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Ferroelectric materials 

 
Below the Curie temperate (Tc) the 

crystal structure distorts to 
tetragonal structure. 

Zr4+ or Ti4+ ion displaced from the 
centre, creating an electric dipole. 

 

 
 
 

Cubic and 

Symmetrical 

(above Curie T) 

Tetragonal and 

non-symmetrical 

(below Curie T) 

O2- 

Pb2+ 

Ti4+, Zr4+ 



http://www.physics.montana.edu/eam/polymers/images/Piezoe5.jpg 

Polymer ferroelectrics 

Daniel Zabek,* John Taylor, Emmanuel Le 
Boulbar, and Chris R. Bowen* , Advanced 
Adv. Energy Mater. 2015, 5, 1401891 

 

polyvinylidene fluoride (PVDF)  



Poling – achieving piezoelectric response 

   This ‘freezes in’ the 
alignment of the 
domains, resulting in 
a net polarisation. 

Dipoles are orientated within 
domains. 
 
Dipoles randomly orientated. 

 To achieve net polarisation 
apply a high electric field at 
elevated temperatures. 
 
Cool to room temperature 
(with the electric field still 
applied). 



Electric field parallel to the poling direction (polar axis) extends the material. 
Electric field opposite to the polar axis results in contraction. 
 
 
 
 
 
 
 
 
 
 
This is the actuator mode of operation. 
Strains are small ~0.1-0.3% 

Converse piezoelectric effect 

Extension Contraction 



Direct piezoelectric effect 

Tensile or compressive force parallel to the poling direction (polar axis) generates a 
potential difference across opposing faces. 

 
 
 
 
 
 
 
 
 
 
 
 
This is the sensing/generator mode of operation. 



Direct piezoelectric effect 
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1.  Materials development (Zabek, Roscow) 
-  Micropatterned surfaces 
-  Porous materials for harvesting 

 
2. Materials applications (Harris, Krazny) 
 
 
3. Water splitting (Adamaki, Xie) 
 
 
 



Pyroelectric harvesting 

Thermoelectric – harvesting 
temperature gradients 

 
Pyroelectrics – harvesting 

temperature fluctuations 
 

Sidney Lang, Physics Today. 



Micro-patterning of PVDF 



Micro-pattering PVDF 

88% coverage 

45% 

63% 

28% 

§  Pre-poled extruded PVDF 

§  Photolithographic process 

§  Physical vapour deposition of  
electrode 

§  Temperatures less than 60°C 

§  Variable geometry/substrate 

§  Durable electrode bonding 

§  Up-scaleable 

§  Pattern quality >95% 



Harvesting thermal oscillations  



Temperature, closed circuit current,  
open circuit voltage 



Optimum coverage 

Zabek, D. Bowen, C. R. et al,. Micropatterning of flexible and free standing 
polyvinylidene difluoride (PVDF) films for enhanced pyroelectric energy transformation. 
Advanced Energy Materials, 5 ,8  (2015) 



E = ½ C V2 

Voltage up, what about capacitance? 



Topics:  Materials development 

1.  Porous ferroelectrics for piezoelectric harvesting 
(James Roscow) 

2.  Porous ferroelectrics for pyroelectric harvesting (Yan 
Zhang, Hunan University) 



Porous ferroelectrics 



Benefits of porosity in vibration energy harvesting ? 

E - Energy 
C - Capacitance 
Q - Charge 
V – Voltage 
σ – Stress (F/A) 
d33 charge per unit force (C/N) 
ε33 permittivity 

A 

Figure of Merit  

σ 



Porous ferroelectric finite element model 

Pores lead to complex electric field distribution 
(contrast in permittivty) 

ε33 BaTiO3 = 1600 
 
ε33 air = 1 
 



d33 and permittivity with porosity 
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Vibration harvesting figure of merit 
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J. Roscow, Y.Zhang, C.R.Bowen et al., Porous ferroelectrics for energy harvesting applications, 
accepted Euro. Phys. J. Special Topics. 



Evaluation of effect of porous structures on key properties 

Porous sandwich layers 

500µm 

Freeze casting 

BURPS 

2mm 
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Benefits for porosity in pyroelectric  energy harvesting ? 

Δ! =!.Δ!
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W - thermal flux (J s-1 m-2)  
ΔT  - temperature change 
Δt  - time change 
p - pyroelectric coefficient (C m-2 K-1) 
cE - volume heat capacity (J m-3 K-1) 
Q - charge 
E - Energy C - Capacitance V - Voltage 
ε33 - permittivity 

Bowen et al. 2015. A modified figure of merit for pyroelectric 
energy harvesting. Materials Letters, 138, pp. 243-246. 



Experimental: Freeze cast porous PZT 

Yan Zhang1, Yinxiang Bao2, Dou Zhang2 and Chris R. Bowen 
1Modern Engineering Training Center, Hunan University, Changsha  
2State Key Laboratory of Powder Metallurgy, Central South University 

Pyroelectric coefficient decreases 
with increasing porosity L 
 
But…so does permittivity and 
volume specific heat J 
  



Porosity on pyroelectric FOMs 

J. Am. Ceram. Soc.  DOI: 10.1111/jace.13797 
Yan Zhang1, Yinxiang Bao2, Dou Zhang2 and Chris R. Bowen 
1Modern Engineering Training Center, Hunan University, Changsha  
2State Key Laboratory of Powder Metallurgy, Central South University 

Porosity to tailor: 
  ε33  
  p 
  d33 
  cE 
  k 



1.  Materials development (Zabek, Roscow) 
-  Micropatterned surfaces 
-  Porous materials for harvesting 

 
2. Materials applications (Harris, Krazny, Avent) 
 
 
3. Water splitting (Adamaki, Xie) 
 
 
 



Bistable lay-up [90/90/0/0]T   Peter Harris 

FWHM @1g   1.6Hz, Peak power 7.3mW 
FWHM @6g  8.2Hz, Peak power 12.8mW 

FWHM @1g   0.8Hz, Peak power 0.74mW 
FWHM @6g   1.8Hz, Peak power 12.8mW 

[90/0/0/90]T Linear [90/90/0/0]T Bistable 



Schematic of a thermoacoustic energy harvester 
Andrew Avent 
 



Thermoacoustic energy harvester 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

High Temperature Piezo Materials Measurement System 
Marcin Krazny 

High temperature measurement system for characterisation of piezoelectric harvesting materials 

Fig. Measurement system diagram 

Rig parameters: 
•  temperature range: 20-1000°C 
•  frequency range: 1-125 kHz  
•  sample's strain measurement with 16 

and 24 bit resolution 
•  accelerometer with +/- 2G to +/- 16G 

ranges 

Fig. Measurement system –lab setup 

The measurement system will be presented in the form  
of a poster at International Conference on Nanotechnology  
Applications in September 2016, Valencia, Spain. 



High temperature harvesting 



1.  Materials development (Zabek, Roscow) 
-  Micropatterned surfaces 
-  Porous materials for harvesting 

 
2. Materials applications (Peter Harris, Marcin Krazny, Andrew 
Avent) 
 
 
3. Water splitting (Adamaki, Xie) 
 
 
 



Photo-electrochemical splitting 

[1] A.B.Murphy et al. International Journal of Hydrogen Energy (2006) 31, 1999-2017 

•  Suitable valence / conduction band positions 

•  Bottom CB < 0 V and top of VB > 1.23 V 

•  GaN suitable for photo-electrochemical splitting 



InGaN alloys: band alignment / solar spectrum absorption 

•  Straddle of redox potential available up to In0.35Ga0.65N 

 - Valence band below O2/H2O 
 - Conduction band above H+/H2 

•  Extending solar spectrum absorption down to 550nm 

[2] P.G. Moses, C.G. Van de Walle, “Band bowing and band alignment in InGaN alloys” Appl. Phys. Lett. (2010) 96, 021908 

Conduction band 

Valence band Solar spectrum 



Core-shell structure for water splitting 
 

•  Large surface area 

•  Non defective material 

•  Wide spectrum absorption 

2 mm 



InGaN nanorods for water splitting 

Working electrode in 
0.1M Na2SO4 
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V vs Ag/AgCl (V)
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Initial experiment 
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Pyro-water splitting 

Lamp

Pt/PVDF/Pt

A

•  Pyroelectric energy harvesting 
•  Temperature fluctuation 

•  Water splitting 

V/A

Lamp

Pt/PVDF/Pt

Pt	

+/-

-/+

+/-0.4°C → +/-2 V 

2H2O + 2e- H2 + 2OH- 

4OH- 2H2O + O2 + 4e- 
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