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I 

 

Abstract 

Piezo-photocatalysis, combining piezoelectricity with photocatalysis, is 

considered as a novel strategy to improve photocatalytic efficiency. A piezo-potential 

is generated on a piezoelectric material under strain, which accelerates the movement 

of photogenerated electrons and inhibits the recombination between photogenerated 

charge carriers. In addition, the piezoelectric field as a kind of built-in electric field is 

not easy to be screened by the chargers and it has an infinite promoting effect on 

photocatalysis due to the oscillatory external strain. This thesis aims to investigate the 

effect of piezo-potential on photocatalytic performance of hybrid PVDF/TiO2 core/shell 

nanofiber membrane. 

The thesis is divided into three parts: introduction, experimental investigation, and 

conclusions, as shown in the graphical abstract. Within the experimental investigation, 

a detailed study of the piezoelectric properties of electrospun PVDF nanofiber 

membrane has been carried out at the beginning, subsequently, the preparations of 

PVDF/TiO2 core/shell nanofiber membranes have been accomplished according to 

three different approaches, and finally, the piezo-photocatalytic activities of the 

PVDF/TiO2 core/shell nanofiber membrane have been evaluated. 

 

'ÒÁÐÈÉÃÁÌ ÁÂÓÔÒÁÃÔ ÏÆ ÔÈÉÓ ÔÈÅÓÉÓȢ 
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In Chapter 1, photocatalysis and piezoelectricity have been introduced first to 

build a background from fundamentals and challenges to applications. Then, the effect 

of the built-in potential of piezo-photocatalyst on photocatalytic activity has been 

illustrated comprehensively, and the development of piezo-photocatalysts from 

integrated to hybrid piezo-photocatalysts has been introduced. In the end, a hybrid 

PVDF-TiO2 core-shell nanofiber membrane has been proposed as a piezo-photocatalyst. 

Sample preparation techniques and main characterizations used in the thesis are 

introduced in Chapter 2. 

The piezoelectric properties of PVDF cast films have been intensively studied, 

indicating that solvents with higher dipole moments can endow PVDF cast films with 

higher piezoelectric properties. The effects of solvent and electrospinning parameters 

on morphology and piezoelectric properties of PVDF nanofibrous membranes are 

studied, as detailed in Chapter 3. 

Hydrothermal treatment is a convenient method to synthesize TiO2 semiconductor, 

but conventional hydrothermal treatment always requests a high temperature and a long 

treating time to obtain TiO2 with good morphology and high crystallinity, which could 

damage the polymeric support (PVDF electrospun membrane). Chapter 4 has 

introduced a PVDF/TiO2 core/shell composite nanofibrous membrane (CNM) obtained 

by microwave-assisted hydrothermal treatment on an electrospun PVDF membrane. 

The effects of hydrothermal process parameters (solution, heating temperature, and 

treatment time) on the structure (morphology, crystal, etc.) and photocatalytic 

properties of PVDF/TiO2 CNM have been investigated. 

To achieve high photocatalytic efficiency of TiO2, commercial TiO2, P25 (80% 

anatase and 20% rutile), is applied to prepare PVDF/TiO2 CNM. In Chapter 5, the 

PVDF/TiO2 core/shell nanofiber membrane has been prepared by coaxial 

electrospinning adopting PVDF solution and TiO2 (P25) suspension as core and shell 

feeds, separately. The effects of coaxial electrospinning parameters (solvent and TiO2 

concentration in shell suspension, as well as the feed rates of PVDF and TiO2 solutions) 
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on the morphology, property, and photocatalytic performance of PVDF/TiO2 CNMs 

have been investigated. 

In Chapter 6, atomic layer deposition (ALD) is applied to promote a uniform and 

controllable growth of a TiO2 layer on the surface of PVDF NFs, and post-treatment 

annealing is employed to crystalize TiO2. The parameters of ALD and annealing 

treatment have been studied to obtain the PVDF/TiO2 CNM with the optimal properties, 

and the effect of TiO2 thickness on the photocatalytic activity of PVDF/TiO2 CNM has 

been investigated. 

Three types of PVDF/TiO2 core/shell nanofiber membranes prepared via the 

aforementioned approaches are compared in Chapter 7. The PVDF/TiO2 core/shell 

nanofiber membrane prepared by coaxial electrospinning has shown excellent 

photocatalytic efficiency and economic preparation, which consequently has been used 

to investigate piezo-photocatalysis. 

A summary of the thesis and an outlook for future work on piezo-photocatalysis 

are reported in Chapter 8. 
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Chapter I Introduction 

1.1 Photocatalysis and photocatalyst 

Photochemistry refers to the chemical changes caused by absorbed light. 

Photosynthesis is a typical natural photochemistry, green leaf generated carbohydrates 

and oxygen after absorbing the blue and red components of sunlight, which is the basis 

of human life. The foundations of semiconductor photochemistry were laid by 

Gerischer, Pleskov, et al. in the 1960s1, and the light-driven reactions were studied on 

well-defined bulk monocrystalline semiconductors then. Later, solar cells composed of 

semiconductors (mainly single crystals) and redox electrolytes were developed. The 

possibility of using illuminated semiconductor/electrolyte junctions to split water was 

explored by Fujishima and Honda in 1972.2 However, the demands for high efficiency 

and long-term chemical stability restricted the development of photochemistry. In 1991, 

OôRegan and Grªtzel reported a work about mesoporous dye-sensitized solar cells.3 

Since then, photochemistry has progressed from well-defined single crystal bulk 

materials to high surface area nanostructured electrodes. By now, the study of 

nanostructured semiconductors is still a hot field of photochemistry.4 

Catalysis is a phenomenon in which a catalyst accelerates the rate at which a 

chemical system reaches equilibrium without being consumed. Photocatalysis is a 

combination of photochemistry and catalysis that occurs in the presence of light and 

photocatalysts. Semiconductors can be excited by light energy and act as photocatalysts 

to accelerate the reaction rate. 

The discovery of TiO2 as a photocatalyst for water splitting by Fujishima and 

Honda was a remarkable start in the field of photocatalysis.2 Since then, semiconductors 

with appropriate electronic structures (e.g., TiO2, ZnO, Fe2O3, CdS, and ZnS) have been 

widely adopted as photocatalysts for various applications.5 

Photocatalysis is initiated by absorbed photons with energy equal to or higher than 

the bandgap energy of the photocatalyst. As shown in Figure 1.1, an electron (e-) jumps 
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from the valence band (VB) to the conduction band (CB) under irradiation in 

femtoseconds, leaving an unfilled place namely hole (h
+
 ) in the VB. e-  and 

corresponding h
+
  are called electron-hole pair. When these electrons and holes are 

somehow trapped on the semiconductor surface, they undergo reduction and oxidation 

reactions with absorbed pollutant or molecule (called direct photocatalysis) or absorbed 

O2 or H2O to produce reactive oxygen species (ROS), which react with pollutant or 

molecule (called indirect photocatalysis). To gain a clear understanding of the 

photocatalytic mechanism, a series of reactions are postulated: 

Photoexcitation:      ὛὩάὭὧέὲὨόὧὸέὶὬὺᴼὩ Ὤ  (1.1) 

Entrapment of electron:    Ὡ ᴼὩ        (1.2) 

Entrapment of hole:     Ὤ ᴼὬ        (1.3) 

Recombination of electron-hole pair: Ὡ Ὤ ᴼὬὩὥὸ      (1.4) 

Generation of ROS:     ὕ Ὡ ᴼὕϽ 

ὕϽ Ὡ ςὌ ᴼὌὕ  

ὕϽ Ὄὕ ᴼ ὕὌ 
Ͻ ὕὌ ὕ 

Ὄὕ Ὡ ᴼ ὕὌ 
Ͻ ὕὌ 

Ὄὕ Ὤ ᴼὌ ὕὌ 
Ͻ  

ὕὌ Ὤ ᴼ ὕὌ 
Ͻ  

ςὕὌ 
Ͻ Ὤ ᴼὌὕ      (1.5) 

In equation (1.5), the ROS are generated in based forms (eg. O2
Ā-
 H2O2, OH 

Ā
 ) and 

other forms through various routes according to special photocatalytic reactions. 

 

&ÉÇÕÒÅ υȢυ 'ÅÎÅÒÁÌ ÍÅÃÈÁÎÉÓÍ ÏÆ ÐÈÏÔÏÃÁÔÁÌÙÔÉÃ ÐÏÌÌÕÔÁÎÔ ÄÅÇÒÁÄÁÔÉÏÎȢ 
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Photocatalysis as a popular and practical technology has attractive features: 1). 

Photocatalysis occurs at ambient temperature and pressure; 2). Only light and oxygen 

are required, both of which are easily obtained from solar irradiation and air; 3). The 

final degradation products are environmentally friendly, like H2O , CO2 , and other 

inorganic substances; 4). Photocatalysts are durable and reusable. 

However, some features of photocatalysts limit their development: 1). The 

recombination rate of electron-hole pairs is high; 2). Reaction products are produced in 

close proximity (on the surface of the small particle), which makes it easy for reverse 

reactions of intermediate chemical species to occur; 3). Semiconductor photocatalysts 

are prone to agglomeration, resulting in reduced surface reaction sites; 4). Most 

photocatalysts are wide-bandgap semiconductors that are sensitive to UV light, which 

only accounts for 5% of solar energy. 5). The powdered catalysts after applications, 

especially in a liquid environment, are difficult to recover and reuse. The first three 

features are the reasons for the limited photocatalytic efficiency of most photocatalysts. 

1.1.1 Strategies to enhance the photocatalytic performance 

Considering the advantages and disadvantages of photocatalysts, various 

strategies, mainly to increase the reactive sites and control the band-edge potential, are 

investigated by researchers to enhance the photocatalytic activity.6,7 

1.1.1.1 Morphology 

The morphology of semiconductors, including size, shape, geometry, texture, etc., 

affects the catalytic efficiency from various aspects, such as surface area, active site, 

optical property, electron transport, and crystal orientation. In general, the smaller the 

particle size, the larger the surface area, the more active sites per volume (or mass), the 

shorter the distance for photogenerated charge carriers to reach the surface reaction sites, 

the higher the irradiation absorbance, but also the higher the recombination rate of 

electron-hole pairs, the smaller bending of band structures. Therefore, regarding the 

morphology of particles, both positive and negative effects need to be considered. 
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TiO2 is one of the most investigated catalysts, and its morphology has been altered 

(partial results are shown in Figure 1.2) to study the effect of morphology on catalytic 

efficiency. Koci et al.8 investigated the effect of TiO2 nanoparticles size in the range of 

4.5 to 29 nm on CO2 reduction and found that TiO2 nanoparticles with size of 14 nm as 

the optimum size exhibited the highest yield of CH4 and CH3OH. Xu et al.
9 reported 

that TiO2 nanosheets were 5.8-fold more efficient than cuboids in photocatalytic 

reduction of CO2 to CH4 due to higher surface area. Macak et al.10 demonstrated that 

the high-aspect-ratio TiO2 nanotubular layers had superior photocatalytic properties 

compared to nanoparticle P25 layers. Other morphologies of TiO2, such as nanorod11 

and nanowire12, were prepared and studied, which showed excellent catalytic efficiency. 

 

&ÉÇÕÒÅ υȢφ 3%- ÉÍÁÇÅ ÏÆ 4É/φ ɉÁɊ ÎÁÎÏÐÁÒÔÉÃÌÅÓόȟ ɉÂɊ ÎÁÎÏÓÈÅÅÔÓύȟ ɉÃɊ ÃÕÂÏÉÄÓύȟ ɉÄɊ 

ÎÁÎÏÔÕÂÅÓυτȟ ɉÅɊ ÎÁÎÏÒÏÄÓυυȟ ÁÎÄ ɉÆɊ ÎÁÎÏ×ÉÒÅÓυφȢ 

1.1.1.2 Doping 

The addition of impurities to pure substances is called doping, which is divided 

into cationic/metal doping (like Al, Cu, Fe) and anionic/non-metal doping (like N, S, 

F).13 The crystal lattice of photocatalysts as well as their VB and CB positions change 

after doping with different dopants. Doping leads to a bathochromic shift, which means 

a decrease in bandgap or the addition of an intra-bandgap state, enabling a 

semiconductor to harness more photons from the visible light of solar insolation. 

Compared with mono-doped semiconductors, co-doping is more attractive because it 
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could result in higher photocatalytic activity and more beneficial characteristics. The 

band structures of semiconductors before and after doping in three ways are 

summarized in Figure 1.3.7 

 

&ÉÇÕÒÅ υȢχ "ÁÎÄ ÓÔÒÕÃÔÕÒÅ ÏÆ ÐÈÏÔÏÃÁÔÁÌÙÓÔ ɉÁɊ ÂÁÒÅÌÙȟ ×ÉÔÈ ɉÂɊ ÍÅÔÁÌ ÄÏÐÁÎÔȟ ɉÃɊ 

ÎÏÎȤÍÅÔÁÌ ÄÏÐÁÎÔȟ ÁÎÄ ɉÄɊ ÍÅÔÁÌȤÎÏÎÍÅÔÁÌ ÃÏȤÄÏÐÁÎÔȢ ɉÈÖυȟ ÈÖφȟ ÁÎÄ ÈÖχ ÒÅÐÒÅÓÅÎÔ 

ÔÈÅ ÂÁÎÄÇÁÐ ÆÏÒ ÂÁÒÅȟ ÍÅÔÁÌȤÄÏÐÅÄȟ ÁÎÄ ÎÏÎÍÅÔÁÌȤÄÏÐÅÄ ÓÅÍÉÃÏÎÄÕÃÔÏÒÓȟ 

ÒÅÓÐÅÃÔÉÖÅÌÙȢɊ ϋ 

Cu, Fe, and Al were adopted to dope TiO2 by dip coating method
14. After 

comparing the optical absorption spectra of the non-doped and metal-doped TiO2 films, 

narrowing bandgaps were observed in Fe- and Cu-TiO2 films. Meantime, the Cu-TiO2 

film was effective for visible-light photocatalysis, while Fe- and Al- TiO2 films hardly 

showed visible-light photocatalytic activity. 

1.1.1.3 Coupled with semiconductor 

Coupling semiconductors with different band positions can generate a built-in 

field in the interface, which promotes interfacial charge transfer and suppresses 

electron-hole pair recombination. Each type of semiconductor composite has its own 

electrons or holes transition between semiconductors depending on band structures, as 

shown in Figure 1.4.6 For the first three methods in Figure 1.4(a-c), electrons or holes 
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transition to sites with lower reduction or oxidation potential, thereby reducing the 

redox potential of hybrid composites. The Z-scheme and vectorial electron transfer 

process in 1.4(d-f) are popular methods because they increase the redox potential. 

 
&ÉÇÕÒÅ υȢψ 3ÃÈÅÍÁÔÉÃÓ ÏÆ ÅÌÅÃÔÒÏÎ ÔÒÁÎÓÆÅÒÓ ÉÎ ÓÅÍÉÃÏÎÄÕÃÔÏÒ ÃÏÍÐÏÓÉÔÅ ÓÙÓÔÅÍÓȢϊ 

CdS and TiO2 form a Z-scheme system, which has attracted much attention as a 

catalyst. CdS is irradiated with light of lower energy than TiO2 particles, then the 

photogenerated electrons can transit from CdS to TiO2, while holes remain in CdS. 

Hence, the photocatalytic efficiency can be increased, and wide illumination can be 

utilized. When CdS quantum dots were combined with TiO2, it was reported that the 

short circuit photocurrent was increased from 0.22 to 7.82 mA/cm2 and the cell 

efficiency was as high as 4.15%15, the efficiency of the incident photon to charge carrier 

was doubled16, etc. 

1.1.1.4 Dye sensitization 

Most photocatalysts are only sensitive to UV light due to the wide bandgap, 

whereas visible light is the major portion of solar light. Dye sensitization mainly 

focuses on improving the light absorption and extending the light absorption range 

(from UV to visible) of semiconductors. Among various dyes with redox properties and 

visible light sensitivity, ruthenium (II) complexes with metal porphyrins have been 

widely utilized as sensitizers. When the dyes are exposed to visible or solar light, they 

can inject electrons to the CB of semiconductors, starting a catalytic reaction quickly 

and efficiently. 
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RuII(2,2ô-bipyridyl-4,4ô-dicarboxylate)2-(NCS)2 (N3 dye) adsorbed Cu(0.5 wt%)-

Fe(0.5 wt%)/TiO2 catalyst was prepared and photocatalytically produced methane 

under concentrated natural sunlight.17 The methane production rate was improved from 

0.281 to 0.617 ɛmol/g-cat h after N3 dye decoration and the excellent photoactivity of 

the N3 dye adsorbed TiO2 catalyst was ascribed to its full visible light absorption. 

1.1.2 Applications  

1.1.2.1 Degradation of organic contaminants 

Photocatalysis has obvious effects on degrading various organic contaminants. 

Photogenerated electrons, holes, and ROS degrade pollutants through redox processes, 

as shown in Figure 1.1. If photocatalysis results in a complete degradation of 

contaminants and the final products are CO2, H2O, or ionized halides, this 

photocatalysis is called mineralization. In most cases, organic pollutants are only 

degraded into compounds with smaller molecule weight and less toxicity. Therefore, 

the mineralization of organic contaminants into environmentally friendly products is 

the goal that should be pursued in the field of photocatalytic degradation.18 

It should be emphasized that during the photodegradation of organics, light energy 

is possible to break C-H and C-O bonds, resulting in the degradation of pollutants to a 

certain extent. Therefore, it is necessary to evaluate whether a photoreaction on new 

material is a photocatalytic process, a simple redox reaction, or a light-induced 

chemical reaction. 

1.1.2.2 Water splitting  

Photocatalytic water splitting has received extensive attention due to the economic 

and environmental benefits of harnessing solar energy to produce the clean fuel H2.
19 

Photogenerated electrons, holes, and ROS undergo oxidation and reduction with water 

molecules to produce O2 and H2. Thermodynamically, the overall water splitting 

reaction is an uphill reaction with a large positive change in Gibbs energy (ȹG0 = 238 

kJ mol-1). Therefore, the water splitting reaction is an energy-consuming and tough 

process. 
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The current successful photocatalytic systems for overall water splitting can be 

divided into two primary approaches. One approach is to use a single photocatalyst with 

sufficient potential to split water into H2 and O2. In this system, the photocatalyst should 

have suitable band-edge positions, that is, the conduction band edge must be at higher 

energy than the reduction potential of hydrogen (plus overpotentials) and the energy of 

the valence band edge must be lower than the oxidation potential of water (plus 

overpotentials). The energy band diagram of common catalysts, the redox potentials of 

water splitting and CO2 reduction are shown in Figure 1.5.20 In practice, a limited 

number of bulk semiconductors meet the criteria for water splitting. 

 

&ÉÇÕÒÅ υȢω "ÁÎÄÇÁÐ ÅÎÅÒÇÉÅÓ ÏÆ ÖÁÒÉÏÕÓ ÓÅÍÉÃÏÎÄÕÃÔÏÒ ÃÁÔÁÌÙÓÔÓ ÒÅÌÁÔÉÖÅ ÔÏ ÔÈÅ 

ÒÅÄÏØ ÐÏÔÅÎÔÉÁÌÓ ÁÔ Ð( ϋ ÏÆ ÃÏÍÐÏÕÎÄÓ ÉÎÖÏÌÖÅÄ ÉÎ ×ÁÔÅÒ ÓÐÌÉÔÔÉÎÇ ÁÎÄ #/φ 

ÒÅÄÕÃÔÉÏÎȢφτ 

Another approach is to apply a two-step excitation mechanism using two different 

photocatalysts, one for reduction and the other for oxidation, as depicted in Figure 1.6.6 

Compared with the one-step water splitting system, the two-step system has a wider 

light absorption range and separates the evolving H2 and O2 processes. A semiconductor 

employed here only satisfies either the water reduction or oxidation potential for one 

side of the system. 
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&ÉÇÕÒÅ υȢϊ 3ÃÈÅÍÁÔÉÃ ÅÎÅÒÇÙ ÄÉÁÇÒÁÍ ÏÆ ÐÈÏÔÏÃÁÔÁÌÙÔÉÃ ×ÁÔÅÒ ÓÐÌÉÔÔÉÎÇ ÆÏÒ ɉ!Ɋ Á 

ÏÎÅȤÓÔÅÐ ÁÎÄ ɉ"Ɋ Á Ô×ÏȤÓÔÅÐ ÐÈÏÔÏÅØÃÉÔÁÔÉÏÎ ÓÙÓÔÅÍȢϊ 

1.1.2.3 CO2 photoreduction 

Photocatalytic reduction of CO2 into fuels and chemicals using solar energy 

appears to be a promising technology to curb globa1 warming, partially meet the energy 

requirements, and produce no toxic products or residues in the process.21 To achieve 

overall CO2 photoreduction, the energy structure of semiconductors requires that the 

CB must be at a more negative potential than CO2 reduction potentials, while the top 

of the VB must be at a more positive potential than the H2O oxidation potential. 

In addition, photocatalytic reduction of CO2 with H2O into hydrocarbon fuels (like 

CH4, CH3OH) is an uphill reaction with a highly positive change in Gibbs free energy, 

as shown in the following equations: 

ὅὕ ςὌὕᴼὅὌὕὌ σȾςὕ ЎὋ χπςȢπχ Ὧὐ άέὰ  

ὅὕ ςὌὕᴼὅὌ ςὕ ЎὋ ψρψȢρχ Ὧὐ άέὰ  

Therefore, input energy is required to overcome these reaction barriers with the 

assistance of photocatalysts. A series of products (e.g., CO, HCHO) can be produced 

through various photocatalysis, depending on the number of electrons and protons 

involved in chemical reactions. 

1.2 Piezoelectricity and piezoelectric material 

When mechanical strain is applied, certain materials generate electric charges on 

their surfaces and the number of charges is proportional to the mechanical strain. This 
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phenomenon is called the direct piezoelectric effect, which was discovered in quartz by 

the Curie brothers (Pierre and Jacques Curie) in 1880.22 These specific materials are 

called piezoelectric materials and exhibit an inverse phenomenon, that is, the generated 

geometric strain is proportional to the applied electric field. This is defined as the 

converse piezoelectric effect, discovered by Gabriel Lippmann in 1881. A schematic 

diagram of (direct and converse) piezoelectricity is shown in Figure 1.7.23 With the 

deepening understanding of piezoelectric effects, piezoelectric quartz electrometers 

have been brought into practical applications, and artificial piezoelectric materials have 

been investigated and widely used. 

 

&ÉÇÕÒÅ υȢϋ $ÉÒÅÃÔ ÁÎÄ ÃÏÎÖÅÒÓÅ ÐÉÅÚÏÅÌÅÃÔÒÉÃ ÅÆÆÅÃÔȢφχ 

To better understand piezoelectricity, it is necessary to relate it to pyroelectricity 

and ferroelectricity because of their interesting interrelationships in terms of crystal 

structure.24 Of all 32 crystallographic classes, 21 are non-centrosymmetric, and 20 of 

them are piezoelectric. The 10 polar ones have pyroelectricity, meaning the spontaneous 

polarization of material responses to the change in temperature. Then 5 of the 

pyroelectric groups have ferroelectricity, which means the spontaneous polarization can 

be reversed by an outer electric field. Additionally, a dielectric material is an electrical 

insulator that can be polarized under an external electric field. Clear schematic diagrams 

of the classification of the 32 point groups and the relationship among dielectric, 

piezoelectric, pyroelectric, and ferroelectric materials are shown in Figure 1.8. 
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&ÉÇÕÒÅ υȢό 3ÃÈÅÍÁÔÉÃ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ ÏÆ ÐÉÅÚÏÅÌÅÃÔÒÉÃÉÔÙȟ ÐÙÒÏÅÌÅÃÔÒÉÃÉÔÙȟ ÁÎÄ 

ÆÅÒÒÏÅÌÅÃÔÒÉÃÉÔÙ ÂÁÓÅÄ ÏÎ ɉÁɊ ÃÒÙÓÔÁÌ ÓÙÍÍÅÔÒÙ ÁÎÄ ɉÂɊ ÔÈÅ ÒÅÌÁÔÉÏÎÓÈÉÐȢ 

As mentioned above, 10 of the 20 piezoelectric point groups are polar and the other 

10 are non-polar. For the unit cells with polar point groups, the positive and negative 

charge centers are separated, and spontaneous polarization exists even without 

mechanical excitation. In contrast, the polarization on the unit cells with non-polar point 

groups is generated only under mechanical excitation. 

A non-centrosymmetric crystal structure is a prerequisite for piezoelectric 

materials. In Figure 1.9(a), after applying an external force on one unit cell with a 

centrosymmetric structure, the positive and negative charge centers still overlap as 

without the force. Therefore, there is no net polarization (P) before or after applying 

force, indicating that materials with centrosymmetric crystals are non-polar and non-

piezoelectric. On the contrary, for the unit cells with non-centrosymmetric crystals (in 

the category of materials with non-polar point groups) in Figure 1.9(b), the centers of 

positive and negative charges coincide when no force is applied. However, when an 

external force is applied, the centers of the positive and negative charges no longer 

coincide, and a dipole moment is produced. Thus, the overall polarization in the non-

centrosymmetric crystal occurs under strain. 
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&ÉÇÕÒÅ υȢύ %ØÔÅÒÎÁÌ ÆÏÒÃÅ ÁÃÔÉÎÇ ÏÎ ÁÎ ÉÏÎÉÃ ÃÒÙÓÔÁÌ ×ÉÔÈ ɉÁɊ ÁÎÄ ×ÉÔÈÏÕÔ ɉÂɊ 

ÃÅÎÔÒÏÓÙÍÍÅÔÒÉÃ ÓÔÒÕÃÔÕÒÅȢφω 

For piezoelectric materials, the appearance of piezoelectricity also depends on 

the crystal orientation. Any region with locally uniform polarization is defined as 

a domain and the boundary separating two domains is called a domain wall. Single 

crystalline piezoelectric materials, as shown in Figure 1.10(a), have their own 

strongest piezoelectric properties because of the aligned dipole moments in the 

crystal. However, when the direction of dipole moment in each domain is random 

(Figure 1.10(b)), no net or low polarization appears in the material. To appear or 

increase the piezoelectric effect in polycrystalline piezoelectric materials, poling 

treatment under a strong electric field can be performed. During poling, the dipole 

moments in different domains move as closely as possible to the electric field 

direction, as shown from Figure 1.10(c) to (d). The high temperature of poling 

treatment promotes the movement of dipole moments, but the temperature should 

be below the Curie temperature, above which a material dissipates its piezoelectric 

properties. 

 

&ÉÇÕÒÅ υȢυτ $ÉÐÏÌÅ ÁÒÒÁÎÇÅÍÅÎÔ ÉÎ ɉÁɊ ÍÏÎÏȤÃÒÙÓÔÁÌÌÉÎÅ ÁÎÄ ɉÂɊ ÐÏÌÙȤÃÒÙÓÔÁÌÌÉÎÅ 

ÍÁÔÅÒÉÁÌȢ ɉÃȟ ÄɊ ÐÏÌÁÒÉÚÁÔÉÏÎ ÏÆ ÐÏÌÙÃÒÙÓÔÁÌÌÉÎÅ ÍÁÔÅÒÉÁÌ ÉÎ ÐÒÅÓÅÎÃÅ ÏÆ ÁÎ ÅÌÅÃÔÒÉÃ 

ÆÉÅÌÄ ÔÏ ÇÅÎÅÒÁÔÅ ÐÉÅÚÏÅÌÅÃÔÒÉÃÉÔÙȢφϊ 
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1.2.1 Category of piezoelectric materials 

In general, piezoelectric materials can be divided into four categories: single 

crystals, polycrystalline ceramics, piezo-polymers, and piezo-composites. Each 

category has its characteristics and is adopted in various applications. Table 1.1 shows 

the typical piezoelectric parameters of representative piezoelectric materials.27 

4ÁÂÌÅ υȢυ 0ÉÅÚÏÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÐÉÅÚÏÅÌÅÃÔÒÉÃ ÍÁÔÅÒÉÁÌÓȢφϋ 

 

Äχχȟ Çχχȡ ÐÉÅÚÏÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔÓȠ ËÔȟ ËÐȡ ÔÈÉÃËÎÅÓÓ ÁÎÄ ÐÌÁÎÁÒ ÃÏÕÐÌÉÎÇ ÆÁÃÔÏÒÓȠ    

ɚȡ ÄÉÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔȠ 1-ȡ ÍÅÃÈÁÎÉÃÁÌ ÑÕÁÌÉÔÙ ÆÁÃÔÏÒȠ 4Ãȡ #ÕÒÉÅ ÔÅÍÐÅÒÁÔÕÒÅȢ 

1.2.2.1 Single crystals 

Natural or artificial single crystalline piezoelectric materials are monocrystal and 

have one domain with oriented dipole moments. Typical single crystals include quartz, 

Rochelle salt (potassium sodium tartrate tetrahydrate), ZnO, lithium niobate (LiNbO3), 

lead magnesium niobate/lead titanate (PMN-PT), etc.28 Single crystals are anisotropic, 

so the properties of specific materials are related to the cutting direction and bulk or 

surface wave propagation. 

Quartz, a well-known piezoelectric material, exists in two forms: normal Ŭ-quartz 

and high-temperature ɓ-quartz. Ŭ phase is the only piezoelectric phase, which 

undergoes a phase transition to ɓ phase at 537 ÁC. In addition, quartz exhibits an 

extremely high mechanical quality factor, QM > 10
5, which enables quartz to work under 

large stress or high frequency. ZnO is hexagonal wurtzite and belongs to the P63mc 
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space group. Single crystal ZnO has piezoelectricity and pyroelectricity, and its 

spontaneous polarization is formed along its longitudinal direction (c-axis). Whereas 

polycrystalline ZnO with random crystalline orientations exhibits weak or no 

piezoelectric properties. The point space of the LiNbO3 ferroelectric phase is 3m, and 

its polarization direction is along the c-axis. Single crystalline PMN-PT has a large 

electromechanical coupling factor, which means a high conversion efficiency between 

electrical and mechanical energy.  

Although single crystals have been very influential piezoelectric materials, they 

are somewhat overshadowed by polycrystalline ceramics with better piezoelectric 

performances. 

1.2.2.2 Polycrystalline ceramics 

Polycrystalline ceramics have multiple domains with aligned or random 

orientations of dipole moments. When the domains have different orientations of dipole 

moments, the materials need to be polarized to align these dipole moments, generating 

piezoelectricity. Perovskite-structured materials with the molecular formula ABO3 (A 

is a larger metal atom and B is a smaller metal atom) are an important class of piezo-

ceramics. Two-dimensional (2D) layered materials, such as transition metal 

dichalcogenides (TMDs), group IV monochalcogenide, group III-V buckled 

honeycomb, and black phosphorus, exhibit excellent piezoelectric effects due to their 

special 2D structure.29 

Lead zirconate titanate (PZT, Pb[Zr3Ti]O3) has a superior piezoelectric coefficient 

and attracted attention in energy harvesting and storage applications.30 However, these 

applications are limited by brittleness, a high Young's modulus of 50 GPa, and a 

maximum tensile strain of 0.2%.30 Barium titanate (BaTiO3) was first synthetized as a 

piezoelectric material in the early 1940s31 and is a potential piezoelectric ceramic 

because of the high piezoelectric coefficient and the lack of poisonous lead. Single 

crystal BaTiO3 also has the piezoelectric effect, much lower than the polycrystalline 

one. 2D layered materials have a non-centrosymmetric structure on a monolayer, and 
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the layers are bonded by van der Waals force. Taking MoS2 as a representative, the 

polarization in each Mo-S unit endows the monolayer MoS2 with strong piezoelectricity. 

The non-centrosymmetry of single-layer MoS2 may disappear when layers with 

opposite polarization directions are stacked, so the piezoelectricity of MoS2 appears in 

odd-layers form and gradually decreases with the stacking of layers. 

Although polycrystalline ceramics always exhibit excellent piezoelectric 

properties, their applications are easily limited by brittleness, high cost, low stability, 

and large electric loss, especially in high-frequency systems. 

1.2.2.3 Piezo-polymers 

Due to small permittivity, piezo-polymers have small piezoelectric d constants 

(electric output under stress) and large g constants (stain under electric field). Besides, 

piezo-polymers are lightweight, flexible, and elastic, making themselves highly 

responsive to water or the human body. Last but not least, piezo-polymers have a low 

value of QM, allowing for a wide resonance bandwidth. 

Polyvinylidene fluoride (PVDF), the most investigated piezo-polymer, was first 

discovered by Kawai in 196932. The d33 value of commercial PVDF polarized 

piezoelectric film has reached -20~-26 pC/N. Differing from most piezoelectric 

materials, PVDF has a negative d33 value instead of a positive one, which means that 

PVDF will be compressed under a positive electric field. PVDF has three common 

phases: Ŭ, ɓ, and ŭ phases. The ɓ phase exhibits the highest dipolar moment per unit 

cell and the greatest piezoelectricity due to the TTT (all-trans) planar zigzag chain 

conformation. PVDF-trifluoroethylene (PVDF-TrFE) has a higher piezoelectric power 

density (312.85 mW cm-3)33 than PVDF (81.3 mW cm-3)34 because TrFE monomer 

brings the third fluorine to the unit cell and a higher tendency to form piezoelectric ɓ 

phase. Besides PVDF and its copolymers, other polymers including polyamide (PA), 

polylactic acid (PLA), and polysulfides also have piezoelectric effect. 

Despite the relatively low piezoelectric effects, the intrinsic properties of piezo-

polymers create an opportunity to overcome the shortcomings of piezo-ceramics. 
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1.2.2.4 Piezo-composites 

Piezo-ceramics and piezo-polymers have their own characteristics for applications. 

To obtain piezoelectric materials with good properties in broad or specific fields, 

piezoelectric composite is a popular strategy because their properties can be tailored by 

different materials and fractions of each material.35 When ceramics with superior 

piezoelectric properties are combined with polymers with mechanical flexibility, the 

composites that combine the merits of both materials become advanced piezoelectric 

materials. The geometry of two-phase composites can be classified into 10 categories 

according to the dimensional connectivity of each phase (as shown in Figure 1.11): 0-

0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3, and 3-3.36 

 

&ÉÇÕÒÅ υȢυυ 4ÈÅ υτ ÃÏÎÎÅÃÔÉÖÉÔÙ ÐÁÔÔÅÒÎÓ ÉÎ Á Ô×ÏȤÐÈÁÓÅ ÃÏÍÐÏÓÉÔÅȢχϊ 

Piezo-composite can be the composite between the piezo-ceramic and piezo-

polymer or non-piezoelectric polymer. The former exhibits lower piezoelectric than the 

latter due to the opposite sign on the piezoelectric constants. 

Kitayama and Sugawara reported the first piezoelectric-based composites, made 

of PZT powder and PVDF, which was similar in flexibility to PVDF but had higher 

piezoelectric performance than PVDF. 

1.2.2 Applications 

Before introducing the applications of piezoelectric materials, the definitions of 

actuator, transducer, and sensor are given first. A transducer is any device that converts 

one form of energy into another. An actuator is a device that converts energy into motion 



 

17 

 

or mechanical energy, so it is a specific type of transducer. When the output of a 

transducer is in a readable format, the transducer is called a sensor. 

Piezoelectric materials as transducers are used in various fields such as daily life, 

industry, and marine, some of which are introduced below. 

1.2.2.1 Sonar systems 

Sonar plays an important role in underwater detection, underwater communication, 

underwater imaging, and fish detection, as shown in Figure 1.12.37 Electrostatic 

transducers were originally used as sound sources and were later replaced by 

piezoelectric and magnetostrictive transducers, and piezoelectric transducers are 

generally superior in terms of efficiency and application size. 

During World War I, Paul Langevin and his coworkers fabricated an ultrasonic 

submarine detector using quartz. Since then, the applications of piezoelectric materials 

in sonar systems have been developed. Piezoelectric transducers used in sonar systems 

can emit sound pulses, a process of converting electric energy into mechanical 

vibrations, and collect echoes or sounds reflected by objects, in contrast to the previous 

process. In general, piezo-ceramics with a high QM are preferred in the sonar field 

because of the high-power generation and no heat generation. 

 

&ÉÇÕÒÅ υȢυφ 0ÉÅÚÏȤÂÁÓÅÄ ÁÐÐÌÉÃÁÔÉÏÎÓ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÔÙÐÅÓ ÏÆ ÓÏÎÁÒ ÓÙÓÔÅÍÓȢ  

1.2.2.2 Energy harvesting 

Energy harvesting is a process that captures trace amounts of energy from one or 

more surrounding energy sources and stores the captured energy as electrical energy for 

later use. The energy crisis can be alleviated as more unused energy, such as vibration 

and human motion, is utilized. On the other hand, energy-harvesting technology can be 

used as a self-power source for devices with even small sizes, because conventional 
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batteries have limited lifespans, which can stop the work of the device and cause 

inconvenience. Figure 1.13 summarizes some types of piezoelectric energy harvesting 

systems. 

The piezoelectric energy harvesting process consists of three main steps: 1). 

Mechanical-mechanical energy transfer (piezoelectric transducers should receive the 

ambient energy efficiently); 2). Mechanical-electrical energy conversion (piezoelectric 

transducers should have a high electromechanical coupling factor); 3). Electrical-

electrical energy transfer (instantaneous electrical energy should be accumulated or 

stored in a capacitor for later use). 

Kim et al.38 first investigated the ability to harvest electrical energy from 

mechanical vibrations in dynamic environments, such as an automobile engine, through 

a ñcymbalò piezoelectric transducer. Uchino et al.39 developed intelligent clothing (IC) 

with a piezoelectric energy harvesting system using flexible piezoelectric textiles as a 

general power source for charging portable equipment such as cellular phones, health 

monitoring units, or medical drug delivery devices. 

 

&ÉÇÕÒÅ υȢυχ 0ÉÅÚÏȤÂÁÓÅÄ ÁÐÐÌÉÃÁÔÉÏÎÓ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÔÙÐÅÓ ÏÆ ÅÎÅÒÇÙ ÈÁÒÖÅÓÔÉÎÇ 

ÓÙÓÔÅÍÓȢψτ 
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1.3 Piezo-photocatalysis and piezo-photocatalyst 

1.3.1 Piezo-photocatalysis 

The foundation and characteristics of photocatalysis are mentioned in Chapter 1.1. 

A major feature limiting the efficiency of photocatalysts is the rapid recombination of 

photogenerated charge carriers. Establishing an internal electric field caused by an 

electrochemical potential difference in photocatalysts is a common solution to drive the 

charge carriers to different directions, separating the sites of oxidation and reduction 

reaction, and thereby enhancing the photocatalytic activity41,42. The methods of 

building internal field in photocatalysts are associated with interfaces, such as 

polymorph boundaries in uniform material, solution/photocatalyst interfaces, metal 

cocatalyst-photocatalyst junctions, and p-n junctions. However, they have limited 

functional scale because the electric field is saturated by charge carriers or absorbed 

ions, and disappears.41 

The internal field can also arise from polarization.43,44 The effects of the 

ferroelectric field on the photochemical reaction were investigated through in situ 

characterizations, and the results showed that the photocatalysts with a ferroelectric 

field exhibited higher reaction efficiency than the bare photocatalysts. Because the 

reduction reactions take place on the positive end of ferroelectric domains and oxidation 

reactions occur on domains in the opposite orientation. When BaTiO3 was illuminated 

with UV light in an aqueous lead acetate or AgNO3 solution, oxidized Pb (Pb2+ŸPbO2) 

and reduced Ag (Ag2+ŸAg) accumulated on the surfaces of domains with opposite 

polarization, as shown in Figure 1.14(a-c).45 Similar research and phenomenon (shown 

in Figure 1.14(d-f)) have been reported in TiO2 films coated on BaTiO3 substrates.
46 

These phenomena implied that the static dipolar fields in each domain separated 

photogenerated carriers and that the reduction and oxidation reactions occurred on 

spatially distinct areas of the catalyst surface. 
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&ÉÇÕÒÅ υȢυψ 4ÏÐÏÇÒÁÐÈÉÃ !&- ÉÍÁÇÅÓ ÏÆ ɉÁȤÃɊ ÔÈÅ ɑττυɒ ÓÕÒÆÁÃÅ ÏÆ Á "Á4É/χ ÓÉÎÇÌÅ 

ÃÒÙÓÔÁÌψω ÁÎÄ ɉÄȤÆɊ ÔÈÅ 4É/φ ÆÉÌÍ ÃÏÁÔÅÄ ÏÎ "Á4É/χ ÓÕÂÓÔÒÁÔÅÓψϊȢ ɉÁȟ ÄɊ ÂÅÆÏÒÅ ÔÈÅ 

ÒÅÁÃÔÉÏÎÓȟ ɉÂȟ ÅɊ ÁÆÔÅÒ ÔÈÅ ÒÅÁÃÔÉÏÎÓ ÉÎ ÁÎ ÁÑÕÅÏÕÓ !Ç./χ ÓÏÌÕÔÉÏÎȟ ÁÎÄ ɉÄȟ ÆɊ ÁÆÔÅÒ 

ÔÈÅ ÒÅÁÃÔÉÏÎÓ ÉÎ ÁÎ ÁÑÕÅÏÕÓ ÌÅÁÄ ÁÃÅÔÁÔÅ ÓÏÌÕÔÉÏÎȢ 4ÈÅ ×ÈÉÔÅ ÃÏÎÔÒÁÓÔ ÉÎ ɉÂȟ Ãȟ Åȟ ÆɊ 

ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ !Ç ÏÒ 0Â/φ ÄÅÐÏÓÉÔÓȢ 

There are more piezoelectric materials than ferroelectric materials as introduced 

in Chapter 1.2.1. The polarization on ferroelectric materials is spontaneous, while the 

polarization on piezoelectric materials is generated under strain. Therefore, 

piezoelectric materials are widely adopted for photocatalytic activity, namely piezo-

photocatalysis. Applying strain on a piezoelectric material creates a piezo-potential, 

which provides a driving force for photogenerated carriers to move in different 

directions. The piezo-potential also induces band bending at the interface of hybrid 

piezo-photocatalysts. In this case, the motion of electrons is accelerated while the 

recombination between photogenerated charge carriers is restrained, thereby enhancing 

the efficiency of redox reactions. 

In contrast to other methods of constructing static internal fields, the piezoelectric 

field on piezo-photocatalysts can be altered by the amplitude of external strain and 

reconstructed under oscillatory stress, serving as a long-range dynamic electric field 

throughout the material. Therefore, piezo-photocatalysis is considered as one of the 

promising research topics for advanced photocatalytic activities.47,48 
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Piezo-potential is a core factor determining the piezo-photocatalytic performance 

and is defined as follows48: 

ὠ
ύὝὨ

‐‐ȟ
 

Where, ὠ is the piezo-potential, ύ is the width of the piezoelectric material in 

the ὼ dimension; Ὕ is the applied stress in the Ὧ dimension; Ὠ  is the piezoelectric 

moduli; ‐ is the electrical permittivity of free space; ‐ȟ is the relative permittivity 

in the ὼ  dimension. From the equation, the piezo-potential is dependent on the 

piezoelectric property, dimension, applied external stress, and the dielectric property of 

the piezoelectric material. 

The effect of the ferroelectric field on photocatalysis has been studied before the 

advent of piezo-photocatalysis, which provides tremendous support for the 

development of piezo-photocatalysis in this decade. Research on piezo-photocatalysis 

includes the discovery of piezo-photocatalysis, the development of piezo-photocatalyst, 

the sensibility from UV to visible light, the wide applications ranging from pollutant 

degradation to other complicated photocatalytic activities, etc. 

1.3.2 Piezo-photocatalysts 

The development of piezo-photocatalyst is the main aspect of piezo-photocatalysis 

research. Various piezo-photocatalysts have been proposed, and they are classified into 

two categories: integrated piezo-photocatalysts and hybrid piezo-photocatalysts. 

1.3.2.1 Integrated piezo-photocatalysts 

Integrated piezo-photocatalysts are piezoelectric materials with photocatalytic 

properties. The piezoelectric field generated under strain acts as a built-in electric field 

to facilitate the movement of electrons and suppress the recombination of charge 

carriers in the bulk.47 The detailed explanation is already mentioned in Chapter 1.3.1. 

Generally, it is difficult for integrated piezoelectric photocatalysts, mainly piezoelectric 

ceramics with appropriate band gaps, to have excellent piezoelectric and photocatalytic 

properties at the same time. 
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Singh et al.49 coupled piezoelectric, semiconducting, and photoexcited properties 

in NaNbO3 to improve the efficiency of photocatalytic activities. The efficiencies under 

different experimental conditions were compared in Figure 1.15(b and c). It showed 

that the photodegradation rate under light and ultrasonic vibration was higher than the 

one under light and physical mixing, and much higher than the one without light. 

Besides, the photocurrent density enhanced from 0.78 to 1.02 mA/cm2, and about an 8% 

improvement in the incident photon to current conversion efficiency under the piezo 

assistance. 

 

&ÉÇÕÒÅ υȢυω ɉÁɊ 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍÓ ÓÈÏ×ÉÎÇ ÔÈÅ ÍÅÃÈÁÎÉÓÍ ÏÆ ÔÈÅ ÐÈÏÔÏÇÅÎÅÒÁÔÅÄ 

ÃÈÁÒÇÅ ÃÁÒÒÉÅÒÓ ÓÅÐÁÒÁÔÉÏÎ ÉÎ ÔÈÅ ÕÎȤÓÔÒÁÉÎÅÄ ÁÎÄ ÓÔÒÁÉÎÅÄ .Á.Â/χ ÎÁÎÏÒÏÄÓȟ ɉÂɊ 

ÐÈÏÔÏÃÁÔÁÌÙÔÉÃ ÄÅÇÒÁÄÁÔÉÏÎ ÅÆÆÉÃÉÅÎÃÙ ÐÅÒÆÏÒÍÅÄ ÕÎÄÅÒ ÄÉÆÆÅÒÅÎÔ ÅØÐÅÒÉÍÅÎÔÁÌ 

ÃÏÎÄÉÔÉÏÎÓȟ )ÎÓÅÔ ÏÆ &ÉÇȢ ɉÂɊ ÓÈÏ×Ó ËÉÎÅÔÉÃÓ ÆÉÔ ÔÏ ÔÈÅ ÄÁÔÁȟ ɉÃɊ ÄÅÇÒÁÄÁÔÉÏÎ ÒÁÔÅ 

ÃÏÎÓÔÁÎÔÓȟ ɉÄɊ ÃÕÒÒÅÎÔȤÐÏÔÅÎÔÉÁÌ ÃÕÒÖÅÓ ɉÅɊ ÅÌÅÃÔÒÏÃÈÅÍÉÃÁÌ ÉÍÐÅÄÁÎÃÅ ÓÐÅÃÔÒÁȟ ɉÆɊ 

ÉÎÃÉÄÅÎÔ ÐÈÏÔÏÎ ÔÏ ÃÕÒÒÅÎÔ ÃÏÎÖÅÒÓÉÏÎ ÅÆÆÉÃÉÅÎÃÙ ÏÆ .Á.Â/χ ÎÁÎÏÒÏÄÓȢψύ 

Thakur et al.50 synthesized uniform large-area WS2 monolayer on Al2O3 substrate 

by chemical vapor deposition and investigated piezo-catalysis of WS2 monolayer for 

bacterial disinfection and organic pollutant degradation. The MB degradation rate 

constants of photocatalysis, piezo-catalysis, and combined piezo-photocatalysis over 

the WS2 monolayer were 0.0134 minī1, 0.0171 minī1, and 0.0280 minī1, respectively. 

Xue et al.51 grew ZnO nanowires (NWs) vertically aligned on carbon fibers, as shown 
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in Figure 1.16. The MB degradation over ZnO NWs in piezo-photocatalysis was 

enhanced based on photocatalysis or piezo-catalysis due to the piezo-potential on ZnO 

NWs. 

 

&ÉÇÕÒÅ υȢυϊ 3ÃÈÅÍÁÔÉÃ ÉÍÁÇÅÓ ÓÈÏ×ÉÎÇ ɉÁɊ ÔÈÅ ÆÁÂÒÉÃÁÔÉÏÎ ÐÒÏÃÅÓÓ ÏÆ ÔÈÅ ×ÏÖÅÎ :Î/ 

.7ÓȾÃÁÒÂÏÎ ÆÉÂÅÒÓȟ ÁÎÄ ɉÂɊÔÈÅ ×ÏÒËÉÎÇ ÍÅÃÈÁÎÉÓÍ ÆÏÒ ÔÈÅ ÐÉÅÚÏȤÐÈÏÔÏÃÁÔÁÌÙÔÉÃ 

ÁÃÔÉÖÉÔÙ ÏÆ :Î/ .7ÓȢωτ 

1.3.2.2 Hybrid piezo-photocatalysts 

Hybrid piezo-photocatalysts consist of at least two components, namely 

photocatalysts and piezoelectric materials. For hybrid piezo-photocatalysts, the 

piezoelectric polarization on piezoelectric material provides a driving force for the 

movement and separation of generated charge carriers in photocatalysts47. And due to 

the piezoelectric field, band bending formed in the interface of hybrid piezo-

photocatalysts can enhance the redox potential. However, there may be charge losses 

during transport across different materials, limiting the number of electrons and holes 

on the surface and inhibiting band bending. 

The effect of ferroelectric material polarization on the photochemical reaction on 

photocatalysts has been investigated by in situ characterizations in the works of the 

Rohrer group.52,53 Silver was reduced on two TiO2 films with different thicknesses on 

ferroelectric BaTiO3 substrates, and the silver deposit pattern in Figure 1.17(b and d) 

was consistent with the domain structure of the ferroelectric substrate in Figure 1.17(a 

and c). This meant that the dipolar fields from the domains in ferroelectric substrates 

penetrated the TiO2 film and influenced the motion of the photogenerated charge 
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carriers in TiO2. However, the match between the Ag deposit pattern and domain 

structure on the 100 nm TiO2/BaTiO3 (Figure 1.17 (b)) was weaker than that on the 10 

nm TiO2/BaTiO3 (Figure 1.17(d)). It can be explained that as the TiO2 film thickness 

increases, the potential from the BaTiO3 substrate will be screened more completely by 

the semiconductor, and charge carriers are less affected by the ferroelectric substrate. 

The Ag deposit pattern on 10 nm TiO2/BiFeO3 (Figure 1.17(h)) was correlated well 

with the domain structure obtained by the PFM images in Figure 1.17(e and f) instead 

of the topographic image in Figure 1.17(g). It is strong evidence that the polarization 

on substrate affects the motivation of photogenerated charge carriers in semiconductor, 

which contacts with ferroelectric material. 

 

&ÉÇÕÒÅ υȢυϋ !&- ÉÍÁÇÅÓ ÏÆ υτ ÎÍ 4É/φ ÆÉÌÍÓ ÏÎ Á "Á4É/χ ÓÕÂÓÔÒÁÔÅ ɉÁɊ ÂÅÆÏÒÅ 

ÒÅÁÃÔÉÏÎȟ ɉÂɊ ÁÆÔÅÒ ÒÅÁÃÔÉÏÎȟ !&- ÉÍÁÇÅÓ ÏÆ υττ ÎÍ 4É/φ ÆÉÌÍÓ ÏÎ Á "Á4É/χ ÓÕÂÓÔÒÁÔÅ 

ɉÃɊ ÂÅÆÏÒÅ ÒÅÁÃÔÉÏÎȟ ɉÄɊ ÁÆÔÅÒ ÒÅÁÃÔÉÏÎȢωφ 0&- ÐÈÁÓÅ ÉÍÁÇÅÓ ÏÆ ɉÅɊ ÂÁÒÅ "Á&Å/χ 

ÓÕÂÓÔÒÁÔÅȟ ɉÆɊ υτ ÎÍ 4É/φȾ"É&Å/χȟ 4ÏÐÏÇÒÁÐÈÉÃ ÉÍÁÇÅ ÏÆ υτ ÎÍ 4É/φȾ"É&Å/χ ɉÇɊ 

ÂÅÆÏÒÅ ÒÅÁÃÔÉÏÎȟ ɉÈɊ ÁÆÔÅÒ ÒÅÁÃÔÉÏÎȢωχ 

A detailed mechanistic explanation of the band bending formed at the interface of 

TiO2 and BiFeO3 as well as at the interface of TiO2 and solution were also given.53 

When bulk TiO2 was in contact with the solution, the charges flowing to the solution 

led to upward band bending at the interface of TiO2 and solution. When negative (or 

positive) domains appear at the interface of TiO2 and BiFeO3, the energy bands of TiO2 
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bent upward (or downward), as shown in Figure 1.18(a) (or Figure 1.18(b)), which 

promoted the transfer of holes (or charges) from TiO2 to BiFeO3 and oxidation (or 

reduction) reaction on TiO2.  

 

&ÉÇÕÒÅ υȢυό 3ÃÈÅÍÁÔÉÃÓ ÏÆ ÔÈÅ ÂÁÎÄ ÓÔÒÕÃÔÕÒÅ ÏÆ "É&Å/χȾ4É/φȾ(φ/ ×ÉÔÈ ÔÈÅ 

ÐÏÌÁÒÉÚÁÔÉÏÎ ɉ03Ɋ ÏÆ "É&Å/χ ɉÁɊ ÐÏÉÎÔÉÎÇ Á×ÁÙ ÆÒÏÍ "É&Å/χȾ4É/φ ÉÎÔÅÒÆÁÃÅȟ ÁÎÄ ɉÂɊ 

ÐÏÉÎÔÉÎÇ ÔÏ×ÁÒÄÓ "É&Å/χȾ4É/φ ÉÎÔÅÒÆÁÃÅȢ ωχ 

As described in Chapter 1.2.1, piezo-ceramics and piezo-polymers have their own 

characteristics as piezoelectric materials. Therefore, hybrid piezo-photocatalysts based 

on inorganic piezo-ceramics and organic piezo-polymers are separately introduced 

below. 

1.3.2.3 Hybrid piezo-photocatalysts based on inorganic piezo-

ceramics 

When piezo-ceramics are used for hybrid piezo-photocatalysts, an obvious effect 

of piezo-photocatalysis can be observed due to the strong piezo-polarized field. 

However, the applications are inhibited due to the physical properties of ceramics, such 

as brittleness and difficulty in recovery. 

Inoue et al.54,55 reported that the macroscopic photocatalytic activities of a thin 

TiO2 and NiO film were enhanced by a poled ferroelectric LiNbO3 substrate. ZnO has 

been used as an integrated piezo-photocatalyst, and the photocatalytic efficiency can be 

further improved by combining ZnO with other piezoelectric materials or 

photocatalytic materials. Ordered and vertical CuS/ZnO heterostructure nanowires 

were grown on stainless steel mesh, enabling the recovery of CuS/ZnO from the treated 
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solution.56 Further, the CuS/ZnO nanocomposite obtained large deformation under 

strain and generated a high piezoelectric field because of the mesh support and 

CuS/ZnO alignment. The schematic diagrams of CuS/ZnO nanocomposite during the 

piezo-photocatalytic process and methylene blue (MB) degradation activities are shown 

in Figure 1.19(a-d). In conclusion, the CuS/ZnO nanowires supported on mech 

exhibited the strongest MB degradation under solar and ultrasound, much higher than 

that under solar only. You et al.57 synthesized ZnO@TiO2 core-shell nanofibers by 

hydrothermal treatment for methyl orange (MO) degradation. The schematic diagram, 

structure, and MO degradation activities of ZnO@TiO2 nanofibers are shown in Figure 

1.19(e-g). The degradation of ZnO@TiO2 under mechano-/photo- bicatalysis was 

superior to that under mechano- or photo- catalysis due to the piezo-photocatalytic 

effect. 

 

&ÉÇÕÒÅ υȢυύ 3ÃÈÅÍÁÔÉÃ ÉÌÌÕÓÔÒÁÔÉÏÎ ÏÆ ɉÁɊÔÈÅ ÐÉÅÚÏȤÐÈÏÔÏÃÁÔÁÌÙÔÉÃ ÐÒÏÃÅÓÓ ÁÎÄ ɉÂɊ 

ÔÈÅ ÅÎÅÒÇÙ ÂÁÎÄ ÏÆ #Õ3Ⱦ:Î/ ÎÁÎÏ×ÉÒÅÓ ÏÎ ÓÔÁÉÎÌÅÓÓ ÓÔÅÅÌ ÍÅÓÈȟ ɉÃɊ -" ÄÅÇÒÁÄÁÔÉÏÎ 

ÐÒÏÆÉÌÅÓȟ ɉÄɊ ÐÈÏÔÏÃÁÔÁÌÙÔÉÃ ÄÅÇÒÁÄÁÔÉÏÎ ËÉÎÅÔÉÃ ÃÕÒÖÅÓȢωϊ ɉÅɊ 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ 

ÔÈÅ ÍÅÃÈÁÎÏȤȾÐÈÏÔÏȤ ÂÉȤÃÁÔÁÌÙÓÉÓ ÁÎÄ ɉÆɊ 4%- ÉÍÁÇÅ ÏÆ :Î/Ά4É/φ ÃÏÒÅȤÓÈÅÌÌ 

ÎÁÎÏÆÉÂÅÒÓȟ ɉÇɊ ÔÈÅ -/ ÄÅÃÏÍÐÏÓÉÔÉÏÎ ÅÆÆÉÃÉÅÎÃÉÅÓȢωϋ 

BaTiO3 is a potential piezo-ceramics due to its high piezoelectric coefficient and 

nontoxicity, so it is often combined with other materials for photocatalytic activity. 

Zhou et al.58 proposed a piezoelectric ZnO/BaTiO3 heterostructure. The piezoelectric 

potential difference on ZnO/BaTiO3 was 414.40 mV, which was higher than that of 
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BaTiO3 (409.50 mV) and ZnO (33.00 mV). The rhodamine B (Rh B) degradation by 

different catalysts (blank, ZnO, BaTiO3, and ZnO/BaTiO3) under different parameters 

(visible light, UV light, visible light, and ultrasound, as well as UV light and ultrasound) 

are shown in Figure 1.20(a-d). Under the excitations of ultrasound (120 W) and 

simulated sunlight (100 mW cm-2), the oxidation reaction rate constant of ZnO/BaTiO3 

for Rh B degradation was up to 0.12 min-1, which was 1.5 and 2 times that of BaTiO3 

and ZnO, respectively. Ferroelectric BaTiO3 nanocrystals were combined with 

photocatalyst Ag2O to form an Ag2O-BaTiO3 hybrid photocatalyst, and Rh B 

degradation was used to evaluate the catalytic efficiency.59 From the photodegradation 

activities in Figure 1.20(g-j), the degradation rate of the Ag2O-BaTiO3 hybrid under 

ultrasonic and UV irradiation was stronger than that of P25, Ag2O, and Ag2O-BaTiO3 

physical mixture under the same conditions, as well as than that of Ag2O-BaTiO3 hybrid 

under only ultrasonic irradiation and only UV light. 

 
&ÉÇÕÒÅ υȢφτ ɉÁȤÄɊ #ÏÎÔÁÍÉÎÁÎÔ ÄÅÇÒÁÄÁÔÉÏÎ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÔÉÍÅ ÆÏÒ "Á4É/χȟ :Î/ȟ 

ÁÎÄ :Î/Ⱦ"Á4É/χ ÕÎÄÅÒ ÄÉÆÆÅÒÅÎÔ ÐÁÒÁÍÅÔÅÒÓ ɉότ 7ȡ ÔÈÅ ÐÏ×ÅÒ ÏÆ ÕÌÔÒÁÓÏÎÉÃɊȟ ɉÅȟ ÆɊ 

ÓÃÈÅÍÁÔÉÃ ÍÅÃÈÁÎÉÓÍÓ ÉÎ :Î/Ⱦ"Á4É/χ ÍÅÄÉÁÔÅȢωό $ÅÇÒÁÄÁÔÉÏÎ ÏÆ 2È " ÁÓ Á ÆÕÎÃÔÉÏÎ 

ÏÆ ÉÒÒÁÄÉÁÔÉÏÎ ÔÉÍÅ ÆÏÒ ɉÇɊ ÓÏÎÏÃÁÔÁÌÙÓÉÓȟ ɉÈɊ ÐÈÏÔÏÃÁÔÁÌÙÓÉÓȟ ÁÎÄ ɉÉɊ 

ÓÏÎÏÐÈÏÔÏÃÁÔÁÌÙÓÉÓ ÉÎ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÄÉÆÆÅÒÅÎÔ ÃÁÔÁÌÙÓÔÓȟ ɉÊɊ 2È " ÄÅÇÒÁÄÁÔÉÏÎÓ 

ÕÎÄÅÒ ÄÉÆÆÅÒÅÎÔ ÓÉÔÕÁÔÉÏÎÓȟ ÓÃÈÅÍÁÔÉÃ ÍÅÃÈÁÎÉÓÍÓ ÉÎ ɉËɊ ÁÎ !Çφ/ ÎÁÎÏÐÁÒÔÉÃÌÅ ÁÎÄ 

ɉÌɊ ÉÎ !Çφ/ɀ"Á4É/χ ÈÙÂÒÉÄ ÎÁÎÏÃÕÂÅÓ ×ÈÅÎ ÅØÃÉÔÅÄ ÂÙ ÐÈÏÔÏÎÓȢωύ 



 

28 

 

1.3.2.4 Hybrid piezo-photocatalysts based on organic piezo-

polymers 

Piezoelectric polymer films exhibit high sensitivity to mild, discontinuous, or low-

frequency stress, making them ideal hybrid piezo-photocatalysts for piezo-

photocatalysis. Furthermore, polymer films endow the piezo-photocatalysts with 

recoverability for sustainable applications. As a typical piezoelectric polymer, PVDF 

has been widely combined with nanostructured semiconductors to fabricate hybrid 

piezo-photocatalysts for enhanced photocatalytic efficiency. 

PVDF-TiO2 and PDMS-TiO2 composite films were prepared by coating the 

mixture solution of TiO2 and polymer on glass sheets and their photocatalytic activities 

were compared, which was the first time to introduce PVDF into a photocatalyst 

system.60 From the Rh B degradations under different conditions in Figure 1.21(a-b), 

the order of photodegradation efficiencies is U-L-PVDF-TiO2 (95%) > U-L-PDMS-

TiO2 (70%) > S-L-PDMS-TiO2 (43%) å S-L-PVDF-TiO2 (38%). Furthermore, the 

photocatalytic efficiency of PVDF-TiO2 film under ultrasound and UV light was 

increased by 55% and the k value became 5.42 times higher compared with those under 

magnetic stirring and UV light, while it is only 30% and 1.67 times for the PDMS-TiO2 

film. These results indicated that ultrasonic wave vibration boosted the photocatalysis 

of PVDF-TiO2 at a higher level than that of PDMS-TiO2 due to the piezoelectric effect 

on PVDF. 

 

&ÉÇÕÒÅ υȢφυ ɉÁȟ ÂɊ 4ÈÅ ÐÈÏÔÏÃÁÔÁÌÙÔÉÃ 2È " ÄÅÇÒÁÄÁÔÉÏÎ ÃÕÒÖÅÓ ÏÆ ÔÈÅ 0$-3Ȥ4É/φ 

ÆÉÌÍ ÁÎÄ 06$&Ȥ4É/φ ÆÉÌÍ ÕÎÄÅÒ ÕÌÔÒÁÓÏÕÎÄ Ͻ 56 ÌÉÇÈÔ ɉ5Ȥ,Ɋȟ ÍÁÇÎÅÔÉÃ ÓÔÉÒÒÉÎÇ Ͻ 56 

ÌÉÇÈÔ ɉ3Ȥ,Ɋȟ ÁÎÄ ÕÌÔÒÁÓÏÕÎÄ ɉ5Ȥ.,Ɋȟ ÔÈÅ ÇÅÎÅÒÁÔÉÏÎ ÏÆ ÃÈÁÒÇÅ ÃÁÒÒÉÅÒÓ ÏÎ ɉÄɊ 06$&Ȥ

4É/φ ÆÉÌÍ ÁÎÄ ɉÅɊ 0$-3Ȥ4É/φ ÆÉÌÍȢϊτ 
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The polymer states in hybrid piezo-photocatalysts have progressed from flat films 

to microfiber membranes and nanofiber membranes, with increased surface area and 

easily deformable polymer properties. Dong et al.61 prepared hybrid PVDF/TiO2 

nanofibers membranes through electrospinning PVDF and tetrabutyl titanate (precursor 

of TiO2) solution followed by annealing treatment. The hybrid PVDF/TiO2 nanofibers 

membrane can be used as a self-powering/self-cleaning electronic-skin (e-skin) to 

detect body motions (as shown in Figure 1.22(b)) and degrade MB dye in solution (as 

shown in Figure 1.22(a)). The degradation activities of hybrid PVDF/TiO2 membrane 

under ultrasonic (mechanical vibration) and UV was faster than that under only UV, 

and much faster than those under only ultrasonic (mechanical vibration), no ultrasonic 

(mechanical vibration) and UV. And the higher frequency of mechanical vibration 

resulted in faster degradation activity. Besides, compared to pure PVDF and pure P25, 

more MB can be degraded within 40 min using the e-skin under ultrasonic and UV 

irradiation. 

 

&ÉÇÕÒÅ υȢφφ ɉÁɊ -" ÄÅÇÒÁÄÁÔÉÏÎ ÃÁÔÁÌÙÚÅÄ ÂÙ ÐÏÌÁÒÉÚÅÄ 06$&Ⱦ4É/φ ÎÁÎÏÆÉÂÅÒÓ ÆÉÌÍ 

ÕÎÄÅÒ ÄÉÆÆÅÒÅÎÔ ÃÏÎÄÉÔÉÏÎÓȟ ɉÂɊ ÐÉÅÚÏÅÌÅÃÔÒÉÃ ÃÕÒÒÅÎÔ ÏÕÔÐÕÔÓ ÏÆ ÔÈÅ ÅȤÓËÉÎ ÕÎÄÅÒ 

ÄÉÆÆÅÒÅÎÔ ÂÏÄÙ ÍÏÔÉÏÎÓȢϊυ 

For the preparation of most hybrid piezo-polymer photocatalysts, the 

photocatalysts are added to polymer solutions, and then the mixed solutions are used to 

prepare films or fiber membranes. Notably, due to the uniform distribution of 

photocatalysts throughout the whole volume, only a part of photocatalysts are placed 

on the surface of films or fibers, which blocks most of the photocatalysts and reduces 

the reactive sites on photocatalysts. Therefore, advanced preparation methods should 
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be employed to solve this problem. 

Sn3O4/PVDF hybrid film was synthesized by hydrothermal treatment on PVDF 

film in the Sn2+ precursor solution.62 The schematic diagram of the growth mechanism 

of Sn3O4/PVDF hybrid film was given in Figure 1.23(a). Due to the high 

electronegativity of F atoms, XPS and Raman results confirmed that the coordinated 

bond between F ion and metal ion was a key condition for the synthesis of Sn3O4 on 

the PVDF film surface, which made Sn3O4/PVDF hybrid film hydrophilic and Sn3O4 

directly participate in the photocatalytic system. The photocatalytic activities of 

Sn3O4/PVDF hybrid film and other catalysts were performed via Rh B degradation 

under different water flow speeds and different distances between the photocatalyst and 

the vibration source, as shown in Figure 1.23(b and c). The results illustrated that the 

higher flow speed or shorter distance resulted in the higher degradation rate due to the 

built-in electric field of the PVDF film. 

 

&ÉÇÕÒÅ ρȢςσ Á  3ÃÈÅÍÁÔÉÃ ÉÌÌÕÓÔÒÁÔÉÏÎ ÏÆ ÔÈÅ ÇÒÏ×ÔÈ ÍÅÃÈÁÎÉÓÍ ÏÆ 3Îσ/τȾ06$& 

ÈÙÂÒÉÄ ÆÉÌÍȠ Âȟ Ã  ÔÈÅ ÐÈÏÔÏÃÁÔÁÌÙÔÉÃ ÄÅÇÒÁÄÁÔÉÏÎ ÏÆ 2È " ÕÎÄÅÒ 56 ÌÉÇÈÔ Â  )  

ÎÏ ÐÈÏÔÏÃÁÔÁÌÙÓÔȟ ςς Í,ȾÍÉÎ ×ÁÔÅÒ ÆÌÏ× ÒÁÔÅ ȟ ))  ÎÏ ÐÈÏÔÏÃÁÔÁÌÙÓÔȟ τψπ 

Í,ȾÍÉÎȟ )))  3Îσ/τȟ τψπ Í,ȾÍÉÎȟ Ŋ  3Îσ/τȟ ςς Í,ȾÍÉÎȟ ŋ  3Îσ/τȾ06$&ȟ ςς 

Í,ȾÍÉÎȟ Ō  3Îσ/τȾ06$&ȟ τψπ Í,ȾÍÉÎȟ ō  3Îσ/τȾ04&ȟ ςς Í,ȾÍÉÎȟ Ŏ  

3Îσ/τȾ04&%ȟ τψπ Í,ȾÍÉÎȠ Ã  )  ÎÏ ÐÈÏÔÏÃÁÔÁÌÙÓÔȠ ))  3Îσ/τȠ )))  3Îσ/τȾ06$&ȟ 

ς ÃÍ ÔÈÅ ÄÉÓÔÁÎÃÅ ÂÅÔ×ÅÅÎ ÐÈÏÔÏÃÁÔÁÌÙÓÔ ÔÏ ÔÈÅ ÖÉÂÒÁÔÉÏÎ ÓÏÕÒÃÅ ȟ Ŋ  

3Îσ/τȾ06$&ȟ ρς ÃÍȟ ŋ  3Îσ/τȾ04&%ȟ ς ÃÍȟ Ō  3Îσ/τȾ04&%ȟ ρς ÃÍȢ ϊφ 

Durairaj et al.63 prepared PVDF-TiO2 hybrid nanofiber membrane by sequential 

electrospinning PVDF solution and electrospraying TiO2 suspension. TiO2 NPs were 

distributed on the surface of PVDF NFs from the SEM image (in Figure 1.24(a, b)), 

and 53% of the PVDF NFs were covered by TiO2 NPs from the XPS result. The 

photocatalytic activities of PVDF-TiO2 hybrid nanofiber membrane for MB 



 

31 

 

degradation were shown in Figure 1.24(c-e). Under UV irradiation, the air bubble 

enhanced the MB degradation over the PVDF-TiO2 hybrid membrane by 99% because 

of the induced piezoelectric field on PVDF, while pure TiO2 had no enhancement. In 

addition, the MB degradation in the presence of PVDF-TiO2 hybrid membrane was 

related to the extent of the air bubble supply. These results demonstrated the 

piezoelectric effect had an obvious effect on the photocatalytic activity. However, the 

MB degradation efficiency decreased with increasing cycle time due to the loss of TiO2 

during the processes, as shown in Figure 1.24(f), which meant the stability of the hybrid 

membrane needed to be improved. 

 

&ÉÇÕÒÅ υȢφψ 3%- ÉÍÁÇÅ ÏÆ ɉÁɊ 06$& ÌÁÙÅÒ ɉÂɊ 06$&Ȥ4É/ς ÈÙÂÒÉÄȠ ÐÉÅÚÏȤ

ÐÈÏÔÏÃÁÔÁÌÙÔÉÃ ÄÅÇÒÁÄÁÔÉÏÎ ÏÆ -" ɉÃɊ ÂÙ 06$&Ȥ4É/ς ÈÙÂÒÉÄ ÕÎÄÅÒ 56 ÏÒȾÁÎÄ ÁÉÒ 

ÂÕÂÂÌÅȟ ɉÄɊ ÂÙ 0φω .0Ó ÕÎÄÅÒ 56 ÏÒȾÁÎÄ ÁÉÒ ÂÕÂÂÌÅȟ ɉÅɊ ÂÙ 06$&Ȥ4É/ς ÈÙÂÒÉÄ ÕÎÄÅÒ 

ÁÉÒ ÂÕÂÂÌÅ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÅØÔÅÎÄÓȟ ÁÎÄ ɉÆɊ ÂÙ 06$&Ȥ4É/ς ÈÙÂÒÉÄ ÆÏÒ ÆÏÕÒ ÃÙÃÌÅÓȢϊχ 

Few works have reported the preparation of piezo-photocatalysts based on 

polymer support and exposure of catalysts out of polymer. Therefore, there is still much 

room for improvement in the preparation of hybrid piezo-polymer photocatalysts to 

promote piezo-photocatalysis. 
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1.4 Aims of research 

PVDF is the most widely investigated piezoelectric polymer because of its 

excellent properties and low price. Meanwhile, TiO2 has been extensively studied as a 

photocatalyst due to its chemical stability, environmental friendliness, photostability, 

and low cost. Therefore, we aim to prepare a hybrid PVDF/TiO2 piezo-photocatalyst 

with high performance, focusing on three aspects: 1). Achieving a good combination of 

PVDF and TiO2; 2). Exposing TiO2 and maintaining a large effective surface area; 3). 

Recovering the used photocatalyst for reuse and avoiding a secondary pollutant. 

Furthermore, the effect of PVDF polarization on the photocatalytic activity of TiO2 was 

studied to improve the catalytic activity. 

PVDF as support enables the PVDF/TiO2 hybrid piezo-photocatalyst easy to 

operate and recycle. To achieve a PVDF/TiO2 hybrid piezo-photocatalyst with high 

surface area and TiO2 exposure, a nanofiber membrane is proposed in which TiO2 

nanoparticles are covered on the surface of PVDF nanofibers. Therefore, a PVDF-TiO2 

core-shell nanofiber membrane meets the mentioned requests and is the pursuit of the 

current work. 

Electrospinning method provides operational flexibility for the preparations of 

different nanocomposites in the form of nanofibers, nanoparticles, nanoribbons, and 

more. Numerous metallic and inorganic particles have been incorporated into polymer 

nanofibers membrane to achieve desired composites that possess advantages of 

polymer nanofibers (such as flexibility, lightweight, and high surface-area-to-volume 

ratio) and the characteristics of particles in specific fields (like electrical, optical, 

catalytical).  In recent years, the immobilization of particles in electrospun nanofibers 

membrane has received extensive attention, and methods to obtain core-shell nanofiber 

structure are summarized below: 
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1) Preparations of semiconductor/polymer composites by electrospinning 

technique, such as electrospinning polymer solution and electrospraying semiconductor 

solution or suspension. 

2) Preparations of semiconductor/polymer composites by combining 

electrospinning with post-treatments, such as deposition technologies (CVD, PVD, 

etc.), thermal treatments, and redox treatments. 

Each method have its own features in terms of the preparation and the obtained 

composites. Appropriate preparations should be found to prepare PVDF-TiO2 core-

shell nanofiber membranes that satisfy the requirements. 

In conclusion, this dissertation focuses on the preparations of PVDF-TiO2 core-

shell nanofiber membranes and the investigation of piezo-potential effects on 

photocatalytic performance. 
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Chapter II Techniques and 

characterizations 

2.1 Techniques 

2.1.1 Electrospinning 

Electrospinning is a specific electrohydrodynamic process that can produce fibers 

with diameters ranging from micrometers to nanometers by means of electrostatic fields 

applied to polymer solutions or melts. Electrospinning looks like a combination of 

electrospraying and conventional dry or melt spinning. 

The basic setup for electrospinning consists of a syringe tipped with a metal needle, 

a syringe pump, a collector, and a high-voltage power source (positive and negative 

voltage ends are connected respectively to the needle and the collector). With the 

development of the electrospinning technique, several types of needles (such as single, 

coaxial, and multi-axial ones) and collectors (like flat plate, drum, and disk), as well as 

needle-less electrospinning, have emerged to meet different requirements from 

arrangements (e.g., aligned fibers, random orientations, or their combinations) and 

morphological structures (e.g., single/hollow/core-shell structures, or smooth/ 

porous/wrinkled surfaces) to production yield. A schematic diagram of electrospinning 

setup with variants is shown in Figure 2.1. 

 

&ÉÇÕÒÅ φȢυ 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ ÅÌÅÃÔÒÏÓÐÉÎÎÉÎÇ ÓÅÔÕÐ ×ÉÔÈ ÖÁÒÉÁÔÉÏÎÓȢ 
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A polymer solution or melt is loaded into a syringe and the solution is extruded 

from the needle tip at a constant rate by the pump. Charges accumulate on the surface 

of the liquid (on the needle tip) under the electric field. Once the electrostatic repulsion 

on the liquid is greater than its surface tension, the liquid meniscus deforms into a 

conical structure known as a Taylor cone and a jet from the Taylor cone ejects towards 

the collector. The jet accelerates with the solvent evaporating during the flight process, 

then a fiber mat is gathered on the collector. When a particle suspension instead of a 

polymer solution is applied here, this process is called electrospray. 

Various parameters can influence a final product (success or failure, good or bad) 

on the collector, and they can be divided into three categories: 

· Solution parameters: polymer concentration, molecular weight, conductivity, 

viscosity, surface tension, etc. 

· Processing parameters: voltage, tip-to-collector distance, and feed rate. 

· Ambient parameters: humidity, and temperature. 

Actually, some parameters are intrinsically linked, so it is not easy to discuss the 

impact on the final product from a single parameter. 

2.1.2 Hydrothermal treatment 

Hydrothermal treatment refers to a thermochemical process in an aqueous solution 

under high temperature and high pressure. Hydrothermal treatment can refer to 

hydrothermal synthesis, hydrothermal crystallization, hydrothermal annealing, etc. 

Hydrothermal treatments are conducted in a special sealed container, usually a Teflon-

lined autoclave. Teflon is inert to both hydrofluoric acid and alkaline media, and the 

autoclave is strong enough to withstand high pressure. It is worth noticing that 

substances with specific valence, configuration, and crystal morphology can be formed 

via hydrothermal treatments with medium temperature and pressure. In addition, 

hydrothermal synthesis can obtain substances that are impossible to be prepared by 

other synthesis methods because reactants will retain rather than evaporate at high 

temperatures. 
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Outstanding characteristics of water under subcritical/supercritical condition are 

the key to the advantages of hydrothermal synthesis: 1). Water dissociates into 

hydronium ions (H3O
+) and hydroxyl ions (OH-) under subcritical/supercritical 

condition, and the produced ions make water behave like a molten salt; 2). The 

dielectric constant (Ů) of water is reduced from 80 to 20, making undissolved 

compounds soluble; 3). Molecules and ions move more easily in water than normal 

because elevated temperature reduces the viscosity of water. Additionally, other 

parameters of water can be changed by varying the temperature and/or pressure. In 

conclusion, hydrothermal synthesis has three features: accelerating the reaction rate 

among the complex ions; intensifying the hydrolyzation reaction; significantly 

changing the redox potential of the reactants. 

When water is replaced by other solvents, this process is called solvothermal 

synthesis, which has a similar mechanism and function as hydrothermal synthesis. 

2.1.3 Atomic layer deposition (ALD) 

Atomic layer deposition (ALD) is a low-temperature chemical vapor deposition 

technique in which the growth of materials is controlled by sequential self-saturating 

gas-solid surface reactions. ALD has the capability to grow thickness-controlled (even 

at the atomic level), uniform, and conformal layer on the surface of 3D structures with 

complex shapes and high-aspect-ratios. 

In the ALD process, a substrate is exposed to two precursors A and B in a 

sequential, non-overlapping way. A cycle of ALD consists of four steps, which can be 

repeated until achieving the desired deposit thickness. Four steps constitute one ALD 

cycle, as described below, and a corresponding schematic diagram is shown in Figure 

2.2.  

Step 1) Precursor A in gas phase is poured into the deposition chamber and reacts 

with a finite number of reactive sites on the substance in a dose time under proper 

parameters. Because of the high pressure in the chamber, molecule A can reach 



 

42 

 

anywhere of substance. 

Step 2) The remaining A molecules and floating reaction products are flushed 

away by an inert gas. 

Step 3) Precursor B is poured into the chamber to react with a finite number of 

reactive sites on molecule A. 

Step 4) Inert gas purges the remaining B molecules and floating reaction products 

in the chamber. 

The dose-purge-dose-purge sequence constitutes one ALD cycle, and the grown 

thickness of one cycle is defined as the growth per cycle (GPC) value. Therefore, the 

desired deposition thickness depends on the GPC value and cycle number. 

 

&ÉÇÕÒÅ φȢφ 3ÃÈÅÍÁÔÉÃ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ ÏÆ !,$ ÐÒÏÃÅÓÓȢ 

2.2 Characterizations 

2.2.1 Scanning electron microscope (SEM) 

A scanning electron microscope (SEM) is an electron microscope in which a 

focused electron beam interacts with atoms in a sample, collecting reflected signals to 

obtain information about the surface topography and composition of the sample. 

Various signals are generated from the interacted atoms, as shown in Figure 2.3: 

secondary electrons (SE), reflected/back-scattered electrons (BSE), characteristic X-

rays, cathodoluminescence (CL), etc. SE can only escape from the top few nanometers 
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of the sample surface and be highly localized at the impact point of the primary electron 

beam. BSE are reflected from the sample by elastic scattering, and they originate from 

deeper positions than SE. The contrast in SEM images of SE signal is mainly from 

specimen topography, while one of BSE signal mainly corresponds to different element 

components. 

 

&ÉÇÕÒÅ φȢχ %ÌÅÃÔÒÏÎɀÍÁÔÔÅÒ ÉÎÔÅÒÁÃÔÉÏÎ ÖÏÌÕÍÅ ÁÎÄ ÔÙÐÅÓ ÏÆ ÓÉÇÎÁÌÓ ÇÅÎÅÒÁÔÅÄȢ 

2.2.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopy technique in which a 

beam of electrons interacts with a sample as the beam is transmitted through the 

specimen (the thickness should be less than 100 nm). TEM can image at a much higher 

resolution than light microscopes because of the smaller de Broglie wavelength of 

electrons than photons. 

The TEM essentially is composed of several components: an electron emission 

source (usually a tungsten filament heated to a very high temperature), a series of 

electromagnetic lenses that focus the beams on the sample at an atomic scale, a 

detection system that converts the information of collected electrons into images, and a 

high vacuum system that allows electrons to travel from the source to the sample. A 

comparison of optical components between TEM and SEM is shown in Figure 2.4. 
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&ÉÇÕÒÅ φȢψ ! ÃÏÍÐÁÒÉÓÏÎ ÏÆ ÏÐÔÉÃÁÌ ÃÏÍÐÏÎÅÎÔÓ ÂÅÔ×ÅÅÎ 4%- ÁÎÄ 3%-Ȣ 

2.2.3 FTIR spectroscopy 

Infrared (IR) spectrometer is a technique used to obtain the absorption or emission 

of monochromatic light in the infrared region by solids, liquids, or gases. Fourier 

Transform Infrared (FITR) spectrometer is an advanced version of IR spectrometer, 

which is achieved by an interferometer by simultaneously obtaining the absorption or 

emission of a sample under different frequencies of light. In the interferometer in Figure 

2.5, 50% of the light is transmitted toward a moving mirror and 50% is refracted toward 

a fixed mirror. Then the two reflected beams with optical path differences pass through 

the beam splitter and become a new beam that can cover the whole infrared frequency 

range. Fourier transform is a data-processing technique that converts light output as a 

function of mirror position to light output as a function of infrared 

wavelength/wavenumber. 

IR spectroscopy is used to identify chemical species or functional groups in 

substrates. For molecules with a dipole moment, the sample can have different 

vibrational modes under infrared radiation, such as stretching, and bending. Absorption 

occurs when the frequency of the IR beam is the same as the vibrational frequency of a 

bond or collection of bonds. IR spectroscopy reveals how much energy is absorbed in 

each frequency, which can then be used to identify the structure of the molecule. 
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&ÉÇÕÒÅ φȢω 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ ÁÎ ÉÎÔÅÒÆÅÒÏÍÅÔÅÒ ÉÎ ÁÎ &4)2 ÓÐÅÃÔÒÏÍÅÔÅÒȢ 

2.2.4 Raman spectroscopy 

Raman spectroscopy is another technique that can be used to determine vibrational 

modes and provide a fingerprint for the detection of sample structure, which produces 

similar but complementary information to IR spectroscopy. Monochromatic light 

(usually a single-wavelength laser) in the range from near-infrared to near-ultraviolet 

interacts with the specimen, and when the electric dipole-electric dipole polarizability 

on molecule changes and the energy of photons shifts, the Raman effect will be 

generated. The shift in energy provides information about the vibrational modes, and 

the magnitude of the Raman effect is related to the polarizability change on the 

molecule. 

A brief working mechanism of a Raman spectrometer is shown in Figure 2.6. 

Electromagnetic radiation generated by a laser beam irradiating a sample is collected 

by a lens and detected by a monochromator. Elastic or Rayleigh scattering (the direction 

of light is changed while the energy is the same as the incident light) at the wavelength 

corresponding to the laser is filtered out and only inelastic or Raman scattering (the 

energy and direction of light are changed) is detected. 
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&ÉÇÕÒÅ φȢϊ 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ ÁÎ &4)2 ÓÐÅÃÔÒÏÍÅÔÅÒȢ 

2.2.5 X-ray diffraction (XRD)  

X-ray diffraction (XRD), the most widely used X-ray diffraction technique in 

material characterization, is used to identify the crystal structure of materials and 

provide other information on the physical state of the sample (such as crystallite size, 

and residual stress).  

In an XRD diffractometer, a single wavelength X-ray beam is used to irradiate a 

sample. By continuously changing the incident angle of the X-ray beam, the 

relationship of the diffraction intensity to the angle between the incident and diffracted 

beams is recorded. The high-voltage field collides with the metal target to generate 

continuous-wavelength X-rays, and single-wavelength is achieved through an optical 

filter. The incident angle (ɗ) and the spacing between the parallel crystal planes (d) of 

the material determine the situations of diffraction. Particularly, when the path 

difference (SQ+QT=2d sinɗ) of diffracted X-ray beams is equal to one or multiple X-

ray wavelengths (nɚ), as shown in Figure 2.7, the diffraction beam with the strongest 

energy can be obtained according to Bragg's law. 

ὲ‗ ςὨίὭὲ— 
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Possible phases can be obtained by comparing the obtained spectra with a database, 

the International Centre for Diffraction Data (ICDD), which contains 60,000 diffraction 

spectra of known crystalline substances from the incident angle and the diffraction 

intensity. 

 

&ÉÇÕÒÅ φȢϋ "ÒÁÇÇ ÄÉÆÆÒÁÃÔÉÏÎ ÂÙ ÃÒÙÓÔÁÌ ÐÌÁÎÅÓȢ 

2.2.6 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that 

measures the difference in the amount of heat required to change the temperature of a 

sample and a reference as a function of working temperature. Heat flux DSC is a main 

and common type of DSC that the changes in heat flow are calculated by integrating 

the ȹTref- curve. A schematic diagram of the heat flux DSC is shown in Figure 2.8(a): 

the sample and the reference crucible are placed on a sample holder with thermocouples, 

and they are covered in a temperature-controlled furnace, consisting of a heat sink and 

heater. The temperature difference between sample and reference (DSC signal) and the 

absolute temperature of the sample is recorded as working temperature, and the absolute 

temperature of the reference and the sample is recorded as temperature difference. 

 

&ÉÇÕÒÅ φȢό ɉÁɊ3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ ÄÉÆÆÅÒÅÎÔÉÁÌ ÓÃÁÎÎÉÎÇ ÃÁÌÏÒÉÍÅÔÅÒ ÁÎÄ 

ɉÂɊÔÙÐÉÃÁÌ ÔÒÁÎÓÉÔÉÏÎÓ ÉÎ Á $3# ÔÈÅÒÍÏÇÒÁÍȢ 
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The result of a DSC experiment is a plot of heat flux versus temperature or time, 

which may have steps, as well as exothermic and endothermic peaks, as shown in 

Figure 2.8(b). Enthalpies of transitions can be calculated by integrating the 

corresponding peak in the DSC curve. Therefore, fusion and crystallization events, 

glass transition, as well as chemical reactions are possible to be studied by DSC. 

2.2.7 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a method of thermal analysis in which the 

mass of a sample is a function of temperature or time as the temperature raises in a 

controlled atmosphere. In general, mass, temperature, and time are the basic measuring 

elements and other additional elements can be derived from these three measurements. 

Depending on the analytical procedure and the atmosphere, TGA provides information 

on physical phenomena (such as phase transitions, absorption, and thermal stability) 

and chemical phenomena (like chemisorption, oxidation, and dehydration) of the 

sample.  

A sample pan loaded on a precision balance in a furnace with programmable 

temperature control under variant atmospheres is the main part of a thermogravimetric 

analyzer, as shown in Figure 2.9. 

 

&ÉÇÕÒÅ φȢύ 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ ÔÈÅÒÍÏÇÒÁÖÉÍÅÔÒÉÃ ÁÎÁÌÙÚÅÒȢ 

2.2.8 UV/Vis absorption spectroscopy 

Ultraviolet/Visible (UV/Vis) absorption spectroscopy is used as a qualitative tool 

to identify molecular species or/and as a quantitative tool to measure the quantities of 
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species in different states (mainly solutions). Molecules and ions capable of absorbing 

photon energy in the UV or Vis range are called chromophores. The absorbed photons 

in the chromophore excite electrons from the ground state to higher energy molecular 

orbitals, and the chromophore after absorbing the photons is excited. Due to the electron 

distribution, each chromophore has its own unique absorption maximum and molar 

absorptivity, corresponding to the wavelength/wavenumber and intensity of absorption 

peak in UV/Vis absorption spectra. Therefore, UV/Vis absorption spectroscopy can 

provide information about specific bonds or functional groups. 

The Beer-Lambert law is the principle by which a UV/Vis spectrophotometer 

measures the concentration of absorbing species: 

ὃ ὰέὫ
Ὅ

Ὅ
‐ὧὒ 

where A is the measured absorbance, I0 and I are the incident light intensity and 

the transmitted intensity at a given wavelength, Ů is the molar absorptivity or extinction 

coefficient, a constant related to the measurement atmosphere, and L is the path length 

through the sample, and c is the absorbing species concentration. 

The UV/Vis spectrophotometer consists of three key components, as shown in 

Figure 2.10: a light source, a wavelength selector to isolate a narrow band of 

wavelengths near the desired analytical wavelength, and a detector to measure the 

intensity of the incident light transmitted by the sample. 

 

&ÉÇÕÒÅ φȢυτ 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ 56Ⱦ6ÉÓ ÓÐÅÃÔÒÏÐÈÏÔÏÍÅÔÅÒȢ 
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2.2.9 High-performance liquid chromatography (HPLC) 

Liquid chromatography (LC) is one of the fastest-growing techniques in analytical 

chemistry, used to separate, identify, and quantify each component in mixtures of 

organic, inorganic, pharmaceutical, and biochemical compounds. High performance 

liquid chromatography (HPLC) is an advanced LC with high operating pressures and 

modern equipment, columns, and column packing systems. 

Figure 2.11 shows a schematic of an HPLC instrument: a pressurized liquid 

solvent (as a mobile phase) containing the sample mixture is pumped through a column 

filled with a solid adsorbent material (as a stationary phase). Each component in a 

mixture interacts slightly differently with the adsorbent material, resulting in different 

flow rates of components in the column, and leading to the separation of the 

components as they flow out of the column. The combination of a stationary phase and 

a mobile phase is crucial for the separation of components. 

 

&ÉÇÕÒÅ φȢυυ 3ÃÈÅÍÁÔÉÃ ÄÉÁÇÒÁÍ ÏÆ (0,# ÉÎÓÔÒÕÍÅÎÔȢ 

HPLC can be used to perform qualitative and quantitative analyses. Qualitative 

analysis refers to the identification of components in a sample mixture: the 

chromatogram of the detected component is matched to a known component from the 

aspects of the retention times and shapes of peaks, or the separated components are 

analyzed via various detectors (e.g., infrared spectroscopy, nuclear magnetic resonance, 

and mass spectrometry). Quantitative analysis of the components in a sample is 

performed by the height or area of the component peak and a calibration curve of a 

standard.  
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Chapter III Effects of solvent and 

electrospinning parameters on the 

morphology and piezoelectric properties of 

PVDF nanofibrous membrane 

Abstract 

PVDF electrospun membranes were prepared by employing different mixtures of 

solvents and diverse electrospinning parameters. A comprehensive investigation was 

carried out, including morphology, nanofiber diameter, crystallinity, ɓ-phase fraction, 

and piezoelectric response under external mechanical strain. It was demonstrated that 

by using low-toxicity DMSO as the solvent, PVDF membranes with good morphology 

(bead-free, smooth surface, and uniform nanofiber) can be obtained. All the fabricated 

membranes showed crystallinity and ɓ-phase fraction above 48% and 80%, respectively; 

therefore, electrospinning is a good method for preparing PVDF membranes with 

piezoelectric properties. Moreover, we considered a potential effect of the solvent 

properties and the electrospinning parameters on the final piezoelectric properties. 

When PVDF membranes with different ɓ-phase fractions and crystallinity values are 

applied to make the piezoelectric transducers, various piezoelectric voltage outputs can 

be obtained. This paper provides an effective and efficient strategy for regulating the 

piezoelectric properties of PVDF electrospun membranes by controlling both solvent 

dipole moment and process parameters. To the best of our knowledge, this is the first 

time that the influence of a solventôs dipole moment on the piezoelectric properties of 

electrospun materials has been reported. 

Keywords: PVDF; nanofibrous membrane; electrospinning; piezoelectric 

properties 
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3.1 Introduction 

Piezoelectric materials, which are extensively used in energy harvesting and 

sensors, have attracted much attention recently.1,2 In brief, piezoelectric material can 

convert external mechanical strain into electric energy and vice-versa. Piezoelectric 

materials can be divided into three main categories: single crystals (e.g., quartz crystal), 

ceramics (e.g., lead zirconate titanate, BaTiO3), and polymers (e.g., poly(vinylidene 

fluoride) (PVDF) and its copolymers, polylactic acid, and polyimides) [3]. Among them, 

piezoelectric polymers present specific advantages, such as lightweight, deformability, 

and flexibility; therefore, they have the potential to be employed as stretchable and 

flexible electronics.3-5 

PVDF has become the most widely investigated piezoelectric polymer because of 

its excellent properties and low price.4,6,7 PVDF is a polymorphic material and has 

distinct chain conformations in five crystalline phases: TTT (all-trans) planar zigzag for 

ɓ phase, TGTGô(trans-gauche-trans-gauche) for Ŭ and ŭ phases, and T3GT3Gô for ɔ and 

Ů phases.8 A strong electrical dipole moment exists in the PVDF monomer because the 

fluorine atom is more electronegative than hydrogen and carbon atoms, and it leads to 

piezoelectric properties. From the packing model of PVDF chain conformation, it can 

be concluded that there is no net dipole in Ŭ and Ů phases, but there are net dipoles in ɓ, 

ɔ, and ŭ phases.9 Among these three phases, the ɓ phase has the highest dipolar moment 

per unit cell and endues PVDF with the greatest piezoelectricity.10,11 

The essence of improving the piezoelectric properties of PVDF is to improve the 

alignment of chain conformation. The main methods to improve the piezoelectric 

properties of PVDF are: (a) adding treatments, such as melt quenching12 and 

stretching13; (b) blending with carbon materials14,15, inorganic particles16, piezoelectric 

ceramics17, etc.; (c) adopting new process methods, such as electrospinning18; and (d) 

altering the structure19 or surface morphology11,20. 

Electrospinning is a simple and versatile method for producing fiber membranes 
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with a fiber diameter on the nanometer scale. It consists of three essential parts: a high-

voltage supply, a spinneret with the polymer solution, and a grounded collector. A 

suitable solution is a key point for electrospinning. The polymer could be dissolved in 

a suitable solvent or melted at a high temperature to obtain a homogeneous and flowable 

polymer solution. Additionally, proper viscosity, surface tension, and conductivity are 

mandatory for solutions undergoing electrospinning. Under proper conditions, which 

means suitable processing parameters and ambient parameters, the polymer solution 

can form a stable Taylor cone at the tip of the spinneret. Then, the Taylor cone erupts 

to the collector when its electrostatic repulsion is equal to or higher than its surface 

tension. A nanofibrous membrane can be gathered on the collector, and its thickness 

depends on the electrospinning time. Processing parameters (voltage, tip-to-collector 

distance, and feed rate) and ambient parameters (humidity and temperature) influence 

the morphology and structure of the fiber. 

As one of the most highly fluorinated polymers, PVDF is resistant to many 

standard organic solvents. In order to consume less time and effort finding soluble 

solvents for polymers, including PVDF, before the actual dissolution experiment, the 

Hansen solubility parameters21 were introduced, which define the solubility of a 

polymer-solvent system. The radius of interaction (Ro) of a polymer defines a solubility 

sphere and is empirically calculated. ‏ , ‏ , and ‏  are the dispersion, polar, and 

hydrogen-bonding solubility parameters, respectively. Solvents with Hansen 

parameters within Ro can dissolve the polymer. The distance (Ra) between the solvent 

coordinate and the center of the polymer solubility sphere is calculated according to 

Equation (3.1): 

Ὑ τ‏ ‏ ‏ ‏ ‏ ‏              (3.1) 

where ‏ ,‏, and ‏ are Hansen parameters for the polymer, and ‏ ,‏, and 

 are Hansen parameters for the solvent.21,22 The ratio Ra/Ro is called the relative  ‏

energy difference (RED). The polymer can be dissolved in a solvent when Ra/Ro < 1, 

whereas a solvent cannot dissolve the polymer when Ra/Ro > 1.
22 Bottino et al.23 a 

solubility experiment of 46 kinds of solvents on PVDF and obtained the Hansen space 
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of PVDF, which provided a direct criterion for judging the solubility of PVDF in each 

solvent. 

Solubility supplies the possibility of preparing PVDF solution, which is a basic 

step in electrospinning a nanofibrous membrane. In addition, some properties of the 

solvents have effects on the final membrane morphology: evaporation rate influences 

not only the morphology but also the piezoelectric properties of cast film and 

electrospun membrane, as reported by Kim et al.24 Moreover, the high dipole moment 

of the solvent is the main reason for the better piezoelectric properties of cast films.25-

27 Solution conductivity is also a key factor in controlling the diameter of nanofibers.28 

The boiling point of the solvent corresponds to the temperature when the vapor 

pressure of the liquid is equal to the environmental pressure and is used to reflect the 

evaporation rate. A higher boiling point means a slower evaporation rate and vice-versa. 

Kim et al. 24 used three different solvents (DMF, DMF/ACE (6/4), and MEK) to prepare 

P(VDF-TrFE) electrospun nanofibrous membranes and studied the effects of these 

solvents on crystallization, fiber formation, and harvesting performance. They found 

that two key solvent properties (surface tension and evaporation rate) can affect the 

fiber diameter, degree of crystallization, and ɓ-phase content. 

Marcel Benz et al.25 prepared PVDF cast films with different solvents and found 

that the PVDF films with a ɔ phase (polar phase) can be produced when the solvent has 

a high dipole moment. G. Knotts et al.26 studied the influence of solvents (DMSO, DMF, 

and MEK) on the ferroelectric properties of PVDF-TrFE spin-cast film and found the 

film prepared with DMSO (highest dipole moment among three solvents) had excellent 

ferroelectric output. Kim et al.27 conducted detailed and comprehensive work on the 

piezoelectric properties of P(VDF-TrFE) films using solvents with different dipole 

moments. They found solvents with a high dipole moment can lead to a P(VDF-TrFE) 

film with high piezoelectric and pyroelectric coefficients, as well as triboelectric 

properties. 
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The Hansen solubility parameters and the physical properties of the common 

soluble solvents for PVDF are listed in Table 3.1. It can be seen that DMF and DMSO 

with high dipolar moments are good solvents for PVDF, whereas THF and ACE with 

low dipolar moments are swelling solvents for PVDF.23 

Solution conductivity determines the charge density of the polymer solution, 

which in turn controls the repulsion and bending extent during electrospinning. 

Consequently, it affects the final mean fiber diameter. Uyar and Besenbacher28 applied 

different grades of DMFs with slightly different solution conductivities as the solvent 

for Polystyrene polymer solutions, and they investigated its effect on the morphology 

of the nanofibers (presence of beads, nanofiber mean diameter). They found that the 

higher the conductivity, the smaller the diameter of the fibers. 

4ÁÂÌÅ χȢυ 4ÈÅ (ÁÎÓÅÎ ÓÏÌÕÂÉÌÉÔÙ ÐÁÒÁÍÅÔÅÒÓ ÁÎÄ ÐÈÙÓÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ 06$& ÁÎÄ 

ÖÁÒÉÏÕÓ ÓÏÌÖÅÎÔÓȢ 

Solvent ŭd ŭp ŭh Ra 
RED (Ra 

/Ro) 1 

Dipole 

Moment 

Boiling 

Point  

Unit MPa1/2 MPa1/2 MPa1/2 MPa1/2  D  

PVDF 17.2 12.5 9.2 0    

DMSO 18.4 16.4 10.2 4.68 0.936 3.96 189 

DMF 17.4 13.7 11.3 2.45 0.49 3.82 153 

ACE 15.5 10.4 7 4.56 0.912 2.85 56 

THF 16.8 5.7 8 6.95 1.39 1.63 65 

υ 2Ï ÏÆ 06$& ÁÄÏÐÔÅÄЄωȟ ÁÓ ÓÕÇÇÅÓÔÅÄ ÉÎ ÔÈÅ ÐÒÅÖÉÏÕÓ ×ÏÒËφφȢ 

Piezoelectric materials can usually be produced through three main steps (melting, 

mechanical stretching, and electric polarization) to obtain the desired piezoelectric 

property. Electrospinning has been shown to be a good alternative technique, thanks to 

the principles that form the basis of all electrohydrodynamic technologies: high electric 

potential neutralizes some stray ions in solutions, and charge imbalance occurs; then, 

when the repulsive forces exceed surface tension, an electrified liquid jet is ejected from 

the tip of the needle, the solvent evaporates, and several electrical instabilities occur, 

causing the stretching of the jet and, finally, the solidification of nonwoven fibers. 

Consequently, the main advantage of the process is the ability to obtain mechanical 
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stretching and polarization at the same time with relatively high throughput. 

Many works29,30 have focused on improving the piezoelectricity of PVDF 

nanofibrous membranes by controlling the electrospinning parameters. Gee et al.29 

synthesized a set of membranes with systematically variable electrospinning 

parameters (the fraction between DMF and ACE, tip-to-collector distance (TCD), flow 

rate, and voltage setting), and they ranked parameters according to the contribution of 

the ɓ-phase fraction: solvent > flow rate > TCD > voltage. Singh et al.30 studied the 

effects of eight electrospinning parameters on ɓ-phase content and gave a detailed 

explanation. However, the connection between parameters and the relative contribution 

to the ɓ-phase fraction was not investigated. Accordingly, the present work is meant to 

study the effect of the solvent properties and electrospinning parameters on the 

morphology, the ɓ-phase fraction, the crystallinity, and the piezoelectric voltage output 

of PVDF nanofibrous membranes. Eight solvents with suitable solubility and 

evaporation rates were selected to study the impacts of dipole moment on piezoelectric 

properties. Different voltages, feed rates, and distances were altered to present the effect 

of electro-spinning parameters on piezoelectric properties. To the best of our knowledge, 

few papers have investigated the effect of solvents on the piezoelectric properties of 

PVDF electrospun nanofibrous membranes. In brief, this chapter provides an effective 

and efficient strategy for regulating the piezoelectric properties of PVDF membranes 

by electrospinning: controlling solution solvent and process parameters. 

3.2 Experimental Section 

3.2.1 Materials 

PVDF (KYNAR 500) was purchased from Arkema (Colombes, France). Dimethyl 

sulfoxide (DMSO), N, N-dimethylformamide (DMF), acetone (ACE), and 

tetrahydrofuran (THF) were purchased from Sigma Aldrich (Burlington, MA, USA). 

All reagents were used as received without any further treatment. 
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3.2.2 Preparation of PVDF Solutions 

To explore the effect of solvents on the PVDF nanofibrous membrane, a series of 

two solvent mixtures were prepared, as listed in Table 3.2. A total of 1 g PVDF powder 

was added to 6 g mixed solvent in a glass vial, and the solution was stirred for 8 h at 

room temperature, (20 Ñ 3) ÁC. 

4ÁÂÌÅ χȢφ (ÁÎÓÅÎ ÓÏÌÕÂÉÌÉÔÙ ÐÁÒÁÍÅÔÅÒÓ ÁÎÄ ÐÈÙÓÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÈÅ ÍÉØÅÄ 

ÓÏÌÖÅÎÔÓȢ 

Solvent  ŭd ŭp ŭh Ra 
RED 

(Ra/Ro) 

Dipole 

Moment 

Boiling 

Point  

unit MPa 1/2 MPa 1/2 MPa 1/2 MPa 1/2  D °C 

DMF/ACE (2/1) 16.7 12.6 9.8 1.10 0.70 3.50 120.7 

DMF/THF (1/1) 17.1 9.7 9.7 2.84 0.55 2.73 109.0 

DMSO/ACE (2/1) 17.4 14.4 9.1 1.96 0.39 3.59 144.7 

DMSO/ACE (1/1) 16.9 13.4 8.6 1.19 0.24 3.41 122.6 

DMSO/ACE (2/3) 16.7 12.8 8.3 4.61 0.92 3.29 109.3 

DMSO/THF (1/1) 17.6 11.1 9.1 1.66 0.33 2.80 127.0 

DMSO/THF (1/2) 17.3 9.3 8.7 3.30 0.66 2.41 106.3 

The Hansen solubility parameters and physical properties (dipole moment and 

boiling point) of the mixed solvents are listed in Table 3.2. All results of the mixture 

are expressed in terms of the weight ratio of the individual pure components. 

3.2.3 Preparation of PVDF Nanofibrous Membrane 

A 5 mL syringe loaded with PVDF solution was placed on a syringe pump with a 

feed rate of 0.5 mL h-1. A 27 G stainless needle with an inner diameter of 0.4 mm was 

used as a spinneret, and it was connected to a high positive voltage supply. A stainless 

rotated flat plate covered with aluminum foil was used as the collector. The applied 

voltage and the tip-to-collector distance were 10 kV and 15 cm, respectively. A 

schematic diagram of the electrospinning setup can be found in Figure 3.1. 
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&ÉÇÕÒÅ χȢυ 3ÃÈÅÍÁÔÉÃ ÏÆ ÔÈÅ ÅÌÅÃÔÒÏÓÐÉÎÎÉÎÇ ÓÅÔÕÐ ÕÔÉÌÉÚÅÄ ÆÏÒ ÔÈÅ ÐÒÅÐÁÒÁÔÉÏÎ ÏÆ ÔÈÅ 

06$& ÎÁÎÏÆÉÂÒÏÕÓ ÍÅÍÂÒÁÎÅȢ 

The solution of PVDF dissolved in DMSO/ACE (2/1) solvent was electrospun 

with different electrospinning parameters (voltages, feed rates, and distances) equal to 

all the other operating variables in order to investigate the influence of the 

electrospinning parameters on the PVDF nanofibrous membrane. 

The process parameters of each membrane are listed in Table 3.3. All 

electrospinning processes were carried out in an atmospheric environment (temperature: 

20 ÁC Ñ 3 ÁC, humidity: 45% Ñ 5%). Then, the collected membranes were dried in an 

oven at 60 ÁC for 6 h to remove the remaining solvent. 

4ÁÂÌÅ χȢχ 0ÒÏÃÅÓÓ ÐÁÒÁÍÅÔÅÒÓ ɉÓÏÌÖÅÎÔ ÁÎÄ ÅÌÅÃÔÒÏÓÐÉÎÎÉÎÇ ÐÒÏÐÅÒÔÉÅÓɊȟ ÎÁÎÏÆÉÂÅÒ 

ÄÉÁÍÅÔÅÒȟ ÃÒÙÓÔÁÌÌÉÎÉÔÙȟ ÁÎÄ ɼȤÐÈÁÓÅ ÆÒÁÃÔÉÏÎ ÏÆ ÔÈÅ 06$& ÍÅÍÂÒÁÎÅÓȢ 

Num. Solvents  
Dipole 

Moment 

Boiling 

Point  

Electrospinning 

Parameters 
Diameter 

Crystallinity 

(DSC) 

ɓ Phase 

(FTIR)  

 unit D °C  nm % % 

M1 DMF/ACE (2/1) 3.50 120.7 

10 kV, 1 mL/h, 15 cm 

-1 - - 

M2 DMF/THF (1/1) 2.73 109.0 - - - 

M3 DMSO/ACE (2/1) 3.59 144.7 992 ± 228.8 52.30 87.49 

M4 DMSO/ACE (1/1) 3.41 122.6 817 ± 176.3 51.61 86.88 

M5 DMSO/ACE (2/3) 3.29 109.3 602 ± 203.8 51.25 86.36 

M6 DMSO/THF (1/1) 2.80 127.0 1133 ± 225.9 50.27 84.70 

M7 DMSO/THF (1/2) 2.41 106.3 1421 ± 221.7 48.67 81.91 

M8 

DMSO/ACE (2/1) 3.59 144.7 

10 kV, 0.5 mL/h, 15 cm 658 ± 90.6 50.46 85.36 

M9 10 kV, 0.5 mL/h, 30 cm 822 ± 129.4 50.37 86.42 

M10 20 kV, 0.5 mL/h, 30 cm 734 ± 111.4 52.36 88.01 

υ 4ÈÅ ÐÒÏÐÅÒÔÉÅÓ ÏÆ -υ ÁÎÄ -φ ×ÅÒÅ ÎÏÔ ÓÔÕÄÉÅÄ ÆÕÒÔÈÅÒ ÄÕÅ ÔÏ ÐÏÏÒ ÍÏÒÐÈÏÌÏÇÉÃÁÌ 

ÑÕÁÌÉÔÙȢ 
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3.3.4 Characterizations 

The morphology of the membrane was observed by a scanning electron 

microscope (SEM) (JSM-6490, JEOL, Ltd., Tokyo, Japan) with a voltage of 15 kV, and 

all samples were sputtered with a thin Au layer before imaging. The mean diameter and 

standard deviation of nanofibers for each electrospun mat were obtained by randomly 

measuring 200 nanofibers from SEM images. The crystallinity of the PVDF membrane 

was analyzed by differential scanning calorimetry (DSC) (Q200, TA instruments, New 

Castle, DE, USA) using the heat-cool-heat procedure from 40 ÁC to 250 ÁC with a rate 

of 10 ÁC/min in a nitrogen atmosphere. The ɓ-phase fraction of PVDF was analyzed by 

Fourier transform infrared spectroscopy (FTIR) (Nicolet Is50 spectrometer, Thermo 

Fisher Scientific, Waltham, MA, USA) in transmission mode, in the (1600650) cmī1 

wavenumber range (64 scans, 4 cmī1 resolution). 

3.2.5 The Piezoelectric Analysis 

A piece of PVDF nanofibrous membrane (length*width*thickness: 60*16*0.6 

mm3) was sandwiched between the conductive side of two PET films. Two copper wires 

were attached to the two sides of the PVDF membrane through the silver paint. Later, 

the PI tape was used to pack and protect the whole transducer. The transducer was fixed 

on a 3-point bending clamp for dynamic mechanical analysis (DMA) (Q800, TA 

instruments, New Castle, DE, USA), which can supply a regular and controllable strain. 

Another end of two copper wires from the transducer was connected to an oscilloscope 

(LT322, LeCroy, New York, USA), which worked as the acquisition setup. The 

assembly method of the transducer and the working mode for analysis are shown in 

Figure 3.2. 
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&ÉÇÕÒÅ χȢφ 3ÃÈÅÍÁÔÉÃ ÏÆ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÅÔÕÐÓ ÕÔÉÌÉÚÅÄ ÆÏÒ ÐÉÅÚÏÅÌÅÃÔÒÉÃ ÁÎÁÌÙÓÉÓȢ 

The same frequency (0.5 Hz) with different strains (1500 um, 2500 um, and 3000 

um) and the same strain (2000 um) with different frequencies (0.25 Hz, 0.5 Hz, and 1 

Hz) were applied on the transducer by DMA. The open-circuit voltage of the transducer 

under strain was recorded by the oscilloscope. Analyses under different conditions were 

performed twice at room temperature. 

3.3 Results and Discussion 

3.3.1 Effect of Solvent 

DMF/ACE (2/1) and DMF/THF (1/1) are the common solvents used to prepare 

PVDF solutions for electrospinning in the literature. Figure 3.3 shows the SEM images 

of PVDF membranes (M1 and M2) prepared using these two solvents. Beads, 

nanofibers with nonuniform morphology and various diameters, can be found in the 

membranes. It can be seen from the literature31,32 that when these solvents are applied, 

similar phenomena frequently occur in the PVDF membrane. 
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&ÉÇÕÒÅ χȢχ 3%- ÉÍÁÇÅÓ ÏÆ 06$& ÎÁÎÏÆÉÂÒÏÕÓ ÍÅÍÂÒÁÎÅ ÁÔ Ô×Ï ÍÁÇÎÉÆÉÃÁÔÉÏÎÓȡ ɉ!Ɋ 

-υ ɉÕÓÉÎÇ $-&Ⱦ!#% ɉφȾυɊɊ ÁÎÄ ɉ"Ɋ -φ ɉÕÓÉÎÇ $-&Ⱦ4(& ɉυȾυɊɊȢ 

Figure 3.4 presents the SEM images at two magnifications and the diameter 

histogram of the PVDF nanofibrous membrane (M3-M7). From the SEM images at low 

magnification, it can be observed that these membranes consisted of nanofibers without 

defects, with morphology completely different from that of M1 and M2 in Figure 3.3 

Another advantage of adopting DMSO as a solvent is its low toxicity, as emphasized 

by Russo et al. 33 
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&ÉÇÕÒÅ χȢψ 3%- ÉÍÁÇÅÓ ÁÔ Ô×Ï ÍÁÇÎÉÆÉÃÁÔÉÏÎÓ ÁÎÄ ÔÈÅ ÄÉÁÍÅÔÅÒ ÈÉÓÔÏÇÒÁÍ ÏÆ 06$& 

ÎÁÎÏÆÉÂÒÏÕÓ ÍÅÍÂÒÁÎÅ ɉ!Ɋ -χ ɉÕÓÉÎÇ $-3/Ⱦ!#% ɉφȾυɊ &ÉÇÕÒÅɊȟ ɉ"Ɋ -ψ ɉÕÓÉÎÇ 

$-3/Ⱦ!#% ɉυȾυɊɊȟ ɉ#Ɋ -ω ɉÕÓÉÎÇ $-3/Ⱦ!#% ɉφȾχɊɊȟ ɉ$Ɋ -ϊ ɉÕÓÉÎÇ $-3/Ⱦ4(& 

ɉυȾυɊɊȟ ÁÎÄ ɉ%Ɋ -ϋ ɉÕÓÉÎÇ $-3/Ⱦ4(& ɉυȾφɊɊȢ 

 



 

63 

 

From the SEM images at high magnification, the smooth surface and uniform 

shape of the nanofibers were observed. The difference in average diameter among 

membranes can be attributed to the evaporation-stretching function during the 

electrospinning process. More specifically, the solvent with low boiling temperature 

was completely evaporated during electrospinning. Then, nanofibers with small 

diameters were gathered on the collector; otherwise, the nanofiber with residual solvent 

reached the collector and presented a large diameter. The stretching of nanofibers 

during the process was determined by not only the electrospinning parameters but also 

the solution conductivity; high stretching definitely leads to high elongation of the jet, 

as well as the formation of uniform fibers with a small diameter. ACE has higher 

solution conductivity than DMSO, followed by THF, so the conductivity of the solvents 

was increased from M3 to M4 and from M5 to M6. From the diameter of each 

membrane, it can be concluded that the conductivity of solution has a more pronounced 

effect on the fiber diameter than evaporation. 

The FTIR spectra of all the samples are reported in Figure 3.5. The peaks at 1400 

cmī1, 1171 cmī1, 1071 cmī1, and 874 cmī1 were related to the CH2 wagging vibration, 

symmetrical stretching of -CF2, C-C asymmetric stretching, and CF2 symmetric 

stretching, respectively, and these are common bands for all the various PVDF phases. 

The peaks at 1275 cmī1 and 840 cmī1 were attributed to CF out-of-plane deformation 

and CH2 rocking, and they were characteristic bands for the ɓ phase of PVDF. The peak 

at 766 cmī1 was raised from CF2 bending and skeletal bending, corresponding to the Ŭ 

phase6,34-36. 



 

64 

 

 

&ÉÇÕÒÅ χȢω &4)2 ÓÐÅÃÔÒÁ ÏÆ ÁÌÌ 06$& ÎÁÎÏÆÉÂÒÏÕÓ ÍÅÍÂÒÁÎÅÓ ɉ-χȤ-υτɊȢ 

To clearly observe the difference in curves and simply explain the calculation of 

the ɓ-phase fraction (Ὂ‍), only the FTIR spectra of M7 and M10 are presented in 

Figure 3.6(A). Ὂ‍ can be calculated using the Beer-Lambert Equation (2). 

Fɓ=
Aɓ

Aɓ+
Kɓ

KŬ
AŬ

 Ĭ 100%.                  (2) 

where KŬ (6.1*10
4 cm2 molī1) and Kɓ (7.7*10

4 cm2 molī1) are the absorption 

coefficients at 766 cmī1 and 840 cmī1, respectively; and AŬ and Aɓ are the absorbencies 

at 766 cmī1 and 840 cmī1, respectively.[34] 
















































































































































































