a disordered structure.8 Each composition, 

irrespective of the relative amounts of  the two B-site ions, is completely 

disordered. Upon substitution of lead by lanthanum, the crystal structural 

arrangement is not expected to change dramatically. 

This current study has focussed on the infrared and Raman spectral in- 

vestigation o f  the evolution of PLZT powders from precursor solutions con- 

taining organometallic species by mcans of a sol-gel process. Such spectral 

investigations can analyze the strurtural changes that occur in the polymers 

which form in the sol and the gel, and their behavior during the heat treat- 

ment. With such detailed characterization of the process, an understanding 

of the development of the desirablr phaw is mad? possible which may be 

used to optimize the fabrication technique. 

EXPERIMENTAL PROCEDURES 

PLZT 7/65/35 was prepared by using a sol-gel technique similar to those 

utilized by Gurkovich et  al.' and Budd et a1.I' except with a few modifi- 

cations. The starting materials included lead acetate trihydrate, lanthanum 

acetate hydrate, zirconium n-propoxide and titanium n-propoxide along with 

2-methoxyethanol as the solvent. The hydrolysis reaction was catalyzed us- 

ing 0.1 M H N 0 3  acid. Fig. 1 illustrates the flow chart that summarizes the 

procedure for the preparation of the powder products." S is the molar ratio 
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1302 SETH, SCHULZE, AND CONDRATE 

Fig. 1. Flow chart for the sol-gel preparation of PLZT 7/65/35 powder. 

of the solvent (2-methoxyethanol) to the alkoxide complex, while W is the 

molar ratio of the hydrolysis water (actually, water from added nitric acid) 

to the alkoxide complex. Fig. '2 illustrates the experimental set-up that was 

used to prepare the alkoxide complexes. 

FTIR spectra were measured on a Nicolet GOSXR FTIR spectrometer 

with an air-purging device using either a KBr window technique for liquids 

and semi-liquids or the KBr pellet technique for powders. IR spectra of the 

original starting materials and their transformation to alkoxide complexes 

were monitored. Sol to gel transformations were studied with respect to 

the time elapsed after the hydrolysis catalyst was added, using FTIR spec- 

troscopy. Sol-gel preparations involving various W-values were investigated. 

Thermogravimetric analysis was condurted on dried gels in order to observe 
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Tlirce-Iirrk 
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(ilisitlr a 11ood) 

Fig. 2. Experimental set-up for preparation of the alkoxide complex solution. 

the burnout behavior of the organic fractions. Gel crystallization behavior 

was studied using both FTJR spectroscopy and X-ray diffraction analysis. 

Room-temperature Raman spectroscopy was also utilized as an additional 

tool to investigate the crystallization behavior of the gel. An Instrument SA 

UlOOO double grating spectrometer with a CR argon ion laser (514.5 nm) was 

employed, using 90" optics. The capillary technique was applied for these 

Raman spectral measurements. 

RESULTS AND DISCUSSION 

The sol-gel fabrication process utilized here can be segmented into three 

individual transformations (Precursors -+ Sol --$ Gel 4 Crystals). FTIR 

spectroscopy was utilized to study all of these transformations while Raman 

spectroscopy was used only for the gel to crystal transformation. 
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Fig. 3. Infrared spectra measured during formation of the alkoxide 

complex solution. 

A. Formation of Solutions from Precursors 

Fig. 3 illustrates the IR spectra  o f  the metal acetates utilized in the 

process, and the alkoxide complexes that were formed upon dissolution of 

the acetates and alkoxides into solution. Characteristic dominant bands 

occurred for 2-rnethoxyethanol at  ca. Useful 

IR bands occurred for the acetates o f  both lrad and lanthanum at ca. 1410 

and 1550 cm-l. Acetate esters and/or acetic acid possibly may be formed 

upon dissolution of such acetates in  2-methoxyethanol under the conditions 

of this preparation. This possihility was suggested by the presence of a 

band at  ca. 1730 cm-'. N o  new band appeared in the discussed region for 

the acetates upon the additional dissolution o f  lanthanum acetate into the 

solution containing lead acetate. 'This result suggests that lanthanum acetate 

1050, 2900 and 3410 cm-'. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



L E A D  LANTHANUM Z I R C O N A T E  T I T A N A T E  1305 

formed bidentate complexes in the solution similar to  lead acetate.I2 Upon 

complete addition of the zirconium and titanium alkoxides to the solutions 

containing lead and lanthanum acetate (thereby forming alkoxide complex 

solutions with the appropriate cation molar ratios for eventually generating 

the desired perovskite oxide), the 1R bands related to bidentate complexes 

did not disappear even with aging. This spectral result seems to indicate 

that bimetallic complexes mainly were formed in solutions which contained 

metal-oxygen-metal linkages involving lead or lanthanum ions with either 

zirconium or titanium ions rather than trimetallic complexes which contained 

metal-oxygen-metal-oxygen-metal linkages involving lead or lanthanum ions 

as the central metal ions. Significant retention of IR bands associated with 

bidentate metal aretate romplpxes i n  the  solutions and later  in heat-treated 

gels also strongly argues against the possibilitv of dominant amounts of a 

polymeric metal alkoxide speciesI3 over the bimetallic complev species for the 

solutions formed under our conditions of preparation. This interpretation is 

similar and consistent with the interpretaticin o f  spectral changes during the 

sol-gel preparation of PZT materials.I2 

B. Transformation of Solutions to Sols to Gels 

The hydrolysis step in the sol-gel process was very important because 

it initiated the gelation process. Furthermore, the amount of water that 

was used in this step was critical because its reaction provided the sites 

that were necessary for linkage formation during the polymerization process. 

While water was consumed during hydrolysis, it was regenerated during the 

polycondensation process. In the presence of excess water, the condensation 

reaction was slowed down in accordance with Le Chatelier’s principle, and 

hence, affected the cross-linking o f  the polymers. The resulting polymeric 

structure influences the microstructure of the final ceramic product. 
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w = 0.25 

Dried Gel 

t = 21 I) I I  

I = 16 I1 11 

Fig. 4. Infrared Spec t ra  measured during gelling process for t h e  solution 

with W = 0.25. 

T h e  evolution of the  dried gel products  from the  hydrolysis and polycon- 

densation of t h e  alkoxide complexes for various values of W was investigated 

by using FTIR spectroscopy. The utilized values of W were 0.25, 0.5, 1.0, 

2.5 and  4.0. Since the  trends in the  spectral changes were very similar for 

various values of W (although the  absolute values of the  relative intensities 

differed for bands  associated with various species tha t  were present in the  

material4) during various stages of the  gelation process, T h e  FTIR spectral 

series is illustrated in  Fig. 4 for t h e  gelation process involving W equal t o  

0.25. T h e  IR band observed a t  1730 cm t h a t  was related t o  t h e  presence 

of esters eventually disappeared upon gel formation. However, t h e  band  as- 
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LEAD LANTHANUM ZLRCONATE TITANATE 1307 

Fig. 5 .  W-values. 

sociated with bidentate complexes persisted even for the dried gels. Similar 

trends were noted earlier for PZT materials.'2 The infrared bands associ- 

ated with Z r - 0  and T i - 0  stretching modes occurred in the 460 - 600 cm-* 

range. For all values of W, the intensities of the bands for these stretching 

modes increased as the treatment time progrpssed, and reached a maxima 

for the dried gel. Analyzing all investigated wries of IR spectra, one notes 

the growth in the intensity of the 0 - H  stretching mode at 3410 cm-' upon 

the addition of hydrolysis water, and its eventual decrease to a minimum in 

the dried gel. 

Fig. 5 illustrates the IR spectra for the dried gels prepared with various 

values of W. The relative band intensities in the spectra for all values of 

W are similar except for the bands especially in the vicinity of 1050 cm-' 

( namely, 1125, 1066 and 1018 cm-l). These bands correspond to domi- 

nant bands for 2-methoxyethanol, which is the solvent that was used in the 
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1308 S E T H ,  S C H U L Z E ,  A N D  CONDRATE 

proress ( See Fig. T h e  observed relative intensity pat terns  for these 

IR bands associated with 2-methoxyethanol may be due to  differences with 

reqpect t o  W in its adsorption on  t h e  resiilting surfaces of t h e  polymeric 

structures which constitute the  niatrircs of the  dried gels T h e  maximum 

relative intensities of these bands occurred for samples prepared with W = 

0.25, suggesting t h a t  maximum surface area for the  polymeric structures in 

samples results with this W-value. HPTI( e, small linear chain-like polymers 

( ra ther  t h a n  large spherical polymeric structures ) are  present in  the  sols 

with low water rontent and low p H ,  resulting in higher surface area on which 

the solvent is adsorbed lising spertral analyses of siirh vibrational bands 

for various sols may help in the  selection of proper sol preparation conditions 

tha t  a re  suitable for commercially i i w f i i l  f l r n  formation.  

3 ). 

C. Gel to Crystal Transformations 

Thermogravimetric analysis ( T G A )  w a ?  applied t o  t h e  dried gel tha t  was 

prepared with W = 0.25. Data  indicated t h a t  the  organic bnrnont was rom- 

pleted by 550°C. XRD analysis alqo indicated that  the  development of the  

same crystalline pyrochlore phase had occurred in all dried gels (W varying 

from 0 25 t o  4.0) after a heat t reatment  a t  550°C: for 1 hour (See Fig. 6). 

Garvie14 observed interesting behavior with active Z r 0 2  powder, for which 

the  high-temperature tetragonal phase was synthesized as a stable phase 

at room temperature  instead of t h e  normally-expected monoclinic phase. 

Upon heat t reatment  of t h e  material, the  monoclinic phase was formed as 

the crystallites grew. He pointed out  tha t  a critical crystallite size existed 

below which t h e  high-temperature phase could exist a s  a metastable phase 

a t  room temperature .  Later, Garvie15 proposed tha t  the  stabilization of 

the high-temperature phase by crystallite size control may be a general phe- 

nomenon resulting from a st ructural  phase transformation associated with a n  
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LEAD LANTHANUM ZIRCONATE TITANATE 1309 

Fig. 6. X-ray diffraction patterns of dried gels prepared with various values 

of W that were heat-treated at  550" for one hour. 

endothermic heat effect during heating. Indeed, barium titanate has been 

observed as the cubic phase (instead of the expected tetragonal phase) at 

room temperature for crystals possessing particle sizes of 10 nm.*' As the 

amorphous gel in the current investigation transits through this particle size 

range during crystal growth from the gel, this mechanism should be oper- 

ative, resulting in the formation of a metastable pyrochlore-type phase for 

PLZT 7 f 65/35.  

Analysis of the x-ray diffraction patterns in Fig. 7 indicates the crys- 

tallization behavior of the dried gel upon treatment at  500°C and higher 

temperatures. Heat treatment time was one hour at each investigated tem- 

perature. The amorphous dried gel first formed a metastable intermediate 

pyrochlore-type phase which then transformed to a phase-pure pervoskite 
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PLZT 7/65/35 

I ' tVO THETA (DEGHEES) 

Fig. 7. X-ray diffraction patterns of gel powders heat-treated at  various 

temperatures for one hour. 

PLZT ( 7 / 6 5 / 3 5  ) material at ca. 750°C. Fig. 8 illustrates the IR spectra 

of the powders that were heat treated at various temperatiires for one hour. 

All traces of  the bidentate complexes were eliminated after heat treatment 

at 600°C. The intensities and the sharpness of the IR bands in the 460 - 600 

cm-' range which corrrspond to Z r - 0  and Ti-0 stretching modes increased 

with an increase in heat treatment temperature. This spectral change traces 

the evolution of the octahedral cages of oxygens surrounding Zr or Ti ions 
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LEAD LANTHANUM ZIRCONATE TITANATE 1311 

Fig. 8. Infrared spectra of gel powders heat-treated a t  various temperatures 

for one hour. 

in the perovskite structure. Also, one may note that a psuedo reststrahlen 

or reflectance effect was observed at higher temperatures from the bidentate 

complexes before their complete elimination at ca. 600°C. 

Fig. 9 illustrates the Raman spectra of the gel powder at  room tem- 

perature after heating the sample at  various temperatures during its crys- 

tallization to a phase-pure perovskite PLZT 7/65/35 powder. The spectra 

possessed the dominant Raman band corresponding to the polar perovskite 

phase at  470 cm-' when this phase appeared in the sample (See Fig. 7). In- 

crease in amount of this phase in the sample upon increase of the processing 

temperature is reflected in the sharpening and the increase in the intensity 

for the Raman band at  470 cm-'. After heat treating the samples at 650°C 

or higher temperatures for the investigated treatment periods, the predomi- 
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Fig. 9. Raman spectra of gel powders heat-treated at various temperatures 

for one hour. 

I 4 miii 

WAVE NUMBER (CIII-')  

Fig. 10. Raman spectra of gel powders heat-treated at 700" 

for various times. 
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nant phase that was present in the powder was the perovskite phase whose 

band features strongly dominated the resulting Raman spectra. 

Powders with varying amounts of pyrochlore content were prepared by 

rapid thermal processing of the gel powders at 700°C for various treatment 

times in order to obtain stionger Raman spectral features for the pyrochlore 

component in the solid material. Analysis of the x-ray diffraction patterns 

for powders that were fired for one minute and four minutes indicated that 

they contained 36 % and 83 % perovskite phase, respectively. As would be 

expected, the band features of the perovskite phase completely dominated 

the room-temperature Raman spectra of the gel powders fired for four min- 

utes and one hour( See Fig. 10 ). However, the room-temperature Raman 

spectra of the powdered gel that was fired for one minute (See Fig. 10) con- 

tained band features of comparable intensity to those of the perovskite phase 

that can be assigned to another phase. The band at ca. 290 cm-I corre- 

sponded to the dominant Raman band noted in approximately this region for 

zirconate pyrochlore pha~es . '~J '  Other spectral details related to this latter 

phase. One may further note that the bands corresponding to the perovskite 

structure steadily developed in sharpness and intensity with an increase in 

firing time. 

CONCLUSIONS 

This study monitored the evolution of the precursor solutions to the fi- 

nal ceramic oxide powder of PLZT 7/65/35 during various stages of the 

investigated sol-gel processing by utilizing IR and Raman spectroscopy. The 

resulting structural changes that occurred during the investigated transfor- 

mations ( precursor --4 sol + gel -+ crystals ) could bv successfully sequenced. 

Characterization data clearly indicated the formation of an intermediate py- 

rochlore phase during firing of gels. The analysis of the complete results 
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suggested that such in-depth vibrational spectral analyses can be utilized 

to optimize the sol preparation, and to determine their suitability for film 

formation. 
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