
 

APPENDIX 

 

Phases and structures of components in thesis 

 

1.  Lead zirconate titanate (PZT), tetragonal structure (JCPDS) 
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2.  Lead zirconate titanate (PZT), rhombohedral structure (JCPDS) 

 

 

3. Lead tungsten oxide (PbWO4), monoclinic structure (JCPDS) 
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4.  Tungsten oxide (WO3), monoclinic structure (JCPDS) 
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5. Copper oxide (CuO), monoclinic structure (JCPDS)  
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6.  Lead copper oxide (Pb(Cu2O2)), monoclinic structure (ICSD) 
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Thermal expansion 

 

Materials Thermal expansion (10-6 K-1) Ref 

PZT 

 

ll = -4 to -6 (parallel to polarization ) 

 

 = 4 to 8 (perpendicular to polarization ) 

 

1A 

WO3 

 

a = 23.3 

 

c = 7.1 

 

2A 

CuO 

 

 = 4.3 

 

3A 
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Sol-gel chemistry 

 

 The sol-gel reaction consists of hydrolysis and condensation reactions. 

 

Hydrolysis: 

 M (OR) x   +   H2O      HO – M (OR) x-1   +   ROH                        (1) 

 M (OR) x   +   xH2O    M (OH) x   +   xROH                             (2) 

 

Condensation (alcohol elimination): 

(RO) x-1M – OH   +   RO – M (OR) x-1   (RO) x-1M – O – M (OR) x-1   +   ROH  (3) 

 

Condensation (water elimination): 

(RO) x-1M – OH   +   HO – M (OR) x-1   (RO) x-1M – O – M (OR) x-1   +   H2O   (4) 

 

 *Note:  R is an alkyl group (-CnH2n+1)  

 

 Thus, the sol-gel reaction for Ti(OCH(CH3)2)4 could be  

 

Ti(OCH(CH3)2)4 + H2O  HO – Ti(OCH(CH3)2)3 + OCH(CH3)2OH        (Hydrolysis) 
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(OCH(CH3)2)3Ti – OH + HO – Ti(OCH(CH3)2)3  (OCH(CH3)2)3Ti – O 

Ti(OCH(CH3)2)3 + H2O     (Condensation) 

 

 The sol-gel reaction for Zr(OCH2CH2CH3)4 could be 

 

Zr(OCH2CH2CH3)4 + H2O  HO – Zr(OCH2CH2CH3)3 + OCH2CH2CH3OH        (Hydrolysis) 

 

(OCH2CH2CH3)3Zr – OH + HO – Zr(OCH2CH2CH3)3  (OCH2CH2CH3)3Zr – O 

Zr(OCH2CH2CH3)3 + H2O     (Condensation) 

 

 However, the characterization of the sol structure by NMR spectroscopy by Nimit 

Sriprang and his colleagues suggested that the gels consisted of the metal ions and 

bonded THOME, acetylacetonate and acetate residues with several possible complex M – 

O – M bridges as shown below. 

 

 

Figure 1A Dimer structure illustrates  basic structural principles of titanium sol-gel [4A]. 
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Figure 2A Dimer structure illustrates the basic structural principles of zirconium sol-gel 

[4A]. 
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