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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/TiO> 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/TiO; core/shell nanofiber membranes have been accomplished according to
three different approaches, and finally, the piezo-photocatalytic activities of the
PVDEF/TiO; core/shell nanofiber membrane have been evaluated.
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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-TiO; 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 TiO, with good morphology and high crystallinity, which could
damage the polymeric support (PVDF electrospun membrane). Chapter 4 has
introduced a PVDF/TiO; 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/TiO> CNM. In Chapter 5, the
PVDF/TiO; 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 TiOz solutions)
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on the morphology, property, and photocatalytic performance of PVDF/TiO> CNMs
have been investigated.

In Chapter 6, atomic layer deposition (ALD) is applied to promote a uniform and
controllable growth of a TiO> layer on the surface of PVDF NFs, and post-treatment
annealing is employed to crystalize TiO>. The parameters of ALD and annealing
treatment have been studied to obtain the PVDF/TiO, CNM with the optimal properties,
and the effect of TiO: thickness on the photocatalytic activity of PVDF/TiO, CNM has
been investigated.

Three types of PVDF/TiO> 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 1960s!, 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,
O’Regan and Gritzel reported a work about mesoporous dye-sensitized solar cells.?
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.*

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 TiO; as a photocatalyst for water splitting by Fujishima and
Honda was a remarkable start in the field of photocatalysis.? Since then, semiconductors
with appropriate electronic structures (e.g., TiO2, ZnO, Fe>O3, CdS, and ZnS) have been
widely adopted as photocatalysts for various applications.’

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
1



from the valence band (VB) to the conduction band (CB) under irradiation in
femtoseconds, leaving an unfilled place namely hole (h") in the VB. ¢ 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
O, or H,O 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: Semiconductor + hv » ecg + hyy  (1.1)
Entrapment of electron: ecg = err (1.2)
Entrapment of hole: hfg = hip (1.3)
Recombination of electron-hole pair: e~ + h* — heat (1.4)
Generation of ROS: 0,+e” - 05

0, +e” +2H* - H,0,

0, +H,0, > OH+OH™ + 0,

H,0, +e~ - OH + OH™

H,0+h* - H* + OH

OH™+h* - OH

2’0H+h™ - H,0, (1.5)
In equation (1.5), the ROS are generated in based forms (eg. O, H,0,, OH ) and

other forms through various routes according to special photocatalytic reactions.

Photocatalysis
Direct Indirect
Absorbed Absorbed O,
pollutant @ 6 (

5% 6

\,, 0y

Degradation ROS +Absorbed pollutant

products \ /‘OH —» Degradation products
Absorbed h*, G k
pollutant Absorbed H,0

Semiconductor

Figure 1.1 General mechanism of photocatalytic pollutant degradation.
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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 H,O, CO,, 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.®’
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.



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.® investigated the effect of TiO nanoparticles size in the range of
4.5 to 29 nm on COz reduction and found that TiO2 nanoparticles with size of 14 nm as
the optimum size exhibited the highest yield of CHs and CH30H. Xu et al.’ reported
that TiO2 nanosheets were 5.8-fold more efficient than cuboids in photocatalytic
reduction of CO» to CH4 due to higher surface area. Macak et al.!” demonstrated that
the high-aspect-ratio TiO> nanotubular layers had superior photocatalytic properties
compared to nanoparticle P25 layers. Other morphologies of TiOa, such as nanorod'!

and nanowire'?, were prepared and studied, which showed excellent catalytic efficiency.

(a) n o T8 0 &5 (c)
nanoparticles FSSSa - . 54T \ cuboids
- .
, i, 7 .

Figure 1.2 SEM image of TiO: (a) nanoparticles®, (b) nanosheets?, (c) cuboids®, (d)
nanotubes!V, (e) nanorods!, and (f) nanowires’Z.

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).!3 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



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.”

S N
\
Gatrce b >IN 77
b
Sy YN

—
N

Figure 1.3 Band structure of photocatalyst (a) barely, with (b) metal dopant, (c)
non-metal dopant, and (d) metal-nonmetal co-dopant. (hvi, hvz, and hvs represent
the bandgap for bare, metal-doped, and nonmetal-doped semiconductors,
respectively.) 7

Cu, Fe, and Al were adopted to dope TiO, by dip coating method'®. After
comparing the optical absorption spectra of the non-doped and metal-doped TiO; films,
narrowing bandgaps were observed in Fe- and Cu-TiOz films. Meantime, the Cu-TiO:
film was effective for visible-light photocatalysis, while Fe- and Al- TiO- 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.° For the first three methods in Figure 1.4(a-c), electrons or holes

5



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.

(a) Co-sensitization (Binary hybrid) (b) Sensitization (Binary hybrid)  (c) Sensitization (Ternary hybrid)

Red

Figure 1.4 Schematics of electron transfers in semiconductor composite systems.®

CdS and TiO; form a Z-scheme system, which has attracted much attention as a
catalyst. CdS is irradiated with light of lower energy than TiO; particles, then the
photogenerated electrons can transit from CdS to TiO», 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 TiO, it was reported that the
short circuit photocurrent was increased from 0.22 to 7.82 mA/cm? and the cell
efficiency was as high as 4.15%!°, the efficiency of the incident photon to charge carrier

was doubled'®, 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.



Ru'(2,2’-bipyridyl-4,4’-dicarboxylate)>-(NCS), (N3 dye) adsorbed Cu(0.5 wt%)-
Fe(0.5 wt%)/TiO, catalyst was prepared and photocatalytically produced methane
under concentrated natural sunlight.!” The methane production rate was improved from
0.281 to 0.617 umol/g-cat h after N3 dye decoration and the excellent photoactivity of

the N3 dye adsorbed TiO: 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 CO;, H>O, 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.'®

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 H."
Photogenerated electrons, holes, and ROS undergo oxidation and reduction with water
molecules to produce Oz and H;. Thermodynamically, the overall water splitting
reaction is an uphill reaction with a large positive change in Gibbs energy (AG” = 238
kJ mol™). Therefore, the water splitting reaction is an energy-consuming and tough

process.



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 H> and O;. 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 CO, reduction are shown in Figure 1.5.2° In practice, a limited

number of bulk semiconductors meet the criteria for water splitting.
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Figure 1.5 Bandgap energies of various semiconductor catalysts relative to the
redox potentials at pH 7 of compounds involved in water splitting and CO2
reduction.??

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.°
Compared with the one-step water splitting system, the two-step system has a wider
light absorption range and separates the evolving Hz and Oz processes. A semiconductor
employed here only satisfies either the water reduction or oxidation potential for one

side of the system.
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Figure 1.6 Schematic energy diagram of photocatalytic water splitting for (A) a
one-step and (B) a two-step photoexcitation system.®

1.1.2.3 CO; photoreduction

Photocatalytic reduction of CO: into fuels and chemicals using solar energy
appears to be a promising technology to curb global warming, partially meet the energy
requirements, and produce no toxic products or residues in the process.?! To achieve
overall CO; photoreduction, the energy structure of semiconductors requires that the
CB must be at a more negative potential than CO; reduction potentials, while the top
of the VB must be at a more positive potential than the H,O oxidation potential.

In addition, photocatalytic reduction of CO2 with H>O into hydrocarbon fuels (like
CHa4, CH30H) is an uphill reaction with a highly positive change in Gibbs free energy,
as shown in the following equations:

CO, + 2H,0 - CH;0H + 3/20, (AG® = 702.07 k] mol™1)
CO, + 2H,0 - CH, + 20, (AG® = 818.17 k] mol™1)

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 1.7.2 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.

Output == 1.
\p— Direct Effect s

T

Poling | &
Voltage 1

=

A

Converse Effect 5? _________ _ ?

Figure 1.7 Direct and converse piezoelectric effect.?3

To better understand piezoelectricity, it is necessary to relate it to pyroelectricity
and ferroelectricity because of their interesting interrelationships in terms of crystal
structure.?* 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.

10
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Figure 1.8 Schematic representation of piezoelectricity, pyroelectricity, and
ferroelectricity based on (a) crystal symmetry and (b) the relationship.

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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Figure 1.9 External force acting on an ionic crystal with (a) and without (b)
centrosymmetric structure.?>

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.

~
Electrode
Cd

(a) (b) (c) (d)

Figure 1.10 Dipole arrangement in (a) mono-crystalline and (b) poly-crystalline
material. (c, d) polarization of polycrystalline material in presence of an electric
field to generate piezoelectricity.2®
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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.?’

Table 1.1 Piezoelectric properties of representative piezoelectric materials.?”

PZT PZT (Pb,S5m) PVDF-

Parameter Quartz BaTiO, 4 5H TiO; TrFE
ds (pC/N) 23 190 289 593 65 33

4 (1073 Vm,/N) 57.8 12.6 26.1 19.7 42 380
ke (.09 (.38 0.51 (1.50 (1.50 .30
kp 0.33 0.58 (.65 0.03
e e 5 1700 1300 3400 175 6
O =10° 500 65 900 3-10
Te (°C) 120 328 193 355

ds3, g33: piezoelectric constants; ke, kp: thickness and planar coupling factors;
¢ : dielectric constant; Qu: mechanical quality factor; Tc: Curie temperature.

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.?® 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 a-quartz
and high-temperature B-quartz. o phase is the only piezoelectric phase, which
undergoes a phase transition to  phase at 537 °C. In addition, quartz exhibits an
extremely high mechanical quality factor, Qm > 10°, 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 LiNbOj3 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.?

Lead zirconate titanate (PZT, Pb[Zr3Ti]O3) has a superior piezoelectric coefficient
and attracted attention in energy harvesting and storage applications.*° However, these
applications are limited by brittleness, a high Young's modulus of 50 GPa, and a
maximum tensile strain of 0.2%.° Barium titanate (BaTiOs3) was first synthetized as a
piezoelectric material in the early 1940s’' and is a potential piezoelectric ceramic
because of the high piezoelectric coefficient and the lack of poisonous lead. Single
crystal BaTiO; 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 MoS; as a representative, the
polarization in each Mo-S unit endows the monolayer MoS; with strong piezoelectricity.
The non-centrosymmetry of single-layer MoS, may disappear when layers with
opposite polarization directions are stacked, so the piezoelectricity of MoS; 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 Qw, allowing for a wide resonance bandwidth.

Polyvinylidene fluoride (PVDF), the most investigated piezo-polymer, was first
discovered by Kawai in 1969°2. The ds3 value of commercial PVDF polarized
piezoelectric film has reached -20~-26 pC/N. Differing from most piezoelectric
materials, PVDF has a negative ds3 value instead of a positive one, which means that
PVDF will be compressed under a positive electric field. PVDF has three common
phases: a, B, and & phases. The B 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>)* than PVDF (81.3 mW cm?™)* because TrFE monomer
brings the third fluorine to the unit cell and a higher tendency to form piezoelectric 3
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.>

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-
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Figure 1.11 The 10 connectivity patterns in a two-phase composite.3°

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
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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.>7 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 Qwm are preferred in the sonar field

because of the high-power generation and no heat generation.
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Figure 1.12 Piezo-based applications for different types of sonar systems.

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.*® first investigated the ability to harvest electrical energy from
mechanical vibrations in dynamic environments, such as an automobile engine, through
a “cymbal” piezoelectric transducer. Uchino et al.>* 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.
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Figure 1.13 Piezo-based applications for different types of energy harvesting
systems.#0
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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 activity*!*?. 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.*!

The internal field can also arise from polarization.**** 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 BaTiO3z was illuminated
with UV light in an aqueous lead acetate or AgNOj solution, oxidized Pb (Pb**—PbO,)
and reduced Ag (Ag>*—Ag) accumulated on the surfaces of domains with opposite
polarization, as shown in Figure 1.14(a-c).* Similar research and phenomenon (shown
in Figure 1.14(d-f)) have been reported in TiO> films coated on BaTiOj; substrates.*®
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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Figure 1.14 Topographic AFM images of (a-c) the {001} surface of a BaTiOs3 single
crystal* and (d-f) the TiO:z film coated on BaTiO3 substrates*®. (a, d) before the
reactions, (b, e) after the reactions in an aqueous AgNOs solution, and (d, f) after
the reactions in an aqueous lead acetate solution. The white contrast in (b, c, e, f)
corresponds to Ag or Pb0: deposits.

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.*’*3
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Piezo-potential is a core factor determining the piezo-photocatalytic performance

and is defined as follows*®:
_ Wkadxy
&o Sr,x

Where, V, is the piezo-potential, w, is the width of the piezoelectric material in
the x dimension; T} is the applied stress in the k dimension; d,,, is the piezoelectric
moduli; &, is the electrical permittivity of free space; &, , is the relative permittivity
in the x 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.*’ 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.*

coupled piezoelectric, semiconducting, and photoexcited properties
in NaNbOs 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/cm?, and about an 8%

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

assistance.
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Figure 1.15 (a) Schematic diagrams showing the mechanism of the photogenerated
charge carriers separation in the un-strained and strained NaNbOs nanorods, (b)
photocatalytic degradation efficiency performed under different experimental
conditions, Inset of Fig. (b) shows kinetics fit to the data, (c) degradation rate
constants, (d) current-potential curves (e) electrochemical impedance spectra, (f)
incident photon to current conversion efficiency of NaNbOs nanorods.#

Thakur et al.’® synthesized uniform large-area WS, monolayer on Al,Os3 substrate
by chemical vapor deposition and investigated piezo-catalysis of WS> monolayer for
bacterial disinfection and organic pollutant degradation. The MB degradation rate
constants of photocatalysis, piezo-catalysis, and combined piezo-photocatalysis over
the WS, monolayer were 0.0134 min!, 0.0171 min!, and 0.0280 min!, respectively.

1'51

Xue et al.”’ 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.

Figure 1.16 Schematic images showing (a) the fabrication process of the woven ZnO
NWs/carbon fibers, and (b)the working mechanism for the piezo-photocatalytic
activity of ZnO NWs.50

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 photocatalysts*’. 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.’>>® Silver was reduced on two TiO; 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 TiO,. 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/BaTiO; (Figure 1.17(d)). It can be explained that as the TiO; 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/BiFeO; (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.

Figure 1.17 AFM images of 10 nm TiO: films on a BaTiOs substrate (a) before
reaction, (b) after reaction, AFM images of 100 nm TiO: films on a BaTiOs substrate
(c) before reaction, (d) after reaction.>2 PFM phase images of (e) bare BaFeO3
substrate, (f) 10 nm TiOz/BiFeO3, Topographic image of 10 nm TiOz/BiFe03 (g)
before reaction, (h) after reaction.>3

A detailed mechanistic explanation of the band bending formed at the interface of
TiO2 and BiFeO; as well as at the interface of TiO, and solution were also given.™
When bulk TiO, was in contact with the solution, the charges flowing to the solution
led to upward band bending at the interface of TiO> and solution. When negative (or
positive) domains appear at the interface of TiO2 and BiFeOs, 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 TiO» to BiFeOs and oxidation (or

reduction) reaction on TiOx.
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Figure 1.18 Schematics of the band structure of BiFeO3/TiOz/H20 with the
polarization (PS) of BiFeOs (a) pointing away from BiFeOs3/TiO:z interface, and (b)
pointing towards BiFeO3/TiO: interface. 3

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.>*>

reported that the macroscopic photocatalytic activities of a thin
TiO; and NiO film were enhanced by a poled ferroelectric LiNbO; 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.’® 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.>’ synthesized ZnO@TiO, core-shell nanofibers by
hydrothermal treatment for methyl orange (MO) degradation. The schematic diagram,
structure, and MO degradation activities of ZnO@TiO> 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.
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Figure 1.19 Schematic illustration of (a)the piezo-photocatalytic process and (b)
the energy band of CuS/Zn0O nanowires on stainless steel mesh, (c) MB degradation
profiles, (d) photocatalytic degradation kinetic curves.*¢ (e) Schematic diagram of

the mechano-/photo- bi-catalysis and (f) TEM image of ZnO@TiOz core-shell
nanofibers, (g) the MO decomposition efficiencies.>”

BaTiO:;s 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.’® proposed a piezoelectric ZnO/BaTiOs heterostructure. The piezoelectric

potential difference on ZnO/BaTiO; was 414.40 mV, which was higher than that of
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BaTiOs; (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™), the oxidation reaction rate constant of ZnO/BaTiO3
for Rh B degradation was up to 0.12 min™, which was 1.5 and 2 times that of BaTiO3
and ZnO, respectively. Ferroelectric BaTiO3; nanocrystals were combined with
photocatalyst AgrO to form an AgrO-BaTiO; hybrid photocatalyst, and Rh B
degradation was used to evaluate the catalytic efficiency.’® From the photodegradation
activities in Figure 1.20(g-j), the degradation rate of the Ag>O-BaTiO3 hybrid under
ultrasonic and UV irradiation was stronger than that of P25, Ag,0, and Ag,O-BaTiOs
physical mixture under the same conditions, as well as than that of Ag2O-BaTiOs hybrid

under only ultrasonic irradiation and only UV light.
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Figure 1.20 (a-d) Contaminant degradation as a function of time for BaTiO3, ZnO,
and Zn0O/BaTiOs under different parameters (80 W: the power of ultrasonic), (e, f)
schematic mechanisms in Zn0O/BaTiOs mediate.>¢ Degradation of Rh B as a function
of irradiation time for (g) sonocatalysis, (h) photocatalysis, and (i)
sonophotocatalysis in the presence of different catalysts, (j) Rh B degradations
under different situations, schematic mechanisms in (k) an Agz0 nanoparticle and
(1) in Ag20-BaTiO3 hybrid nanocubes when excited by photons.>?
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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-TiO, 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.® 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%) = S-L-PVDEF-TiOz (38%). Furthermore, the
photocatalytic efficiency of PVDF-TiO: 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-TiO:
film. These results indicated that ultrasonic wave vibration boosted the photocatalysis
of PVDF-TiO: at a higher level than that of PDMS-TiO> due to the piezoelectric effect

on PVDF.

(a)" - (b) S PEERTTE ey . (c) (d) N S oA

* L-L-PDMS-TI02, k=025 - eas

. x¥ty
& SLPVDE-TOL K002 nenty \o oty
hinlo\ oo ey

Pt ) ‘:é’\

0.84 v S-L-PDMS-TIOz k=0.18

o UL PVDFTiO2 O 104
o ULPDMS-TiO? =
- 5-L-PVDE-Ti02 = s
—a 8L PDMA-THO2
- L-NL-PYDE- 102 0.0
= LNL-PDMS-Ti0:

o
- — 2 Hole %:’ng:ﬁ + tigh

i —
= = == Electron [,

TiO, 9y .
l'| S Ultrasonic wave /E!’_’g o @AR
0 2 4 6 8

1 2 4 4
#isnaa Fh) time (h) + - Piezoelectric potential light T r%’ﬁ:

Figure 1.21 (a, b) The photocatalytic Rh B degradation curves of the PDMS-TiO:
film and PVDF-TiO: film under ultrasound + UV light (U-L), magnetic stirring + UV
light (S-L), and ultrasound (U-NL), the generation of charge carriers on (d) PVDF-
TiO: film and (e) PDMS-TiO: film.®?
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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.®' prepared hybrid PVDF/TiO:
nanofibers membranes through electrospinning PVDF and tetrabutyl titanate (precursor
of Ti0O:) solution followed by annealing treatment. The hybrid PVDF/TiO: 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/TiO. 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.
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Figure 1.22 (a) MB degradation catalyzed by polarized PVDF/TiOz nanofibers film
under different conditions, (b) piezoelectric current outputs of the e-skin under
different body motions.t!

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.

Sn304/PVDF hybrid film was synthesized by hydrothermal treatment on PVDF
film in the Sn*" precursor solution.®” 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 Sn3zO4
directly participate in the photocatalytic system. The photocatalytic activities of
Sn304/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.
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Figure 1.23 (a) Schematic illustration of the growth mechanism of Sn304+/PVDF
hybrid film; (b, c) the photocatalytic degradation of Rh B under UV light (b) (1)
no photocatalyst, 22 mL/min (water flow rate), (II) no photocatalyst, 480
mL/min, (Il1) Sn304, 480 mL/min, (IV) Sn304, 22 mL/min, (V') Sn30+/PVDE 22
mL/min, (V) Sn304/PVDE 480 mL/min, (Vll) Sn30+/PTE 22 mL/min, (Vll)
Sn304/PTFE, 480 mL/min; (c) (1) no photocatalyst; (1I) Sn304,; (IIl) Sn304+/PVDE
2 cm (the distance between photocatalyst to the vibration source), (1)
Sn304/PVDE 12 cm, (V') Sn304/PTFE, 2 cm, (V) Sn304/PTFE, 12 cm. ©2

Durairaj et al.®* prepared PVDF-TiO: 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 TiO> NPs from the XPS result. The

photocatalytic activities of PVDF-TiO, hybrid nanofiber membrane for MB
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degradation were shown in Figure 1.24(c-e). Under UV irradiation, the air bubble
enhanced the MB degradation over the PVDF-TiO hybrid membrane by 99% because
of the induced piezoelectric field on PVDF, while pure TiO; had no enhancement. In
addition, the MB degradation in the presence of PVDF-TiO; 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 TiO:
during the processes, as shown in Figure 1.24(f), which meant the stability of the hybrid

membrane needed to be improved.
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Figure 1.24 SEM image of (a) PVDF layer (b) PVDF-TiO2 hybrid; piezo-
photocatalytic degradation of MB (c) by PVDF-TiOz hybrid under UV or/and air
bubble, (d) by P25 NPs under UV or/and air bubble, (e) by PVDF-TiO2 hybrid under
air bubble with different extends, and (f) by PVDF-TiO2 hybrid for four cycles.%3

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, TiO» 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/TiO, piezo-photocatalyst
with high performance, focusing on three aspects: 1). Achieving a good combination of
PVDF and TiOz; 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 TiO> was
studied to improve the catalytic activity.

PVDF as support enables the PVDF/TiO, hybrid piezo-photocatalyst easy to
operate and recycle. To achieve a PVDF/TiO; hybrid piezo-photocatalyst with high
surface area and TiO; exposure, a nanofiber membrane is proposed in which TiO»
nanoparticles are covered on the surface of PVDF nanofibers. Therefore, a PVDF-TiO;
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:

32



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-TiO: core-
shell nanofiber membranes that satisfy the requirements.

In conclusion, this dissertation focuses on the preparations of PVDF-TiO; 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.
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Figure 2.1 Schematic diagram of electrospinning setup with variations.
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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 (¢) 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
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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.

Figure 2.2 Schematic representation of ALD process.

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.
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Figure 2.3 Electron-matter interaction volume and types of signals generated.

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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Figure 2.4 A comparison of optical components between TEM and SEM.

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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Figure 2.5 Schematic diagram of an interferometer in an FTIR spectrometer.

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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Figure 2.6 Schematic diagram of an FTIR spectrometer.

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 (0) 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 sin0) of diffracted X-ray beams is equal to one or multiple X-
ray wavelengths (n)), as shown in Figure 2.7, the diffraction beam with the strongest

energy can be obtained according to Bragg's law.

nA = 2dsiné
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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.

Figure 2.7 Bragg diffraction by crystal planes.

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 ATer- 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.
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Figure 2.8 (a)Schematic diagram of differential scanning calorimeter and
(b)typical transitions in a DSC thermogram.
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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.
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Figure 2.9 Schematic diagram of thermogravimetric analyzer.

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:

Iy
A =logq (T) = ecL

where A is the measured absorbance, Io and I are the incident light intensity and
the transmitted intensity at a given wavelength, ¢ 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.
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Figure 2.10 Schematic diagram of UV/Vis spectrophotometer.
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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.
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Figure 2.11 Schematic diagram of HPLC instrument.

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, B-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 B-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 B-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 solvent’s 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.!? 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.?

PVDF has become the most widely investigated piezoelectric polymer because of
its excellent properties and low price.*®” PVDF is a polymorphic material and has
distinct chain conformations in five crystalline phases: TTT (all-trans) planar zigzag for
B phase, TGTG’(trans-gauche-trans-gauche) for a and 6 phases, and T3GT3G’ for y and
& phases.® 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 o and € phases, but there are net dipoles in f3,
v, and § phases.” Among these three phases, the B phase has the highest dipolar moment

per unit cell and endues PVDF with the greatest piezoelectricity.!®!!

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 quenching'> and

14,15

stretching'?; (b) blending with carbon materials'*!®, inorganic particles'®, piezoelectric

ceramics'’, etc.; (c) adopting new process methods, such as electrospinning'®; and (d)
altering the structure!® or surface morphology!'!%°.

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 parameters®! were introduced, which define the solubility of a
polymer-solvent system. The radius of interaction (R,) of a polymer defines a solubility
sphere and is empirically calculated. 84, &,, and &, are the dispersion, polar, and
hydrogen-bonding solubility parameters, respectively. Solvents with Hansen
parameters within R, can dissolve the polymer. The distance (R.) between the solvent
coordinate and the center of the polymer solubility sphere is calculated according to

Equation (3.1):

R, = J4(55 — 892 + (67 — 65)2+(87 — 63)° G.1)
where 85, &,,and &, are Hansen parameters for the polymer, and &3, &5, and

8; are Hansen parameters for the solvent.?!”? The ratio R./R, is called the relative
energy difference (RED). The polymer can be dissolved in a solvent when R/R, < 1,
whereas a solvent cannot dissolve the polymer when R./R, > 1.%2 Bottino et al.* a

solubility experiment of 46 kinds of solvents on PVDF and obtained the Hansen space
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of PVDEF, 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.>* Moreover, the high dipole moment
of the solvent is the main reason for the better piezoelectric properties of cast films.?*"
27 Solution conductivity is also a key factor in controlling the diameter of nanofibers.?®

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. >* used three different solvents (DMF, DMF/ACE (6/4), and MEK) to prepare
P(VDEF-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 B-phase content.

Marcel Benz et al.> prepared PVDF cast films with different solvents and found
that the PVDF films with a y phase (polar phase) can be produced when the solvent has
a high dipole moment. G. Knotts et al.?® 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.?’

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.?

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 Besenbacher?® 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.

Table 3.1 The Hansen solubility parameters and physical properties of PVDF and

various solvents.
RED (R« Dipole Boiling
Solvent Od op On R, .
/Ro) 1 Moment Point

Unit MPa'? MPa'”? MPa'”? MPa'? D °C
PVDF 17.2 12.5 9.2 0

DMSO 18.4 16.4 10.2 4.68 0.936 3.96 189
DMF 174 13.7 11.3 2.45 0.49 3.82 153
ACE 15.5 104 7 4.56 0.912 2.85 56
THF 16.8 5.7 8 6.95 1.39 1.63 65

T Ro of PVDF adopted=>5, as suggested in the previous work??.

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 works?>** have focused on improving the piezoelectricity of PVDF
nanofibrous membranes by controlling the electrospinning parameters. Gee et al.?’
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 B-phase fraction: solvent > flow rate > TCD > voltage. Singh et al.>* studied the
effects of eight electrospinning parameters on B-phase content and gave a detailed
explanation. However, the connection between parameters and the relative contribution
to the B-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 B-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 + 3) °C.

Table 3.2 Hansen solubility parameters and physical properties of the mixed
solvents.

RED Dipole Boiling

Solvent 0d Op Oh Ra )
(Ra/Ro) Moment  Point

unit MPa > MPa'? MPa'? MPa!? 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™'. 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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Figure 3.1 Schematic of the electrospinning setup utilized for the preparation of the
PVDF nanofibrous membrane.

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 °C £ 3 °C, humidity: 45% + 5%). Then, the collected membranes were dried in an

oven at 60 °C for 6 h to remove the remaining solvent.

Table 3.3 Process parameters (solvent and electrospinning properties), nanofiber
diameter, crystallinity, and B-phase fraction of the PVDF membranes.

Dipole Boiling Electrospinning . Crystallinity p Phase
Num. Solvents Diameter
Moment Point Parameters (DSO) (FTIR)
unit D °C nm % %
M1 DMF/ACE (2/1) 3.50 120.7 -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) 341 122.6  10kV, 1 mL/h, 15 cm 817+£176.3 51.61 86.88
M5 DMSO/ACE (2/3) 3.29 109.3 602 +203.8 51.25 86.36
Mé6 DMSO/THEF (1/1) 2.80 127.0 1133 £225.9 50.27 84.70
M7 DMSO/THEF (1/2) 241 106.3 1421 £221.7 48.67 81.91
M8 10 kV, 0.5 mL/h, 15 cm 658 £90.6 50.46 85.36
M9 DMSO/ACE (2/1) 3.59 1447 10kV,0.5mL/h,30cm  822+1294 50.37 86.42
M10 20kV,0.5mL/h,30ecm 734+ 1114 52.36 88.01

1 The properties of M1 and M2 were not studied further due to poor morphological
quality.
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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 °C to 250 °C with a rate
of 10 °C/min in a nitrogen atmosphere. The B-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) cm™

wavenumber range (64 scans, 4 cm™! resolution).

3.2.5 The Piezoelectric Analysis

A piece of PVDF nanofibrous membrane (length*width*thickness: 60*16*0.6
mm?) 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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Figure 3.2 Schematic of the experimental setups utilized for piezoelectric analysis.

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 literature®!*? that when these solvents are applied,

similar phenomena frequently occur in the PVDF membrane.
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Figure 3.3 SEM images of PVDF nanofibrous membrane at two magnifications: (A)
M1 (using DMF/ACE (2/1)) and (B) M2 (using DMF/THF (1/1)).

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. **
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Figure 3.4 SEM images at two magnifications and the diameter histogram of PVDF
nanofibrous membrane (A) M3 (using DMSO/ACE (2/1) Figure), (B) M4 (using
DMSO/ACE (1/1)), (C) M5 (using DMSO/ACE (2/3)), (D) M6 (using DMSO/THF

(1/1)), and (E) M7 (using DMSO/THF (1/2)).
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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
cm ! 1171 cm™!, 1071 cm ™!, and 874 cm™! were related to the CH, wagging vibration,
symmetrical stretching of -CF,, C-C asymmetric stretching, and CF> symmetric
stretching, respectively, and these are common bands for all the various PVDF phases.
The peaks at 1275 cm™! and 840 cm™! were attributed to CF out-of-plane deformation
and CH> rocking, and they were characteristic bands for the B phase of PVDF. The peak
at 766 cm™!' was raised from CF bending and skeletal bending, corresponding to the a

phase6,34-36
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Figure 3.5 FTIR spectra of all PVDF nanofibrous membranes (M3-M10).

To clearly observe the difference in curves and simply explain the calculation of
the B-phase fraction (F(f)), only the FTIR spectra of M7 and M10 are presented in

Figure 3.6(A). F(B) can be calculated using the Beer-Lambert Equation (2).

x 100%. 2)

where K, (6.1%¥10% cm? mol ™) and Kg (7.7%10* cm? mol™!) are the absorption
coefficients at 766 cm ™! and 840 cm ™!, respectively; and A, and A are the absorbencies

at 766 cm ! and 840 cm™!, respectively.[34]
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Figure 3.6 (A) FTIR spectra and (B) DSC curves of PVDF nanofibrous membranes
(M7 and M10).

The average B-phase fractions at five different places on each membrane are
summarized in Table 3.3 All electrospun membranes had a relatively high B-phase
content (above 80%) compared with the membrane prepared by casting because of the
voltage field and the stretch during the electrospinning process. On the other hand, a
high B-phase fraction was obtained in the PVDF electrospun membrane when a solvent

with a high dipole moment was used.

Figure 3.6(B) is the DSC curves of M7 and M10. Crystallinity is calculated
according to Equation (3):

X, =2« 100% 3)

¢ AHp @

where AH is the melting enthalpy of the PVDF membrane obtained from the DSC
curve, AH, (104.7J g'!) is the melting enthalpy of PVDF with 100% crystallinity, and
¢ is the PVDF weight fraction. The endothermic peak of the second heating process
was used to calculate the crystallinity.

The crystallinity summarized in Table 3.3 is the average of the three analyses.
More than 50% crystallinity can be reached in the PVDF membrane through
electrospinning. Furthermore, the relation between crystallinity and solvent showed a
trend similar to that between -phase content and solvent: the higher the dipole moment

of the solvent, the higher the crystallinity of the PVDF membrane.
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Consequently, the solvent affects not only the B-phase fraction but also the
crystallinity. Adopting a solvent with a high dipole moment can produce a PVDF
membrane with high B-phase content and high crystallinity. This effect on cast films
has been previously reported with the explanation that solvents with a high dipole
moment can enhance the end-to-end length and lead to the regular orientation of PVDF
chains, which in turn results in dipole alignment and good piezoelectric properties of

PVDF membranes.?’37-38

3.3.2 Effect of Electrospinning Parameters

The effects of electrospinning parameters on the crystallinity and B-phase content
of PVDF membranes have been reported in published works?*2°. Here, PVDF
electrospun membranes (M3, M8-M10) with different voltages, feed rates, and
distances were prepared, and we confirmed that the electrospinning parameters
certainly influence the piezoelectric properties of PVDF membranes.

Figure 3.7 shows SEM images at two magnifications and the nanofiber diameter
histogram of PVDF membranes prepared with different electrospinning parameters.
Obviously, when the same solvent but different electrospinning parameters were
adopted, uniform and bead-free PVDF membranes were synthesized. The ratio of
voltage to distance can be regarded as the voltage field intensity. From M3 to M8, the
diameter of nanofibers reduced due to the decrease in feed rate, which meant the same
voltage field intensity was applied on less solution, or the same amount of solution was
applied under higher voltage field intensity. From M8 to M9, a longer distance led to a
lower voltage field intensity, which resulted in an increase in nanofiber diameter. The
diameter decreased from M9 to M10 because the higher field intensity, generated by

the higher voltage, provides a stronger force.
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Figure 3.7 SEM images at two magnifications and the diameter histogram of PVDF
nanofibrous membrane (A) M3 (using 10 kV, 1 mL/h, 15 cm), (B) M8 (using 10 kV,
0.5mL/h, 15 cm), (C) M9 (using 10 kV, 0.5 mL/h, 30 cm), and (D) M10 (using 20 kV,
0.5 mL/h, 30 cm).

The B-phase fraction and the crystallinity are summarized in Table 3.3. The
influence of electrospinning parameters on the B-phase fraction and crystallinity was
present but insignificant, and it was even more difficult to detect any trends. Therefore,
no more explanation about the influence can be given here.

As consequence, the solvent was the main factor that manipulated the morphology
of the PVDF membranes, whereas electrospinning parameters had influences on the

67



morphology (e.g., diameter, bead) of nanofibers. The effects of electrospinning
parameters can be explained as follows: the voltage applies a stretching force on the jet
from the needle, the feed rate determines the shape of the Taylor cone on the tip of the
needle, and the distance affects the stretching time before reaching the collector. There
are internal relations between these parameters, so it is impossible to discuss the impact

of an individual parameter or attribute results to a single parameter.

3.3.3 Piezoelectric Analysis

M7 and M 10 were selected for piezoelectric measurements because they presented
the lowest and the highest crystallinity and B phase, respectively, among all the mem-
branes. The open-circuit voltage as a function of time under various external strains is
shown in Figure 8, and the piezoelectric voltage outputs (the value between the highest
and lowest voltage) are summarized in Table 3.4. The voltage output increased with
increased amplitude and remained stable with the change in frequency, as previously

observed by Chen et al.*’

. With the progress of the piezoelectric measurements
(especially after the measurements at 3000 um-0.5 Hz), the transducers became more
flexible and therefore more easily stretched under the same strain with respect to the

beginning conditions. Consequently, the voltage output of the transducer at 2000 um-

0.5 Hz was higher than that at 2500 um-0.5 Hz.
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Figure 3.8 The open-circuit voltage of the transducers is made of PVDF membranes
(A) M7 and (B) M10 as a function of time under different amplitudes and

frequencies.

Table 3.4 Piezoelectric voltage outputs of transducers made of M7 and M10 under

different amplitudes and frequencies.

Sample M7 M10
1500 um-0.5 Hz 39.1 mV 48.8 mV
Different amplitude 2500 um-0.5 Hz 106.4 mV 111.8 mV
3000 um-0.5 Hz 119.9 mV 369.7 mV
2000 um-0.25 Hz 83.4mV 285.7 mV
Different frequency 2000 um-0.5 Hz 88.2 mV 298.6 mV
2000 um-1 Hz 94.7 mV 289.1 mV

Comparing the voltage output of the transducers made of M7 and M10, it can be
seen that the voltage outputs of M10 were always higher than those of M7 under the
different external strains. Hence, M10 had a higher piezoelectric response than M7,

which corresponded to the higher crystallinity and higher B-phase fraction of M10.
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3.4 Conclusions

This work provides new insight into the preparation of PVDF electrospun
membranes with piezoelectric properties based on the dipole moment of solvents. The
morphology, nanofiber diameter, crystallinity, and B-phase fraction of the synthesized
PVDF membrane were studied, and piezoelectric analysis of the transducers made of
two PVDF membranes was carried out. When DMSO with good solubility for PVDF
and low toxicity was used, membranes with good morphology were obtained. When
DMSO/ACE (2/1) with high dipole moment was used as the solvent, PVDF electrospun
membranes exhibited a higher crystallinity, B-phase fraction, and piezoelectric output
than that prepared with DMSO/THF (1/2). Based on the presented analysis, we found
that solvents with a high dipole moment can improve piezoelectric properties, and the
evaporation rate and solvent conductivity can influence nanofiber diameter. On the
other hand, electrospinning parameters can also control nanofiber diameter and
piezoelectric properties during the electrospinning process, although the effect of the
solvents is much more straightforward. Therefore, selecting a proper solvent can be
considered a simple method to control the piezoelectric performance of PVDF

membranes.
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Chapter IV PVDF-TiO; core-shell fibrous
membranes by microwave-hydrothermal
method: preparation, characterization, and

photocatalytic activity

Abstract

A polyvinylidene fluoride (PVDF)-titanium dioxide (TiO2) core-shell composite
nanofibrous membrane (CNM) with photocatalytic activity was obtained from the
microwave-assisted hydrothermal treatment of an electrospun PVDF membrane. The
effects of the precursor solution acidity, the heating temperature, and the treatment time
on the structure and the photocatalytic performance were investigated. The CNM
obtained from a 2 M precursor acidic solution showed the presence of nanofibers (NFs)
with a proper core-shell structure, wherein a TiO2 smooth shell was uniformly covering
the electrospun PVDF NFs core. The TiO; crystallographic phase was found to be
temperature-dependent, with the highest anatase content observed at 120 °C. The mean
PVDF-TiO> NFs diameter measured from SEM images and the TiO; fraction of CNM
calculated from TGA results showed an accumulation of TiO2 on the PVDF NFs surface
as heating temperature and treatment time increased. The photo-oxidation capability of
the as-prepared CNMs was evaluated by the photocatalytic decomposition of aqueous
methyl orange solution at room temperature under UV-C irradiation. PVDF-TiO, CNM
exhibited a stable performance after five cycles of methyl orange degradation due to a
strong connection between the TiO» layer and the PVDF substrate. The implemented
approach has been demonstrated to be a feasible method for the synthesis of core-shell
PVDF-TiO; fibrous membrane. The influence of hydrothermal process parameters on
the structure and final properties of PVDF-TiO> CNM was revealed through a detailed

mechanism investigation.
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4.1 Introduction

Photocatalysis! is an important process that belongs to the category of advanced
oxidation processes that uses appropriate light irradiation to activate, for example,
semiconductor metal oxides. Metal oxides, like zinc oxide (ZnO)?, titanium dioxide
(Ti0)%7, ferric oxide (Fe203)%°, and bismuth oxide (Bi203)!°, are used as
photocatalysts due to their short band gap and easy production. Light irradiation, with
photon energy higher than or equal to the band gap, causes electrons to jump from the
valence band to the conduction band, resulting in the generation of holes in the valence
band'!. Further reactions between the electron-hole pairs and oxygen or water can
produce reactive oxygen species (ROS; such as O; H,0,, OH) that can act as strong
oxidizing agents, with the ability to degrade various organic pollutants.!'?

Among the above metal oxides, TiO> has been extensively investigated as a
photocatalyst due to its chemical inertness, photostability, nontoxicity, and low cost.!*!#
It is well known that TiO» has three common crystal structures in nature: rutile, anatase,
and brookite.!>!> Rutile is the most stable phase from the thermodynamic point of view,
while brookite has received less research attention due to its complex structure.'
Metastable anatase is considered the most active phase and is used widely as
photocatalyst.!”1®

The microwave-assisted hydrothermal method (MAHM), a combination of the
hydrothermal method and microwave heating, has recently gained popularity to prepare
functional nanomaterials.'®?! The MAHM is able to reach a high and uniform
temperature in a short period thanks to the high-frequency electromagnetic radiation
that directly interacts with the permanent dipole of the material.>* Consequently, the
crystal structure and the morphology of the obtained products are homogeneous over
the whole sample.?’ Another advantage of the MAHM is that it requires a lower reaction
temperature or a shorter treatment time than other preparation methods, like the sol-gel

method and chemical vapor deposition, as it can reach a high pressure in a sealed reactor,
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which can accelerate those reactions favored by a pressure increase.?’

There have recently been plenty of reports regarding the synthesis of TiO> by
MAHM.?*28 Most notably, Komarneni S et al.* were the first researchers who used this
technique to prepare crystalline oxide powders, including TiO.. Yang et al.?
synthesized the TiO> microsphere, with a completely crystallized anatase phase, that
was able to photo-catalytically decontaminate both Cr(VI) and methyl orange (MO).

TiO2 nanoparticles (NPs) may be difficult to separate and recycle when employed
as a photocatalyst for a liquid-phase treatment. To overcome this problem, a polymeric
substrate can be selected to immobilize TiO> NPs because it is convenient to operate
during the separation process. Thanks to its large surface area, the electrospun fibrous

membrane is a good candidate as the substrate for NPs from variant forms of polymer.?’

Poly(vinylidene fluoride) (PVDF) is a well-known semi-crystalline polymer with

outstanding mechanical properties (such as good formability’®, high chemical

31,32 h33,34 35,36)
5

resistance’ -, ultrahigh strengt , and excellent thermal and UV stability
which can be considered as a support for TiO2 NPs*” for photocatalysis*®. Many studies
have focused on the preparation of composites of TiO> and PVDF with different
experimental design strategies, such as varying the incorporation method and changing
the operation orders of TiO, and PVDF.3*%

A catalyst-based polymer nanofiber membrane was prepared by Roso et al.¥ to
degrade both acetaldehyde and methanol gas by a one-step electrospinning method, in

which the spinning solution consisted of polymer (PVDF) and catalyst (pure TiO, or
Ag,CO,/GO modified TiO,).

Dong et al.*’ synthesized in-situ TiO> NPs with high adhesion on PVDF nanofibers
(NFs). The reported process used the following steps: i) Electrospinning of a PVDF
solution with titanium precursor; ii) cold plasma treatment (to increase the bonding
between titanium source and PVDF support); iii) hydrothermal reaction (to grow TiO»
crystal phase). This work has provided a strategy to improve the interaction between

the support and substrate. Furthermore, the TiO2-PVDF membrane prepared in this
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manner exhibited improved performance towards CO» photoreduction.

TiO2 NPs with different crystalline phases and morphologies on the surface of
PVDF NFs were prepared in different acidic solutions using the hydrothermal method
by Zhang et al.*>. The TiO2/PVDF with the highest photodegradation efficiency was the
one hydrothermally synthesized in H>SOs4.

There were nonetheless concerning aspects regarding the migration of the catalysts
or their precursors within the bulk of the electrospun fibers, with a consistent reduction
of their active form on the surface*® and consequently lower performance.*’ Therefore,
in order to ensure the maximum amount of catalyst on the NFs surface, the growth of
TiO> on the surface of electrospun PVDF nanofiber membrane (which acts as polymeric
support) by MAHM has been chosen in this work as a fast and effective method. On
the other hand, a strong interaction between TiO2> NPs and PVDF NFs can be obtained
by hydrothermal treatment**, which means that the PVDF-TiO> composite nanofiber
membrane (CNM) can be recycled and reused without significant loss of TiO2 NPs or
reducing catalytic efficiency. To the best of our knowledge, there are only a few papers
related to the synthesis of catalysts on the surface of NFs by MAHM, and just one
reported a detailed and systematic study of the process parameters' effects on the PVDF-
TiO2 NFs morphology.

To obtain a PVDF-TiO2, CNM with the desired properties and high catalytic
performance, three main parameters related to the MAHM were considered: 1) acidity
of precursor solution; ii) heating temperature; iii) treatment time. The effects of these
parameters were evaluated in terms of PVDF-TiO, CNM structure (morphology, TiO>
crystalline phase, and coverage efficiency) and photocatalytic activity (degradation of
MO). A detailed mechanism of TiO> formation, and rationalization of the effect of
various parameters during hydrothermal treatment, have been proposed. Moreover, the
properties of PVDF-TiO, CNM before and after photocatalysis have been compared to

confirm the stability of the membranes.
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In summary, we report a detailed study on the PVDF-TiO, CNMs production by a
simple and efficient method that provides an effective strategy for catalyst

immobilization, a potential feature in the field of innovative media for water treatment.

4.2 Experimental section

4.2.1 Materials

PVDF (KYNAR 500) was purchased from Arkema. Acetone (ACE), N, N-
Dimethylformamide (DMF), and sulphuric acid (H2SO4) were purchased from Sigma
Aldrich. Tetrabutyl titanate (TBOT), ethyl alcohol, and MO were purchased from Alfa
Aesar. All reagents were used as received without any further treatment. Deionized

water was used throughout all experiments.

4.2.2 Preparation of PVDF NFs membrane

4 g of PVDF powder was added into a 22.67 g solvent mixture of DMF and ACE
with a volume ratio of 2:1 and stirred overnight at room temperature to prepare a 15
wt% PVDF solution for electrospinning.

A5 mL syringe loaded with the PVDF solution was placed on a syringe pump with
a flow rate of 0.5 mL h™'. A 27 G stainless needle with an inner diameter of 0.4 mm was
used as the nozzle and was connected to an electrode with a high positive voltage supply.
A stainless drum covered with aluminum foil was used as the collector, and its rotation
rate was set at 4000 rpm. The voltage applied to the needle and the distance between
the collector and nozzle were 20 kV and 20 cm, respectively.

The electrospinning process was carried out in an atmospheric environment with
a temperature of (20 £+ 3) °C and humidity of (45 £ 5) %. After electrospinning, the
collected membrane was dried in an oven at 60 °C for 6 h to remove the remaining

solvent.
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4.2.3 Preparation of PVDF-TiO, CNM

I mL TBOT was hydrolyzed in 30 mL H2SO4 with the acidity of 1 M, 2 M, and 3
M under stirring. Then a piece of PVDF membrane was dipped into the solution, keep
stirring for about 10 min, and then the transparent solution with wet membrane was
transferred into a Teflon-lined autoclave with a volume of 100 mL. The hydrothermal
reactions were carried out in a microwave oven (Micro SYNTH) at 100 °C, 120 °C,
and 140 °C for 0.5 h, 1 h, 2 h, and 3 h, separately. All the variables and their levels are
present in Table 4.1.

After the hydrothermal reaction, the as-synthesized membranes were entirely

washed with deionized water and ethyl alcohol and dried in the oven at 60 °C for 6 h.

Table 4.1 The variables and levels used for preparing PVDF-TiOz CNM.

Variables Levels
Acidity of precursor solution 1M 2M 3iM
100
Heating temperature 120 °C 140 °C
°C
Treatment time 0.5h l1h 2h 3h

4.2.4 Characterizations

The morphology of NFs was characterized by scanning electron microscope (SEM)
(JSM-6490, JEOL, Ltd.) with a voltage of 15 kV, and with all samples gold-sputtered
before imaging. The mean diameter with a standard deviation of NFs under different
parameters was determined by randomly measuring 80 NFs from 4 SEM images with
two magnifications. Differential scanning calorimetry (DSC) (Q200, TA Instruments)
was used for evaluating the melting point of the polymeric support. The status and
existence of PVDF were analyzed by Fourier transform infrared spectroscopy (FTIR)
(Nicolet Is50 spectrometer, Thermo Fisher Scientific), working in transmission mode,
in the 4000-650 cm™! wavenumber range (64 scans, 4 cm™ ' resolution). Static contact

angle analysis of water droplet was carried out by a Kruss DSA 100E, performing
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measurements after 5 s contacting in 5 different positions on both sides of the medium
to confirm the uniform distribution of TiO2. The crystalline phase of PVDF-TiO>, CNM
was determined by Wide-angle X-ray diffraction (WXRD) using an X’ Pert PRO
diffractometer with radiation (Cu, Ka, 50 kV, 40 mA). Thermogravimetric analysis
(TGA) (Q600, TA instruments) of the membranes was performed from room
temperature to 700 °C at a heating rate of 20 °C min! in an air atmosphere to evaluate
TiO> content. The surface area of CNM was determined by an autosorb iQ (ASiQwin,
Quantachrome) system using a 5-points Brunauer-Emmett-Teller (BET) method.
Further evaluation of the absorption limit and the band-gap of PVDF-TiO, CNM were
obtained by diffuse reflectance spectroscopy (DRS) using an Ultraviolet-Visible-Near
Infrared spectrophotometer (V-570, JASCO) with an integrating sphere attachment, in
the range of (200-650) nm. The absorbance of MO solutions was analyzed by using the

same spectrophotometer but with a liquid cell holder and a 300-650 nm scanning range.

4.2.5 Photocatalytic activity

The catalytic activity under UV irradiation was monitored through the
photodegradation of MO solutions. A schematic diagram of the photocatalytic reactor
is shown in Figure 4.1. A quartz tube containing a UV-C lamp (254 nm, 15 W, Philips)
was inserted into a photocatalytic reactor with a water-cooling jacket. PVDF-TiO:
CNM with a total weight of 32 mg was added to a 200 mL MO aqueous solution at a
concentration of 2.5 mg L. The effect of UV-C light on MO photooxidation was tested
without the PVDF-TiO, CNM and set as a blank experiment. The air bubble was
supplied by an airflow of 2 NL min™!' from the bottom of the reactor. The solution was
shaken by air bubbles in the dark for 30 min to reach the adsorption-desorption
equilibrium between MO and catalyst. Subsequently, since UV illumination was on, 3
mL samples were withdrawn from the solution at regular intervals, analyzed by UV
visible spectrophotometry, and evaluated the absorbance at 465 nm. A calibration curve
of MO (concentration vs absorbance at 465 nm) was performed previously for the
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quantitative analysis. The selected intervals and the initial concentration were defined
as C and Cy, respectively, and the relative concentration was expressed as C/Co. To
better understand the catalytic activity of PVDF-TiO, CNM, the relative concentration
C/Co of each CNM was subtracted by that of the blank and defined as C/CO' (Equation
3.1). The difference between the MO degraded mass (mg) of each CNM and that of the

blank was called m'

MO °

then normalized by the TiO, amount on each CNM,

m ;wo/mTiO2 (Equation 3.2).

c.i . C C
“N=(= (= 3.1
( Co ) (CO CNM (CO )blank G-
' _ (m ) -(m ) an|
I_nMO/rnTio2 — MO CT\IIITl\/—Iﬁoz MO /blank (32)

PVDF-TiO, CNMs were then removed from the photoreactor, washed with
deionized water, air-dried, and thus reused another two times. The reported catalytic
activities in Figure 4.9 represented the average value of three experiments. The
photocatalytic activity of the PVDF-TiO2 CNM (140 °C-3 h-2 M) was performed five

times in order to evaluate reusability and stability of CNMs.

Power supply

1

Cooling water —
output

Quartz glass tube

collection port .
Cooling water

Fritted filters

Figure 4.1 The schematic diagram of the photocatalytic reactor.
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4.3 Results and discussion

4.3.1 Morphological and structural characterization

SEM images of PVDF-TiO, CNMs prepared from precursor solutions with an
acidity of 1 M, 2 M, and 3 M are reported in Figure 4.2(A-C), respectively. The
membrane shrank when it was hydrothermally disposed in a 1 M solution at 140 °C for
only 30 min, which may be attributed to the partial melting of PVDF. Therefore, for the
hydrothermal reaction in a 1 M solution, we focused on CNMs prepared at 100 °C and
120 °C. Similarly, the membrane obtained in a 3 M solution at 100 °C for 3 h did not
show the presence of TiO2 NPs either on the surface of PVDF NFs or in the solution.
Then, the membranes prepared at 100 °C in a 3 M solution were also disregarded from
the subsequent discussion.

For the CNMs obtained using the 1 M acidic solution (Figure 4.2(A)), it can be
observed that TiO> NPs were assembled in spherical shapes, with a non-uniform
coverage on the surface of PVDF NFs, resulting in rough surface morphology. As the
treatment time increased, more TiO, NPs were produced, then excess TiO> NPs
accumulated next to the PVDF-TiO2 NFs. There was no significant difference between
samples prepared at 100 °C and 120 °C in the 1 M solution. Regarding the experiments
run with 2 M acidic solution (Figure 4.2(B)), only the CNM prepared under the
conditions of 100 °C-0.5 h-2 M had a similar morphology to those prepared from the 1
M solution, and the other CNMs had PVDF-TiO, NFs with smooth morphology.
Moreover, as the treatment time and heating temperature increased, the diameter of
PVDF-TiO2 NFs increased while maintaining a smooth morphology. Finally, looking
at the CNMs prepared in a 3 M acidic solution (Figure 4.2(C)), a non-uniform
distribution of TiO> NPs was observed in most cases, along with a tendency of TiO»
NPs to create clusters, especially at 140 °C.

It is clear that the acidity of the precursor solution strongly affected the

morphology of the TiO: shell layer. Based on the above results, 2 M acidic solution was
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found to be most suitable for the preparation of PVDF-TiO> CNM; accordingly, the
diameters of PVDF-TiO2 NFs prepared from a 2 M acidic solution were measured and

are reported in Table 4.2.

(A)IM___osh

100°C

120°C

B2M 05 h i _ 2n 3h

Figure 4.2 SEM images of PVDF-TiOz NFs prepared in different H2S04 solutions with
an acidity of (A) 1 M, (B) 2 M, and (C) 3 M under different heating temperatures
and treatment times (scale bar :1 um).
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The aforementioned results related to the morphology were supported by FTIR
analysis (Figure 4.3). The main PVDF peaks at 874 cm™, 1171 cm™, and 1400 cm’!
(related to the CF, symmetric stretching*®, CH, wagging deformation*®, and the CH»
wagging vibration*’, respectively), resulted in severely weakened in the sample
obtained from 2M precursor solutions, wherein the TiO> NPs shell well covered the
PVDF NFs core. Moreover, the broad absorption at 3200 cm™! has been attributed to the
stretching vibration of the OH bonds, exposed on the titania surface, as well as the
absorption at low frequency (800-600 cm™) has been attributed to the vibration of the

O-Ti-O bonds, similar to that in the spectrum of titania.>%>?

The core-shell PVDF-TiO; NFs prepared from a 2 M solution can be considered
satisfactory, especially those at 120 °C and 140 °C. Consequently, these PVDF-TiO:

CNMs from 2 M acidic solution were further characterized in detail.

—_—

CNM (120 °C-0.5 h-1 M) M

CNM(120 °C-0.5 h-2 M)

CNM(120 °C-0.5h-3 M)

Transmittance(%)

Y PVDF NFs

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavelength(nm)

Figure 4.3 FTIR spectra of PVDF NFs membrane, synthesized TiOz NPs, and PVDF-
TiO2 CNMs (120 °C-0.5 h)

The wettability of the membranes was determined by water contact angle
measurements. Compared to the neat hydrophobic PVDF NFs membrane®, which
showed a contact angle of 150° (Figure 4.4(A)), the contact angle of the obtained
PVDF-TiO2 CNMs at the lowest treatment time (0.5 h) was found to be measurable and

in the range of 80°-89° (Figure 4.4(B)), probably due to the non-uniform distribution
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of the TiO, over the whole tested area. Moving towards higher treatment times,
independently from the temperature conditions, the membranes resulted completely
wettable within 5 seconds, even though the PVDF-TiO> CNM prepared under 140 °C-
1 h-2 M showed an initial contact angle of 39.2° (Figure 4.4(C).

Table 4.3 summarizes the average water contact angle at five different points on
both sides (side A refers to the front side, side B to the back side). The contact angle
(the average value of side A and side B) of the samples prepared at 100 °C, 120 °C, and
140 °C for 0.5 h in 2 M solution were approximately 130.3°, 81.8°, and 87.9°, and other
samples were completely wetted.

In short, longer treatment time resulted in a thicker TiO> layer, meaning that the
PVDF-TiO, CNM turned from hydrophobic to hydrophilic.>**> This feature is

beneficial for PVDF-TiO, CNM application in wastewater treatment.

A » B C

Figure 4.4 Water contact angle on the surface of (A) PVDF mat after 5 s, (B) PVDF-
TiO2 CNM prepared under 100 °C-0.5 h-2 M after 5 s, (C) PVDF-TiO2 CNM prepared
under 140 °C-1 h-2 M at the beginning.

Table 4.3 Water contact angle on PVDF TiO2 CNMs prepared in ZM solution.

2M 0.5h 1h 2h 3h
Side A 124.5° + 0.83° c.w.! C.W. C.W.

100 °C
Side B 136.1° + 0.44° C.W. C.W. C.W.
Side A 82.2° £ 0.60° C.W. C.W. C.W.

120 °C
Side B 81.4°+£0.12° C.W. C.W. C.W.
Side A 87.3°+£0.61° C.W. C.W. C.W.

140 °C
Side B 88.5° £ 0.98° C.W. C.W. C.W.

1: completely wettable
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The crystal structures of PVDF and PVDF-TiO2, CNMs were analyzed by XRD,
as shown in Figure 4.5 The a phase (020) plane and 3 phase (110) plane of the neat
PVDF were indicated by the strong diffraction peaks at 18.5° and 20.6°. For PVDF-
TiO2 CNMs, the characteristic PVDF diffraction peaks were retained, but with lower
intensity. While they were accompanied by several new features: a clear peak at
25.4°corresponded to the (101) plane of anatase TiO2 (JCPDS card: 21-1272); some
weak peaks at 27.5°, 38.0°, 47.8°, 54.6°, and 62.8° corresponded to the (110) plane of
rutile TiO2 (JCPDS card: 21-1276), and the (004), (200), (211), and (204) plane of
anatase, respectively. When PVDF-TiO, CNM was prepared using either a high heating
temperature or a long treatment time, the intensity of the PVDF peaks decreased
meantime the intensity of theTiO2 peaks increased, suggesting that the content of TiO:
(especially the anatase phase) increased. Crystallite diameters of TiO, were determined
from diffraction peaks of anatase (101) at 25.4° and rutile (110) at 27.5° using the
Scherrer equation, and they were roughly (10 +2) nm.

The reference intensity ratio (RIR) value, which is based upon scaling all
diffraction data to the diffraction of standard reference materials, can be used in semi-
quantitative analysis based on the method proposed by Chung® to obtain the percentage
of anatase and rutile phases.>’ The content calculated by this method is inaccurate and
is only used for relative comparison. Expansion of the spectra between 20°-50°, as
shown in Figure 4.6, allows for the diffraction peaks of anatase and rutile phases to be
distinguished for calculation of the TiO2 phase fraction of PVDF-TiO2 CNMs. The
results are listed in Table 4.4.

For the CNMs prepared at 100 °C in 2 M, the fraction of anatase increased when
the treatment time increased from 0.5 h to 1 h, with little change upon further extending
the treatment time. At 140 °C, a high anatase fraction was observed on the PVDF-TiO;
CNMs, then an almost total anatase phase was found when the treatment time exceeded
2 h. For the CNM synthesized at 120 °C in 2 M, a complete anatase phase was obtained

in most cases. The anatase content of the CNM reacted at 120 °C was higher than those
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at 100 °C and 140 °C. Therefore, the heating temperature has a more significant
influence on the anatase fraction than the treatment time. 120 °C was chosen as the
optimal temperature to get the highest content of the anatase phase. A detailed
mechanism related to the impact of these parameters (temperature and time) on the TiO>

crystalline phase would be discussed in the next section.
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Figure 4.5 XRD patterns of PVDF and PVDF-TiO2 CNMs prepared under different
conditions.
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Table 4.4 The TiO:z phase content of PVDF-TiO2 CNMs prepared in ZM solution
evaluated from XRD.

2M 05h 1h 2h 3h
100 °C CaAnatase 72.9% 75.6% 84.9% 88.8%
Crutile 27.1% 24.4% 15.1% 11.2%
120 °C CaAnatase 100% 100% 100% 95.5%
CRrutile 0 0 0 4.5%
140 °C CaAnatase 91.7% 88.8% 100% 100%
Chrutile 8.3% 11.2% 0 0

TGA was used to analyze the TiO; content in the CNMs. Thermograms of pure
PVDF, synthesized TiO> NPs, and PVDF-TiO, CNMs prepared at 120 °C for different
treatment times are shown in Figure 4.7. The primary weight loss in the region of 350-
550 °C and the slight weight decrease before 350 °C were attributed to the
decomposition of PVDF and the impurities in TiO2, which can be confirmed by the
thermogram of pure PVDF and pure TiO,. The degradation temperature of the CNMs
was lower than that of the pure PVDF membrane because the TiO; catalyzed the
decomposition of PVDF, as reported in the previous work>®. The residual weight of
PVDF-TiO2 CNMs above 550 °C was related to the inorganic part of the samples (the
TiO, shell), which increased as treatment time increased. By comparing the residual
mass of CNMs and pure TiO; at 600 °C, the synthesized TiO> NPs synthesized on the
membrane can be calculated. These results are listed in Table 4.5, and it can be observed

that the mass increased with an increase in heating temperature and treatment time.

Moreover, the BET area of CNM (120 °C-2 h-2 M) was found to bel8.7 m%/g.
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Figure 4.7 The TG curves of PVDE TiOz, and CNMs prepared at 120 °C in air
atmosphere.

Table 4.5 The TiO2 NPs content of PVDF-TiO2 CNMs in ZM solution.

2M 0.5h 1h 2h 3h
100 °C 21.2% 53.9% 55.8% 57.2%
120 °C 51.6% 61.9% 69.0% 69.2%
140 °C 64.7% 62.6% 70.2% 77.5%

4.3.2 PVDF-TiO: CNMs synthesis mechanism

A schematic illustration of the PVDF-TiO, CNM synthesis is present in Figure 4.8.

It has been reported that the type of acid might play a critical role in the formation of

the polymorphs and that anatase is more likely to be formed when SO3 ions are present

in the solution.’*% The steric effect of SO7, adjacent octahedra were favored to

connect the dimers with SO}{ by sharing the spinal edges to reduce steric repulsion.

So, this was the reason why H2SO4 was directly adopted as a precursor solution at the

beginning.

Two steps are involved in the formation of TiO> NPs from metal alkoxide TBOT

during hydrothermal reaction: hydrolysis and condensation. TBOT is known to

hydrolyze easily to form an amorphous phase Ti(OH), in an aqueous solution at room

temperature, as well as a large number of octahedral Ti[(OH),(OH,),]*" monomers
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or edge-sharing dimers.%! As the temperature increases, the solution reaches saturation,
and due to the instability of the dissolved species, the different polymeric nuclei form
by sharing opposite or spinal edges through olation or oxolation between OH™ and
H,0 group.®? Once these nuclei have grown beyond the critical size, they became
stable and then underwent Ostwald ripening in solution or on the surface of the NFs®’.

In precursor solutions with low acidity (1 M), the hydrolysis of TBOT was
relatively easy because of a few H' ions in the solution.®® A large amount of TiO, nuclei
were formed in the solution, meaning that TiO, NPs tended to grow in the solution
instead of on the PVDF NFs surface. When the acidity of the solution was increased to
2 M, the number of nuclei formed decreased, which in turn reduced the concentration
of TiO2 NPs in the solution. This, together with the repulsive force of SO7, inhibited
the aggregation of TiO2 NPs. Therefore, more TiO2 NPs grew on the surface of PVDF
NFs, and a shell layer with smooth morphology was formed. As the acidity further
increased to 3 M, carbonization and esterification of TBOT were observed, which was
evidenced by the dark spots formed on the membranes. In addition, more TiO» NPs
were found in the solution instead of on the PVDF membrane, due to the decrease of
H" in the solution, which led to an increase in the number of nucleation centers obtained
by hydrolysis.

From the viewpoint of energy, the driving force of the hydrothermal crystallization
reaction is considered to be the difference in free energy generated by relative
supersaturation when the temperature rises from room temperature to hydrothermal
temperature.%* The fraction of the anatase phase can be increased to 100% as the heating
temperature increased due to high free energy. However, a further increase in
temperature would result in a decrease in anatase fraction and a concomitant increase
in the rutile phase (as has been reported previously by Testino et al.)%>. As explained
following, when the crystallite size of the anatase phase exceeds the threshold range

(about 1116 nm), the anatase phase is less stable than the rutile phase, then parts of the

anatase phase would transform to the rutile phase through lattice rearrangement.’®” On
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the other hand, the formation of TiO2 NPs can be speculated to follow a dissolution-
precipitation mechanism.®* With the increase in temperature, the solubility of titania in
hydrothermal solution decreases, and more nuclei precipitate out and undergo Ostwald
ripening®’; therefore the diameter of PVDF-TiO2 NFs increases with the heating
temperature.

The effect of extending the treatment time is, to some extent, similar to that of
increasing the heating temperature. The fraction of the anatase phase increased with the
increase of treatment time, which can be explained by high free energy as above-
mentioned. The diameter of the formed PVDF-TiO> NFs increased when the treatment
time was extended from 0.5 h to 3 h, which means that the nuclei can form in half-hour
and that the TiO2 NPs growth can be complete in the subsequent time.

3. Ostwald
ripening

PVDF NF

io Ti*¥ o (-H,0) o (-OH) o 02

'@ TiO,NP PVDF- TiO, NF |

Figure 4.8 Schematic illustration of the PVDF-TiO2 CNM synthesis.
4.3.3 Optical properties

The optical properties of the prepared PVDF-TiO> CNM (120 °C-2 h-2 M) were
determined by measuring the response to visible and UV light. The UV-vis absorption
spectrum obtained from the DRS results (Figure 4.9(A)) showed strong absorption in
the UV region and low absorption in the visible light region, with an absorption edge

at about 400 nm, which matches well with the absorption edge of pure Ti02%%%.

Another significant feature of the produced CNMs is related to the band-gap
energy. The F(R) value is converted from diffuse reflectance value through the

Kubelka-Munk function”: F(R) = (1-R)*/2R. An indirect allowed transition was
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adopted for TiO,'®"!, so the band-gap energy can be determined by extrapolating the
linear portion of (F(R)hv)!'"? versus Energy plot to E axis, where hv was the incident
photon energy. Based on this method, the band-gap energy for PVDF-TiO2, CNM was
found to be approximately 3.21 eV (Figure 4.9(B)), which is in good agreement with

the band-gap value of anatase TiO: (ca.3.2 eV)’.
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Figure 4.9 (A) UV-vis absorption spectrum and (B) the curve of (F(R)hv)/2 versus
Energy of PVDF-TiO2 CNM (120 °C -2 h-2 M).

4.3.4 Photocatalytic performance

As previously mentioned, the photocatalytic performances of the obtained CNMs
have been tested for the degradation of MO (2.5 mg/L) in batch mode. A plot of the
typical absorbance of MO solutions as a function of wavelength at different sampling
times is displayed in Figure 4.10(A). A 95% degradation of the dye has been achieved
with the PVDF-TiO> CNM (140 °C-3 h-2 M) within the experiment time of 200 mins
(Figure 4.10(B)). However, due to the effect of the UV-C light used in this work, in
order to evaluate the net performance of the obtained catalytic media a plot of the
relative concentration C/Cy’ versus time is reported in Figure 4.10(C). As it can be
observed, the photocatalytic effect increased as both the temperature and treatment time
increased, reaching a maximum of 30% with the PVDF-TiO> CNM (140 °C-3 h-2 M).
This result can be explained by looking at the increased amount of TiO2 which has been

shown to raise along with the treatment time and temperature, as confirmed by TGA
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analysis. According to this, to assess the catalyst efficiency, the relative MO degradation

per gram of TiOz was investigated as a function of the time in Figure 4.10(D). In this

case, CNMs prepared at 140 °C-3 h-2 M no longer exhibited the best MO

photodegradation performance, most likely due to photo-shielding effects rendering the

inner part of the TiO> shell, which is in contact with the PVDF. And for a unit of TiO.,

the best MO photodegradation efficiency was exhibited by the CNM (120 °C-2 h-2 M).

It is probably related to better exploitation of the catalyst sites as well as a more

adequate TiO» thickness layer covering the electrospun fibers.
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Figure 4.10 (A) Time-dependent UV-vis absorption spectrum of the MO
degradation for the PVDF-TiO2 CNM prepared at 140 °C-3 h-2 M under UV-C, (B)
photodegradation profiles of MO for different PVDF-TiO2 CNMs, (C) the relative

concentration C/Co’ as a function of time, (D) the relative MO degradation mass per

grams of TiOz on each CNM as a function of time. (Performed in triplicate, standard

deviation < 5%).
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All the membranes showed an effective MO degradation even though it was not

complete. With respect to the literature *417374

, it is difficult to compare the obtained
results because the experimental conditions are substantially different, especially the
UV light source, which in turn affects the irradiance flux, the catalyst loading, and the
tested dye. A potential explanation of the weak photocatalytic efficiency may be related
due to the strength of the N=N double bond of MO’>" as well as the low catalyst
loading (32 mg of CNM) for the pollutant concentration (2.5 mg L™, 200 mL) used in
these experiments.

For practical catalytic applications, an ideal catalyst should be recyclable and
reusable. The PVDF-TiO, CNM (140 °C-3 h-2 M) was tested for five cycles, with
proper washing and drying after each cycle, and the relative concentration C/Co’ is
displayed as a function of reaction time shown in Figure 4.11. The photocatalytic

efficiency of PVDF-TiO2 CNM for MO degradation decreased only slightly, which

indicates that the membrane has some potential as a reusable catalyst.
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Figure 4.11 The relative concentration C/Co’ of PVDF-TiO2 CNM (140 °C-3 h-2 M) as
a function of regular interval for five cycles of the MO degradation. (The number
presented the catalyst deactivation of each cycle compared to the first cycle)
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4.3.5 Structural stability of CNM

SEM images of PVDF-TiO, CNM (120 °C-2 h-2 M)) before and after
photocatalytic experiments (Figure 4.12(A-B) and (C-D)) revealed that the PVDF-TiO»
CNMs maintained their core-shell structure with a visible smooth TiO; outer layer on
the PVDF NFs. This result was confirmed further by FTIR analysis, which returned the
same spectrum as that taken before experimentation, without the presence of the PVDF
characteristic peaks.

In general, these post-reaction analyses (SEM and FTIR) could demonstrate that
the stability of the PVDF-TiO2 CNMs and no leaching effect during the application, due
to the close connection between the TiO: shell layer and the PVDF core achieved by

the hydrothermal preparation method.
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Figure 4.12 SEM images of PVDF-TiO2 CNM (120 °C-2 h-2 M) (A, B) before and (C, D)
after photocatalysis (scale bar :1 um), (E) the FTIR spectra of PVDF-TiO2 CNM
(120 °C-2 h-2 M) before and after photocatalysis.

4.4 Conclusion

In this work, we have used microwave-assisted hydrothermal treatment of
electrospun PVDF NFs, a rapid and easy method, to prepare PVDF-TiO2 CNMs with
catalytic photo-oxidation activity. Compared to previous reports’®, our strategy for
producing PVDF-TiO, CNMs has several advantages, such as a higher exposure of TiO>
NPs on the PVDF NFs, a shorter treatment time, and a higher production efficiency.
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A detailed study on the process parameters effect was undertaken. The optimal
precursor solution acidity to achieve a smooth TiO; outer layer with uniform coverage
of the PVDF electrospun core was found to be 2M. The highest TiO, anatase fraction
was obtained at 120 °C, and the treatment time has been proved to strongly affect the
anatase crystal size till the critical one, beyond which the rutile phase was favored. In
addition, the PVDF-TiO, CNM exhibited good photocatalytic performance for the MO
degradation, attributed to the complete anatase phase of TiO; and the high contact
surface between TiO2 and MO solution.

In summary, the stability and recyclability of PVDF-TiO2 CNMs make these
media a potential candidate for many different applications, such as organic pollution
treatment in the liquid phase, or biological sensor production. In subsequent studies,
the photocatalytic performance of PVDF-TiO> CNMs will be further investigated, and
more thorough catalytic experiments will be carried out to optimize the catalyst-

pollutant ratio and improve the catalyst efficiency.
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Chapter V Preparation of PVDF/TiO;
core/shell nanofibrous membrane via

coaxial electrospinning

Abstract

Here, coaxial electrospinning was applied to obtain a polyvinylidene fluoride
(PVDF)/titanium dioxide (TiO2) core/shell composite nanofibrous membrane (CNM)
with a large surface area and abundant reactive sites. Commercial TiO; (80% anatase
and 20% rutile), P25, was directly applied for the preparation of PVDF/TiO, CNM to
utilize excellent photocatalytic efficiency of P25 and avoid thermal damage to PVDF.
The core/shell structure endowed the CNM with high photocatalytic efficiency due to
the exposure of TiO, NPs. It is the first time that the PVDF/TiO; core/shell CNM was
prepared by coaxial electrospinning.

Keywords: coaxial electrospinning, core-shell composite nanofibrous membrane,

photocatalysis, wastewater treatment.
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5.1 Introduction

With the rapid development of industrialization and the widespread use of
chemical and biological synthetic materials, water pollution has become an urgent
problem in the world. Various practical solutions have been applied to yield high-
quality water resources, among which photocatalysis as an advanced oxidation
technology is regarded as a promising environmental-friendly solution.

Titanium dioxide (TiO2) has been extensively investigated as a photocatalyst due
to its superior photocatalytic properties and economical friendliness.! However, the
practical applications of TiO,, like most photocatalysts, are hampered by the low
photocatalytic efficiency, which is mainly attributed to the low concentration of photo-
generated charge carriers and the high recombination rate of electron-hole pair. In
addition, powdered TiO; is difficult to recover after use, especially in liquid systems,
resulting in limited use value and secondary pollution.

P25 consisting of 80% anatase and 20% rutile, is a commercial TiO2 NP that is
widely used as a photocatalyst. P25 has relatively high efficiency in many
photocatalytic reaction systems because the coexistence of anatase and rutile
crystallites can accelerate the transfer of photogenerated electrons and holes as well as
reduce the recombination rate of electron-hole pairs.? Hence, P25 was directly used as
TiO2 NP to achieve excellent photocatalytic efficiency.

Coaxial electrospinning, a novel version of electrospinning, enables the
production of nanofibers with diverse morphologies (such as core-shell, hollow, and
porous) and applications (like drug release, encapsulation, and cell scaffold).>"
Concentric cylindrical nozzles with inner and outer nozzles connect to their relative
feed source (generally two syringes, at least one with a polymer solution) for coaxial
electrospinning. The preparation of core-shell nanofibers by coaxial electrospinning has
the following advantages: a simple one-step and highly efficient process; a variety of

material combinations; controllable sheath thickness. Besides the formation of complex
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polymer fibers using two polymer solutions®® embedding nonpolymeric materials (like
ceramic, protein, and drug) without filamentation properties in polymer fibers has also
been widely studied”’, while the opposite arrangement, coating polymer fibers with
nonpolymeric materials, has received less attention.

In this work, PVDF/TiO2 core/shell composite nanofiber membranes (CNMs)
were prepared by coaxial electrospinning with PVDF solution and TiO> NPs suspension
as the core and shell feed sources, respectively. Many advantages were expected to
bring to the photocatalyst via this preparation: (1) Large surface area from the polymer
nanofiber membrane; (2) TiO2 NPs were mainly distributed outside PVDF NFs, so they
can directly contact with the pollutant and be easily photoactivated, because of the core-
shell structure; (3) Simple preparation without any post-treatment owing to coaxial
electrospinning and the connection between PVDF and TiO».

The solvent of the outer suspension, the ratio of the core and shell feed rates, and
the concentration of TiO:; in shell suspension were investigated to prepare the
PVDEF/Ti0, CNM with a good core/shell structure. Then phenol degradation was used
to evaluate the photocatalytic behavior of the PVDF/TiO, CNM. To the best of our
knowledge, it is the first time that the PVDF/TiO> core/shell CNMs were prepared by

coaxial electrospinning.

5.2 Experimental section

5.2.1 Materials

PVDF (KYNAR 500) was purchased from Arkema. Titanium dioxide (TiO»),
acetone (ACE), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), phenol, and
ethanol were purchased from Sigma Aldrich. All reagents were used as received without

any further treatment. Deionized water was used throughout the whole experiment.

106



5.2.2 Preparation of PVDF/TiO, CNM

1 g of PVDF powder was added to 6 g solvent mixture of DMSO and ACE with a
weight ratio of 2:1 and stirred overnight at room temperature to prepare a 15 wt% PVDF
solution. TiO> was dispersed in 4 g solvent (DMSO, ACE, or THF) to reach the desired
concentration (one study variable), and the suspension was sonicated for 1 h before use.

Two 5 mL syringes filled with the PVDF solution and TiO> suspension were placed
on two syringe pumps, the feed rates of syringe pumps were one study variable. A
spinneret consists of two nozzles that were concentrically aligned, and the inner and
outer nozzles were connected to syringes of PVDF solution and TiO> suspension. A
grounded stainless roller covered with aluminum foil was used as the collector and its
rotation rate was set at 4000 rpm. The voltage applied to the spinneret and the distance
between the spinneret and collector were 12 kV and 15 cm. A schematic diagram of the

coaxial electrospinning is shown in Figure 5.1.

Shell Syringe (placed |y
on the feed pump) | T ‘

r: ) Rotating Drum Collector

Core Syringe (placed
on the feed pump)

Coaxial Needles

Core-shell Jet

Figure 5.1 The schematic diagram of the coaxial electrospinning.

The electrospinning process was carried out in an atmospheric environment with
a temperature of (20 + 3) °C and humidity of (45 + 5) %. After electrospinning, the
collected membrane was dried in an oven at 60 °C for 6 h to remove the residual solvent.
The dried membrane was shacked in water for 15 min and repeated 3 times to remove
unfixed TiO2 NPs from the membrane. After drying in a 60 °C oven for 1 h, the

membrane was ready for characterization and photocatalysis.
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5.2.3 Characterizations

The morphology of NFs was characterized by a scanning electron microscope
(SEM) (JSM-6490, JEOL, Ltd., Tokyo, Japan) with a voltage of 5 kV, all samples were
sputtered with a thin Au layer before imaging, and a transmission electron microscopy
(TEM) (Tecnai G2, FEI Company, Hillsboro, OR, USA) at 100 kV. Samples for TEM
with a cross-section view were embedded in acrylic resin and cut into ultrathin sheets
(80 nm-100 nm) with an Ultrotome V (LKB-Produkter AB, Bromma, Sweden)
ultramicrotome. The Raman spectroscopy of the membrane was measured by a Raman
spectrometer (Micro Raman DRX, Thermo Fisher Scientific, Waltham, MA, USA) with
a laser of 532 nm wavelength and a scan range of 200-3500 cm™!. The crystalline phase
of the PVDF/TiO2 membrane was analyzed by X-ray diffraction (XRD) (Bruker D8
Advance, Bruker Italia, Milan, Italy) using an X’ Pert PRO diffractometer with
radiation (Cu, Ka, 50 kV, 40 mA). Thermogravimetric analysis (TGA) (Q600, TA
instruments, New Castle, DE, USA) of the membrane was heated from room
temperature to 800 °C at a heating rate of 20 °C min™! in an air atmosphere to evaluate

the TiO» content.

5.2.4 Photocatalytic experiment

The photocatalytic activity under UV irradiation was monitored by degradation of
phenol solution. The same reactor was described in Chapter 4.2.5, but a home-made
UV-A LED lamp replaced the UV-C lamp. 100 mg PVDF/TiO, CNM were added into
a 150 mL phenol aqueous solution with a concentration of 13 mg L', The air bubble
was supplied by air flow from the bottom of the reactor to mix the solution and CNM.
Other operation details remained consistent with Chapter 4.2.5. Reverse phase high-
performance liquid chromatography (RP-HPLC) (e2695, Waters, Milford,
Massachusetts, United States) with UV/Vis detector (2489, Waters, Milford,

Massachusetts, United States) at 275 nm was used to monitor the concentration of
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phenol during photocatalysis. The phenol concentration at selected intervals and initial
were defined as C and Co, respectively, and a relative concentration was expressed as
C/Co. Plots of the relative concentration as a function of reaction time recorded the

degradation activity.

5.3 Results and discussion

5.3.1 Preparation of PVDF/TiO, CNMs

Based on simple electrospinning, coaxial electrospinning has additional
parameters to be considered: core-shell solution feed rate and solutions compatibility.
The preparation of a PVDF nanofiber membrane with good morphology and high
piezoelectric behavior via electrospinning has been studied in Chapter 3, hence, the
same PVDF solution parameters (DMSO/ACE (2/1) as the solvent and 15% as the
concentration) and similar process parameters (0.5 mL/h as the feed rate, the voltage
and tip-to-collector distance were adjusted to the practice situation) were considered at
the beginning of the preparation. Hence, the TiO2 suspension parameters (solvent and
concentration) and the feed rates of PVDF and TiO; solutions were investigated to
prepare the hybrid PVDF/TiO; core/shell nanofiber membrane.

The core and shell solutions should be immiscible or semi-miscible so that it is
possible to form a stable Taylor cone at the spinneret tip, which is a key point for
successful electrospinning.®> Since DMSO and ACE mixture was used as the solvent for
the core PVDF solution, DMSO, ACE, and THF were studied as potential solvents for
the shell TiO; suspension. SEM images of the nanofibrous membranes prepared using
TiO> suspensions with three different solvents are shown in Figure 5.2. When DMSO
was used as the solvent, the surface of NFs was rough because TiO2> NPs adhered to the
smooth PVDF NFs surface to form a layer. However, when THF and ACE were used
as the solvent, the surfaces of NFs in two cases were relatively smooth and no TiO2 NP

was found in the image area.
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These results should be related to the stability of TiO» suspension. Although TiO»
NPs in DMSO, THF, and ACE suspensions were sonicated for 1 h before
electrospinning, TiO» NPs precipitated in THF and ACE after 30 min, while TiO> NPs
well dispersed in DMSO throughout the electrospinning process. TiO2 NPs tended to
agglomerate in THF and ACE, which is caused by the Van der Waals attraction force
between particles because of their large surface area. Whereas the TiO» NPs remained
stable in DMSO due to the balance of the electric interaction between the NPs and
solvent molecules and the Van der Waals attraction forces between NPs.!°

It is evident that PVDF/TiO; core/shell CNM was obtained with the help of the

stable and dispersal TiO2 NPs suspension when DMSO was used as the solvent.

@ . : Al 3

Shell solution: 7% TiO,+THF

o ] »,

Shell solution: 7% TiO,+DMSO|  Shell solution: 7% TiO,+ACE

Figure 5.2 SEM images of nanofibrous membranes prepared with different solvents
in TiO:z suspension.

The core/shell feed rate affects the composition of the Taylor corn as well as the
thicknesses of core and shell. Figure 5.3 demonstrates the SEM images of PVDF/TiO;
core/shell CNMs with different core and shell feed rates. When the ratio of core/shell
feed rates was low, the morphology of CNMs was not good (the ununiform nanofiber
diameters and the appearance of beads) as shown in Figure 5.3(a and e), because of the
low polymer concentration in the Taylor corn and the low viscosity solution for
electrospinning. When the PVDF fraction in the Taylor corn was high enough, uniform

and even nanofibers were obtained as shown in Figure 5.3(b-d).
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In the following investigation, the core and shell feed rates of 0.5 ml/h were

selected because not only good morphology but also high TiO> content were achieved

for the as-prepared PVDF/TiO; core/shell CNMs.

(a) Core rate: 0.5 mVh
Shell rate: 0.8 ml/h

(b)

Core rate: 0.5 ml’h
Shell rate: 0.5 ml'h

20 um

© Core rate: 0.5 ml/h (@) Core rate: 0.8 ml/h
Shell rate: 0.2 mVh Shell rate: 0.5 ml/h

() Core rate: 0.2 ml’h
Shell rate: 0.5 ml/h

Figure 5.3 SEM images of PVDF/TiO:z core/shell CNMs prepared with different
core/shell feed rates.

The TiO> concentration in the suspension affects the TiO2 amount and the TiO»

coverage on the PVDF NFs. Figure 5.4 shows the SEM images of PVDF membrane

and PVDF/TiO; core/shell CNMs with different TiO» concentrations in shell suspension.

TiO2 NPs were distributed on the surface of smooth PVDF NFs in all CNMs, forming

separate TiO; islands when the TiO2 NPs concentration in shell solution was 5%, as

shown in Figure 5.4(b), while forming continuous TiO; layers when the concentration

was higher than 5%, as shown in Figure 5.4(c-d).

Core: PVDF
(2) N Shell

(b)

Core: PYDF
Shell: 5% TiO, +DMSO

Core: PVDF d Core: PVDF
(©) Shett: 7% Ti0, +DMS0 (9 shell: 9% Tio, +DMSO

Core: PVDF
(&) ghell: 15% Ti0, +DMSO,

Figure 5.4 SEM images of (a) PVDF membrane and (b-e) PVDF/TiO: core/shell
CNMs prepared with different TiO2 NPs concentrations in shell solution.
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Therefore, choosing a proper solvent for a stable TiO2 suspension, a suitable core
and shell feed rates, and sufficient TiO2 concentration in suspension were important for

the preparation of PVDF-TiO; core-shell CNMs with a continuous TiO> layer.

5.3.2 Characterization of the PVDF/TiO; CNMs

To confirm the distribution of TiO2 NPs, TEM images of PVDF/TiO> CNMs with
side and cross-section views are shown in Figure 5.5. From the side view of TEM
images in Figure 5.5(a), the inner part was darker than the outer part, which presented
a distinct core-shell structure along nanofibers. The core/shell structure was easier to
observe from the cross-section of the TEM image, where dark spots, namely TiO2 NPs,
are attached to each other into a layer over the grey circle, namely the PVDF core. In
the side view, the inside was darker than the outside because the inner part of NFs
consisted of the core and shell, and the surrounding part was only the shell. The darker

TiO; shell than the PVDF core in the cross-section view was due to the higher density

of TiO; based on the same thickness.

Vi

&

(a) Side view (b) Cross.-section view

Figure 5.5 The TEM images of PVDF/TiO:z core/shell CNM (shell: 9% TiOz + DMSO)
in the views of (a) side and (b) cross-section.

The formation of core/shell nanofiber should be due to the existence of F atoms
on the surface of core. The high electronegativity endowed F atoms with the ability to
absorb electrons from Ti*" ions, resulting in a strong coordination band between F~ and
Ti*" as well as the combination between PVDF core and TiO shell. Han et al.!!
synthesized Sn3O4/PVDF hybrid nanofiber membrane by depositing PVDF membrane

in precursor solution for hydrothermal treatment and confirmed the coordination effect
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of F atoms on the connection between Sn3;O4 and PVDF.

The real TiO; fractions in the membranes were obtained from the TGA results and
summarized in Table 5.1. With the increase of TiO> concentration in shell suspension,
the TiO, fraction in membrane increased until it reached saturation, which can be
reflected in the morphologies in Figure 5.4. The F atoms on the PVDF nanofiber were
connected with TiO2 NPs to form PVDF/TiO; core/shell nanofibers. At a relatively low
TiO; concentration in the shell solution, the TiO2 amount should determine the attached
TiO> on the PVDF surface. When there were enough TiO2> NPs in the shell solution, the

TiO> fraction should depend on the active F sites.

Table 5.1 TiO: fractions in the PVDF/TiOz CNMs.

core solution shell solution abbreviation TiO; fraction (%)
5% TiO, +DMSO PVDEF/TiO; CNM-1 11.95
15% PVDF + 7% TiO, +DMSO PVDEF/TiO; CNM-2 17.65
DMSO/ACE (2/1) 9% TiO, +DMSO PVDF/TiO; CNM-3 22.86
15% TiO, +DMSO  PVDF/TiO, CNM-4 23.49

Figure 5.6(a) compares the Raman spectra of PVDF, TiO, and PVDF/TiO2, CNMs
with different TiO; fractions. PVDF/TiO, CNMs showed weak PVDF characteristic
peaks at approximately 2978 cm!, 1428 cm!, 880 cm!, 840 cm!, and 800 cm™! related
to the CH» wagging, B-combination of CH» rocking and CF, antisymmetric stretching,
the combination of CC antisymmetric stretching and CF, symmetric stretching, and a-
CH2: rocking!>!3. TiO; characteristic peaks were recorded at 639 cm’!, 513 cm!, 440
cm! and 397 cm’!, corresponding to Eg of anatase, Alg of anatase, Eg of rutile, and
Blg of anatase)!*!3, which reflected that the PVDF core was covered well by the TiO»
shell.

From the XRD spectra in Figure 5.6(b), PVDF in CNM was proved to be in the
crystalline phase because of the existence of a PVDF diffraction peak, which was the
basis for the piezoelectricity of PVDF. The XRD spectra of CMN were indeed

composed of two components, PVDF and TiO,. In addition, the TiO, fraction in
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membrane increased from CMN-1 to CMN-4 by comparing the intensity ratio between

the TiO» peak at 25.3° and the PVDF peak at 20.5°.

A ——PVDF (b) —— PVDF/TIO, CNM-1
() A P N—
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i —
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Figure 5.6 (a) Raman spectra of PVDF membrane, PVDF/TiO2 CNMs, and P25 NPs;
(b) XRD spectra of PVDFE/TiO2 CNMs and corresponding PDF standard patterns

5.3.3 Photocatalytic activity

As mentioned in the literature, dye decolorization is not suitable for evaluating the
activity of photocatalysts because 1). Dye can absorb light and degrade itself; 2). Dye
is reflected by the chromophore groups and monitored by absorbance measurement,
which increases the inaccuracy of the measurement.'® Hence, phenol degradation was
used to evaluate the photocatalytic performance of PVDF/TiO2 CNM prepared via
coaxial electrospinning, and the PVDF/Ti0O, CNM-2 was used as a catalytic membrane
because it has relatively saturated TiO» content. Figure 5.7(a and b) shows the
photocatalytic performances of blank and PVDF/TiO2; CNM-2 under UV only, air flow
at 2 NL/min (F2) only, as well as UV and air flow at 2 NL/min (UV+F2).

Only UV-induced degradation occurred in the blank groups. The photocatalytic
activities were slower under UV+F2 than under UV only, which was because the
bubbles blocked the UV irradiation and inhibited the photocatalytic activity. Phenol
degradation was improved under UV+F2 than under UV only and F2 only. Phenol can
be completely degraded under UV+F2 when PVDF/TiO, CNM was used as the
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photocatalyst, while only 25% phenol was degraded without photocatalyst, which
meant that around 75% phenol was degraded due to the existence of PVDF/TiO2, CNM.
To assess the catalyst efficiency, the degraded phenol per gram of TiO» for PVDF/TiO»
CNM-2 under UV+F2 was investigated as a function of the time in Figure 5.7(c). After
2 h under UV+F2, about 1x10°® mol phenol was degraded per 1 mg TiO2 on CNM.

Hence, PVDF/TiO, CNM exhibited excellent photocatalytic efficiency.
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Figure 5.7 Photocatalytic performances of (a) blank and (b) PVDF/TiO2 CNM under
UV only, F2 only, and UV+F2; (c) the phenol degradation per grams of TiOz on CNM
as a function of time.

Photocatalytic activity of PVDF/TiO2, CNM-2 under UV+F2 was carried out three
times, as shown in Figure 5.8. Compared with the first one, the second photocatalytic
activity of the same piece of PVDF/TiO2 CNM was a little reduced, while the third
cycle had a reduction in degraded phenol amount. The photocatalytic efficiency
stability of PVDF/TiO> CNM prepared via coaxial electrospinning was slight poor,
which should be due to the little loss of TiO2 during the photocatalytic activity and

cleaning process.
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Figure 5.8 Repeated photocatalytic experiments of PVDF/TiO2 CNM-3 under UV+F2
(the time for points on curves are 0, 20, 40, 60, 90, and 120 min). (Black numbers
and color numbers presented the degraded phenol and the catalyst deactivation of
each cycle compared to the first cycle)

5.4 Conclusion

In this chapter, PVDF/TiO> core/shell CNMs were prepared by coaxial
electrospinning with appropriate parameters (appropriate solvent for a stable TiO:
suspension, suitable core/shell feed rates, and sufficient TiO> concentration in
suspension). Based on the blank under UV+F2, around 75% phenol was degraded due
to the existence of PVDF/TiO, CNM. Besides, the PVDF/TiO, CNM exhibited

excellent photocatalytic performance even after the third reuse but had slight weak

stability.
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Chapter VI Preparation of
PVDF/TiO: core/shell nanofibers via
atomic layer deposition

Abstract

A TiO2 nanolayer with controllable thickness was deposited on the surface of
PVDF electrospun nanofibers via atomic layer deposition (ALD), and then the
amorphous TiO, was converted into crystalline one by hydrothermal treatment.
Detailed morphological and structural characterizations of PVDF/TiO2, CNMs at each
preparation stage were given. The thickness and weight of the TiO> deposit were related
to the ALD cycle number. The effect of hydrothermal annealing parameters on TiO:
and PVDF have been investigated to obtain suitable parameters. Phenol was chosen as
a probe molecular to evaluate the photocatalytic efficiency of PVDF/TiO, CNMs
prepared via ALD.

Keywords: atomic layer deposition, core-shell composite nanofibrous membrane,

photocatalysis, wastewater treatment.
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6.1 Introduction

Due to the increasing demand for fresh and clean water sources, photocatalysis,
an advanced oxidation process involving irradiation and photocatalyst, is a promising
technique in the field of water and environmental purification. Among the
semiconductors employed as photocatalysts, titanium dioxide (TiO2) has attracted
much attention because of its high photocatalytic efficiency, non-toxicity, low cost, etc.
However, the applications of TiO» as a photocatalyst are hindered by the limited
photocatalytic efficiency and the difficult recovery from solution after use.

When TiOg, usually in powder form, is combined with a flexible polymer film, the
hybrid photocatalyst is possible to be manipulated and recovered.> Moreover,
compared with a polymer film, a micro- or nano-fiber polymer membrane is beneficial
to increase the surface area for photocatalytic reaction. Electrospinning is a common
and simple technique for fabricating fiber membranes with a wide range of fiber
diameters.

PVDF, an attractive polymer with outstanding mechanical properties, was
considered to combine with TiO; in the form of nanofiber (NF) and used for
photocatalysis. Furthermore, a core/shell structure of NF (PVDF as core and TiO> as
sheath) was proposed to expose TiO2 outside the PVDF NFs and achieve good contact
between PVDF and TiO». From the literature', the core/shell NFs can be obtained by
methods such as hydrothermal treatment, physical/chemical vapor deposition on
electrospun membranes, and combinations of electrospinning and electrospraying.
Cationic titanium dioxide (TiO.") was immobilized on the surface of electrospun
PVA/PAA NFs by the electrostatic layer-by-layer (LBL) assembly, and the thickness of
TiO>" layer for each LBL cycle was about (3050) nm.> A functionalized PVA/PAA/GO-
COOH electrospun nanofibrous membrane was immersed into a TiO> nanoparticles
(NPs) suspension, and a PVA/PAA/GO-COOH@TiO; nanocomposite was formed due

to functional groups anchoring TiO> NPs. This method was complicated and inapposite
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for most polymers.* Conductive CSA/PANi-PEO composite electrospun fibers were
used as conductive collectors for the electrospray of TiO> NPs suspension.’ The
distribution of TiO2 NPs on the surface of CSA/PANi-PEO fibers was not uniform and
the TiO2 NPs amount on NFs was random. For the above methods, the distribution of
TiO, on the surface of NFs is difficult to achieve a uniform layer, especially in the dense
and porous NFs membranes, the thickness is uncontrollable, and the suitable polymers

for core are limited.

Atomic layer deposition (ALD) is a low-temperature chemical vapor deposition
technique in which the growth of material is controlled by sequential self-saturating
gas-solid surface reactions. ALD has been widely adopted to deposit a uniform,
conformal, and compact layer with atomic layer precision on substrates. There are some
papers detailing ALD, from fundamental principles (such as characteristics, parameters

7 and even on the

effects, growth process, and mechanism) to applications,®
combination of electrospinning and ALD®’. Thickness control via ALD has been
investigated on electrospun NFs®, SiO»/Si substrate!®, and particle templates'!, and it
has been demonstrated that ALD can grow desired thickness, even monolayer, on
substrates and the thickness is related to the cycle number. Low-temperature ALD has
been applied to grow TiO2, Al>2O3, ZnO, etc. on substrates to avoid thermal damage to
the substrates.!>!* Therefore, ALD becomes the best suitable method to deposit a TiO>

layer with a controllable thickness on the surface of NFs in the electrospun membrane
without damaging the membrane.

Herein, PVDF/TiO2 core/shell composite nanofiber membrane (CNM) with
excellent morphology and good photocatalytic efficiency were obtained by performing
subsequently: electrospinning, ALD, and hydrothermal treatment. PVDF NFs
membrane was prepared by electrospinning as the core, a TiO2 layer with different
thicknesses was uniformly coated NFs via ALD as the sheath, and then hydrothermal
treatment was applied to crystallize the amorphous TiO» layer. In the end, phenol

degradation was used to evaluate the photocatalytic activities of PVDF/TiO; core/shell
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CNM. The effect of the thickness of TiO> layer on photocatalytic efficiency and the

stability of photocatalyst were also studied.

6.2 Experimental section

6.2.1 Materials

PVDF (KYNAR 500) was purchased from Arkema. Acetone (ACE), dimethyl
sulfoxide (DMSO), and phenol were purchased from Sigma Aldrich. Tetrakis
(dimethylamino) titanium (TDMAT) (99%) was obtained from Strem Chemicals. All
reagents were used as received without any further processing. Milli-Q water was used

throughout the whole experiment.

6.2.2 Preparation of PVDF/TiO; CNMs

PVDF NFs membrane was prepared by electrospinning technique. PVDF in
DMSO and ACE (weight ratio 2:1) solution with a concentration of 15 wt% was used
for electrospinning. The working voltage and the distance between the collector and
spinneret were 12 kV and 15 cm. The process was carried out in an atmospheric
environment with a temperature of (20 + 3) °C and humidity of (45 £ 5) %. After
electrospinning, the collected membrane was dried in an oven at 60 °C for 6 h to remove
the residual solvent.

ALD technique was employed to PVDF NFs membrane for coating a TiO> layer
on the surface of NF, which was defined as PVDF/Ti102-A (amorphous) core/shell CNM.
A piece of PVDF NFs membrane was placed in a Savanna 100 ALD machine
(Ultratech/Cambridge Nanotech Inc.) and the deposition process was processed at
90 °C and 1 mbar. TDMAT and H20 were preheated to 90 °C and 115 °C (to obtain
steam) as precursors for titanium and oxygen, respectively. The pulse and purge
durations were 0.3 s and 10 s for TDMAT as well as 0.045 s and 10 s for H20O. N> was

used as the carrier inert gas at a flow rate of 21 sccm.
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Hydrothermal treatment of PVDF/TiO2-A CNM was carried out in a Teflon-lined
autoclave (100 mL volume) with 30 mL water as the heating medium. The autoclave
containing the sample was heated in a microwave oven (MicroSYNTH, Milestone Srl,
Sorisole, Italy) at a set temperature for a period at a heating rate of 20 °C min~! and
cooled naturally. Annealed PVDF/TiO>-A CNM was defined as PVDF/TiO»-C

(crystalline) CNM.

6.2.3 Characterizations

The morphology of the membranes was studied by using a scanning electron
microscope (SEM) (JSM-6490, JEOL, Ltd., Tokyo, Japan) at 5 kV and a thin Au layer
was sputtered on all samples before imaging. Transmission electron microscopy (TEM)
((Tecnai G2, FEI Company, Hillsboro, OR, USA) with a voltage of 100 kV was used
to observe the cross-section of PVDF/TiO2 NFs embedded in acrylic resin and cut into
ultrathin sheets with an Ultrotome V (LKB-Produkter AB, Bromma, Sweden)
ultramicrotome. The TiO; thickness of different PVDF/TiO, NFs CNMs was measured
from 50 random sheaths in TEM images by Image J software. The crystalline phase of
PVDF/TiO, NFs CNMs was obtained by X-ray diffraction (XRD) (Bruker D8 Advance,
Bruker Italia, Milan, Italy) using an X’ Pert PRO diffractometer with radiation (Cu, Ko,
50 kV, 40 mA). The TiO fraction in CNMs was evaluated by Thermogravimetric
analysis (TGA) (Q600, TA instruments, New Castle, DE, USA) at 700 °C in the air
atmosphere at a heating rate of 20 °C min™!. The crystallinity of PVDF in PVDF/TiO>
NFs CNMs was analyzed by differential scanning calorimetry (DSC) (Q200, TA
instruments, New Castle, DE, USA) from 40 °C to 250 °C at a rate of 10 °C/min in a

nitrogen atmosphere.

6.2.4 Photocatalytic experiment

The photocatalytic performance of PVDF/TiO2 CNMs was investigated by the
degradation of phenol. PVDF/TiO, CNM with the same area (20 cm?) was immersed
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in 150 mL phenol aqueous solution with a concentration of 13 mg L. The
photocatalytic activities were carried out under UV-A irradiation and air bubbles. Other

photocatalytic details were the same as in Chapter 5.2.4.

6.3 Results and discussion

6.3.1 Fabrication and characteristics of PVDF/TiO:-A core/shell

CNMs

To prepare a PVDF membrane with a high piezoelectric property via
electrospinning, a solvent with a high dipole moment and appropriate electrospinning
parameters obtained from Chapter 3 were applied here. TDMAT and H>O in steam were
selected as the precursors for Ti and O sources for the reaction because TDMAT is a
non-toxic and non-corrosive precursor of TiO2, and HO is a simple oxidant.!>!® To
avoid thermal damage to PVDF, a relatively low temperature, 90 °C, was applied as the

t!7, the growth per

deposition temperature. According to the previous ALD experimen
cycle (GPC) for TiO> deposition under the same parameters was 0.068 nm/cycle, which
was obtained by measuring the coating thickness using X-ray reflectivity on Si wafer
substrates. To find out the effect of TiO> thickness on the photocatalysis of PVDF/TiO2
CNMs, TiO2 layers with three thickness were obtained through 1300, 631, and 298 ALD
cycles.

The white PVDF membrane turned brown after ALD, and the brown color of
PVDF/TiO-A CNM deepened with the increase of cycle number, reflecting the
deposition of TiO, layer and the increase of TiO» thickness. SEM images of
PVDF/Ti0,-A-298, -613, and -1300 CNMs in Figure 6.1 showed that the NFs after
deposition had a continuous and smooth morphology. The TiO; layer formed on the

surface of PVDF core was speculated from the cracks on the NFs because of the fragile

feature of TiOx.
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Figure 6.1 SEM images of PVDF/TiOz2-A CNMs prepared via (a) 298, (b) 613, and (c)
1300 ALD cycles.

To confirm the core/shell structure of NFs and to obtain the thickness of the TiO>
layer, TEM images of the cross-section of PVDF/TiO2-A CNMs were carried out. From
TEM images in Figure 6.2(a-c), uniform black circles (TiO2 deposit layers) covered
gray rounds (PVDF NFs), which was strong evidence of the core/shell structure. After
298, 613, and 1300 ALD cycles, the thickness of TiO> deposit on PVDF core were
(25.99 £ 3.7) nm, (58.45 = 7.7) nm, and (98.25 + 9.3) nm, respectively, measured by
Image J software. The actual thicknesses of TiO2 deposit were different from the
expected values (around 90 nm, 45 nm, and 20 nm), calculated by multiplying the cycle
number by the GPC value for this deposition process, which was due to the different

thickness measurement methods and various substrates.!”
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Figure 6.2 TEM images and TiO:z thickness distribution histograms of PVDF/TiOz-A
CNMs prepared via (a and d) 298, (b and e) 613, and (c and f) 1300 ALD cycles.
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The TiO2 contents in PVDF/TiO2-A CNMs were obtained from TGA results in
Figure 6.3: 14.0%, 36.3%, and 62.5% after 298, 623, and 1300 cycles, respectively.
Besides, the weight of CNMs after PVDF degradation kept steady at (550800) °C,
which meant that no impurity existed in the CNMs. Both the TiO» thickness and the

TiO2 weight of CNMs, recorded in Table 6.1, were proportional to the ALD cycle
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Figure 6.3 TGA curves of PVDF/TiOz2-A CNMs with three ALD cycles.

Table 6.1 Information on the PVDF/TiO2-A CNMs.

Sample names ALD cycles TiO; thickness (nm) TiO; weight (%)
PVDF/Ti0,-A-298 298 25.99 +3.7 14.0
PVDF/TiO,-A-613 613 5845+7.7 36.3

PVDF/TiO,-A-1300 1300 98.25+93 62.5

6.3.2 Crystallization and characteristics of PVDF/TiO:-C

core/shell CNMs

Due to the relatively low deposition temperature, the formed TiO> sheath was in
amorphous phase, which had no photocatalytic ability. Annealing treatment was applied

to the PVDF/Ti0;-A CNMs to crystallize TiO:. In the beginning, regular annealing on
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PVDEF/TiO2-C CNM-1 was performed in a furnace at 120 °C for 48 h, but its XRD
pattern, as shown in Figure 6.4, was the same as that of PVDF/TiO2-A CNM. While the
PVDEF/TiO,-C CNM-2 was hydrothermally annealed in an autoclave, heated in a
microwave oven at 120 °C for 2 h, and a small peak corresponding to the anatase phase
appeared in its XRD pattern. Two results meant that hydrothermal annealing was
helpful in crystallizing TiO; in this work. To achieve higher TiO> crystallization, higher
temperatures (140 °C and 160 °C) and longer heating times (2 h and 4 h) were applied
to PVDF/TiO2-A CNMs. The morphology and TiO; content of PVDF/TiO2-C CNMs
after annealing were analyzed, and no obvious change was observed.

The XRD patterns of initial PVDF/TiO2-A-1300 CNM and PVDEF/TiO,-C-1300
CNMs with different annealing parameters are shown in Figure 6.4. The XRD pattern
of PVDF/TiO2-A-1300 mainly consisted of a diffraction peak at 26=20.6°,
corresponding to the B phase (110) plane of PVDF (JCPDS card: 42-1650), and a hump
between 23-35°, which related to the amorphous TiO». After hydrothermal annealing at
140 °C or 160 °C for 2 h or 4 h, the diffraction peaks of TiO, became sharp and the
PVDF peak appeared weak. The diffraction peaks located at 20 values of 25.3°, 37.9°,
48.0°, 54.0°, 55.0°, and 62.7° were assigned to the (101), (004), (200), (105), (211), and
(204) planes of the anatase TiO2 (JCPDS card: 21-1271), separately. A weak diffraction
peak at 20=30.9° should correspond to the (121) plane of the brookite TiO> (JCPDS
card: 29-1360), and the strongest peak ((120) plane) of the brookite phase was not seen
because it should be at around 25.4°, which coincided with the strongest peak of the
anatase phase at 25.3°. Ignoring the effect of the brookite (120) plane because of the
low brookite fraction, the average crystallite size on the anatase (101) plane of
PVDEF/Ti0,-C-1300 CNMs was calculated via the Scherrer equation. The results were
reported in Table 6.2, which showed that the crystallite size increased with the increase
in treatment temperature and/or time. Besides, according to the reference intensity ratio
(RIR) value of anatase and brookite phases, the anatase/brookite phase fractions of TiO2
should be (94.0%/6.0%) + few amorphas after the annealing at 140 °C for 2 h,
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93.0%/7.0% after the annealing at 140 °C for 4 h, 85.5%/14.5% after the annealing at
160 °C for 2 h, and 92.0%/8.0% after the annealing at 160 °C for 4 h, as summarized
in Table 6.2.

PVDF/TiO,-C-1300

Annealing(120°C-48 h)

|

Hydrothermal annealing (120°C-2 h)

Hydrothermal annealing (140°C-2 h
. A A
Hydrothermal annealing (140°C-4 h

D W

Hydrothermal annealing (160°C-2 h

At

Hydrothermal annealing (160°C-4 h)

|

L ,L A M A A .

Anatase (PDF#21-127|2)
Brookite (PDF#29-136})
.ﬁ II 1 Illlllll 1 Il llll 1 llll I i INTTITH] 1|lu T 11
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2 theta (deg)

Figure 6.4 XRD patterns of the initial PVDF/TiOz-C-1300 CNM, the annealed
PVDEFE/Ti02-A-1300 CNMs, and corresponding PDF standard patterns.

128



Table 6.2 Information of the initial PVDF/TiOz-C-1300 CNM and annealed

PVDF/TiO2-A CNMs.
. Daory  TiO; crystalline Enthalpy of Crystallinity
Sample names Annealing )
(nm) phase fusion (J g") (%)
PVDF/Ti0,-A-1300 / amour. 15.33 39.04
PVDF/Ti0,-1300-1 Al 120°C, 48 h amour. 17.1 43.55
) amour. + few
PVDF/Ti0,-1300-2 HAZ 120°C,2h 17.54 44.67
anatase
(94.0% anatase +
PVDF/TiO,-1300-3 HA, 140°C,2h  19.0  6.0% brookite) + 17.66 44.98
few amour.
. 93.0% anatase +
PVDF/TiO,-1300-4 HA, 140°C,6h  20.9 ) 17.03 43.37
7.0% brookite
) 85.5% anatase
PVDF/TiO,-1300-5 HA, 160°C,2h  21.1 ) 12.42 31.63
+14.5% brookite
) 92.0% anatase
PVDF/TiO,-1300-6 HA, 160°C,4h  23.2 11.06 28.17

+8.0% brookite

1: Conventional annealing in a furnace; 2: Hydrothermal annealing in an autoclave

heated by a microwave oven.

The PVDF melting situation of CNMs was learned from their DSC curves, and the

PVDF crystallinity was calculated according to the Equation below:

X =—
‘ AHy -

X 100%

where AH is the melting enthalpy of CNMs obtained from the DSC curve, AH,,

is the melting enthalpy of PVDF with 100% crystallinity, 104.7 J g”!, and ¢ is the

PVDF weight fraction, 37.5%, obtained from the TGA result.

The melting enthalpy and crystallinity of CNMs were reported in Table 6.2. After

annealing at 120 °C and 140 °C, the PVDF crystallinity in CNMs increased because
annealing is beneficial for crystal growth. Whereas, after annealing at 160 °C, the
crystallinity of PVDF in CNMs decreased, implying partial melting of PVDEF. Hence,
in terms of crystallinity and phase fraction, the optimal annealing parameters for

PVDEF/Ti0O;-A CNMs should be hydrothermal annealing at 140 °C for 4 h.
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6.3.3 Photocatalytic activity

Phenol photocatalytic activities under UV and air flow at 2 NL/min (UV+F2) on
CNMs with the same area (20 cm?) were performed and the results were shown in
Figure 6.5(a and b). Nearly 10% phenol was degraded when the PVDF/Ti02-A CNMs
were applied as catalysts, which was a similar phenol degradation amount under
UV+F2 in blank group without any photocatalyst (as shown in Figure 7.1(a)). It showed
as expected that the amorphous TiO: has no photocatalytic efficiency. After
hydrothermal annealing at 140 °C for 4 h, the PVDF/Ti0,-C CNMs, even with different
membrane weights and TiO» fractions, exhibited similar photocatalytic behaviors, with
approximately 50% phenol being degraded. It meant that no matter the thickness of the
TiO; layer on PVDF NFs, only the outer surface of TiO; layer can participate in phenol
degradation. The degraded phenol per gram of TiO: as a function of reaction time was
plotted in Figure 6.5(c). PVDF/Ti102-298-4 CNM exhibited the best phenol degradation
efficiency per TiOz due to the thinnest TiO: layer. Therefore, in order to reduce the
material and cost as well as maximize the utilization of TiO», it is better to produce the

PVDEF/Ti02 CNM with a TiO; layer as thin as possible on the surface of PVDF NFs.
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Figure 6.5 Photodegradation profiles of phenol for (a) PVDF/TiO2-A CNMs and (b)
PVDFE/TiO2-C CNMs (hydrothermal annealing at 140 °C for 4 h) under UV+F2, (c)
the degraded phenol per TiO: as a function of reaction time.

Compared with PVDF/TiO2-A CNMs, phenol degradation was enhanced by 40%
in the presence of PVDF/Ti0,-C CNMs. The relatively weak phenol degradation should
be due to the limited photocatalytic efficiency of the synthesized TiO: layer after
hydrothermal annealing at 140 °C for 4 h, which was the optimal annealing parameters
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to crystallize TiO; and to avoid PVDF damage, instead of to obtain TiO> with good
photocatalytic efficiency. In addition, the degraded phenol per TiO2 of PVDF/Ti0,-298-
4 CNM was similar to that of PVDF/TiO> CNM prepared via coaxial electrospinning
(as shown in Figure 5.7(c)), so only 40% enhancement on phenol degradation here
should also be related to the limited amount of photocatalytic membrane.
Photocatalytic activity under UV+F2 of the PVDF/Ti0,-298-4 CNM was carried
out three times, as shown in Figure 6.6. The degraded phenol after the first, second, and
third cycle was 55.38%, 55.03%, and 53.65%, and phenol degradation was reduced by
1.73% after three repeated uses. Hence, the PVDF/TiO; core/shell CNM prepared via

ALD presented a stable photocatalytic efficiency.

1.0 4= 3rd

0.8 - \
0.6 \
-1.73%

55.38‘%- 55.03% 53.65%

C/Cy

0.4

Time (min)
Figure 6.6 C/Co of PVDF/Ti02-298-4 CNM as a function of regular interval for three
cycles of phenol degradation. (Black numbers and color numbers presented the
degraded phenol and the catalyst deactivation of each cycle compared to the first

cycle)
6.4 Conclusion

In this chapter, PVDF/TiO; core/shell CNMs with excellent morphology were
prepared by ALD based on PVDF nanofibers and following hydrothermal treatment.
The homogeneous and thickness-controllable TiO» layers were deposited on the surface
of PVDF nanofibers in a dense and porous electrospun nanofiber membrane. Therefore,

ALD is an ideal technique to prepare core/shell nanofibers. In addition, the PVDF/Ti0;
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core/shell CNMs after proper hydrothermal treatment had an effective and stable
photocatalytic efficiency, degrading 40% phenol under the effect of annealed

PVDF/TiO; core/shell CNM.

132



References

(1) Shan, A.Y.; Ghazi, T. 1. M.; Rashid, S. A. Immobilisation of titanium dioxide
onto supporting materials in heterogeneous photocatalysis: A review. Applied Catalysis
A: General 2010, 389, 1-8.

(2) Singh, S.; Mahalingam, H.; Singh, P. K. Polymer-supported titanium dioxide
photocatalysts for environmental remediation: A review. Applied Catalysis A: General
2013, 462-463, 178-195.

(3) Deb, H.; Xiao, S.; Morshed, M. N.; Al Azad, S. Immobilization of cationic
titanium dioxide (TiO2") on electrospun nanofibrous mat: synthesis, characterization,
and potential environmental application. Fibers and Polymers 2018, 19, 1715-1725.

(4) Hou, C.; Jiao, T.; Xing, R.; Chen, Y.; Zhou, J.; Zhang, L. Preparation of TiO>
nanoparticles modified electrospun nanocomposite membranes toward efficient dye
degradation for wastewater treatment. Journal of the Taiwan Institute of Chemical
Engineers 2017, 78, 118-126.

(5) Neubert, S.; Pliszka, D.; Thavasi, V.; Wintermantel, E.; Ramakrishna, S.
Conductive electrospun PANi-PEO/TiO> fibrous membrane for photo catalysis.
Materials Science and Engineering: B 2011, 176, 640-646.

(6) George, S. M. Atomic layer deposition: an overview. Chem Rev 2010, 110,
111-131.

(7) Shin, S.; Ham, G.; Jeon, H.; Park, J.; Jang, W.; Jeon, H. Atomic layer
deposition: overview and applications. Korean Journal of Materials Research 2013,
23, 405-422.

(8) Peng, Q.; Sun, X.-Y.; Spagnola, J. C.; Hyde, G. K.; Spontak, R. J.; Parsons, G.
N. Atomic layer deposition on electrospun polymer fibers as a direct route to Al2O;
microtubes with precise wall thickness control. Nano letters 2007, 7, 719-722.

(9) Du, Q.; Wu, J.; Yang, H. Pt@ Nb-TiO2 catalyst membranes fabricated by
electrospinning and atomic layer deposition. ACS Catalysis 2014, 4, 144-151.

(10)Kim, S. K.; Hoffmann-Eifert, S.; Reiners, M.; Waser, R. Relation between
enhancement in growth and thickness-dependent crystallization in ALD TiO thin
films. Journal of The Electrochemical Society 2010, 158, D6.

(11)Liang, X.; Li, N.-H.; Weimer, A. W. Template-directed synthesis of porous
alumina particles with precise wall thickness control via atomic layer deposition.
Microporous and mesoporous materials 2012, 149, 106-110.

(12)Nam, T.; Kim, J. M.; Kim, M. K.; Kim, H.; Kim, W. H. Low-temperature
atomic layer deposition of TiO2, Al2O3, and ZnO thin films. Journal of the Korean
Physical Society 2011, 59, 452-457.

(13)Groner, M.; Fabreguette, F.; Elam, J.; George, S. Low-temperature Al,O;
atomic layer deposition. Chemistry of materials 2004, 16, 639-645.

133



(14)Jurca, T.; Moody, M. J.; Henning, A.; Emery, J. D.; Wang, B.; Tan, J. M.;
Lohr, T. L.; Lauhon, L. J.; Marks, T. J. Low-temperature atomic layer deposition of
MoS; films. Angewandte Chemie International Edition 2017, 56, 4991-4995.

(15)Xie, Q.; Musschoot, J.; Deduytsche, D.; Van Meirhaeghe, R. L.; Detavernier,
C.; Van den Berghe, S.; Jiang, Y.-L.; Ru, G.-P.; Li, B.-Z.; Qu, X.-P. Growth kinetics
and crystallization behavior of TiO; films prepared by plasma enhanced atomic layer
deposition. Journal of The Electrochemical Society 2008, 155, H688.

(16)Katamreddy, R.; Omarjee, V.; Feist, B.; Dussarrat, C. Ti source precursors for
atomic layer deposition of TiO2, STO and BST. ECS Transactions 2008, 16, 113.

(17)Hassan, M.; Borgese, L.; Montesanti, G.; Bemporad, E.; Cesarini, G.; Voti, R.
L.; Depero, L. E. Atomic layer deposition of semiconductor oxides on electric sail
tethers. Thin Solid Films 2017, 621, 195-201.

134



Chapter VII Piezoelectric field enhanced
photocatalytic efficiency of PVDF/TiO;

core/shell nanofibrous membrane

Abstract:

Three approaches were applied to prepare polyvinylidene fluoride
(PVDF)/titanium dioxide (TiOz) core/shell composite nanofibrous membranes (CNMs),
as described in previous chapters. Here, comparisons of PVDF/TiO, CNMs via three
approaches were given from the aspects of preparation, morphology, and properties.
Additionally, the PVDF/TiO, CNM prepared via coaxial electrospinning was applied
as piezo-photocatalyst for phenol degradation. The high flow rate of air bubbles
enhanced the photocatalytic efficiency of PVDF/TiO>, CNM under UV irradiation,
which was less obvious on PAN/TiO> CNM, P25 NPs, and PVDF membrane. When
continuous air bubbles in solution flowed and burst, inducing strains on CNM, the
piezoelectric field generated on PVDF nanofibers provided a driving force for the
photogenerated charge carriers in TiO2 to move to opposite positions, thus improving
the photocatalytic efficiency. It is the first time that the effect of the piezoelectric field
on photocatalytic activity was investigated on the PVDF/TiO> core/shell CNM.

Keywords: piezo-photocatalysis, core-shell composite nanofibrous membrane,

coaxial electrospinning, wastewater treatment.
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7.1 Introduction

Many strategies, such as morphology altering, heterojunction formation, doping,
and noble metal depositing, have been investigated to enhance the efficiency of
photocatalysts, as introduced in Chapter 1.1.1. Piezo-photocatalysis, introducing the
piezoelectric effect into photocatalysis, is an emerging and promising strategy to

improve catalytic efficiency.!”

Mechanical energy on piezoelectric materials can be converted into electric energy,
a phenomenon known as the piezoelectric effect. There are two pathways to improve
photocatalytic efficiency with the help of piezoelectric effect. In integrated piezo-
photocatalysts, the piezo-potential acts as a built-in field to facilitate the movement of
charge carriers and suppress the recombination of charge carriers in the bulk. Enhanced
photocatalytic activity via piezoelectric effect has been demonstrated on integrated
piezo-photocatalysts in different works, such as ZnO nanowires*/nanorods*, NaNbOs’,
WS, monolayer’. In hybrid piezo-photocatalysts, the piezo-polarization on
piezoelectric material facilitates the movement of charge carriers and suppresses the
recombination of electron-hole pairs in the photocatalysts. Furthermore, the piezo-
potential causes band bending on the interface of hybrid piezo-photocatalysts, which
increases the redox potential. Hybrid piezo-photocatalysts based on inorganic piezo-
ceramics (such as CuS/ZnO nanocomposites’, ZnO@TiO, core-shell NFs®, and
ZnO/BaTiOs heterostructure’) and organic piezo-polymers (such as Sn3O4/PVDF
hybrid film'® and PVDF-TiO: film'") have been extensively investigated in piezo-
photocatalysis, and the piezoelectric field has a contribution to photocatalytic efficiency.
Another feature that needs to be mentioned is that the piezoelectric field is a dynamic
electric field under oscillating external vibrations on piezoelectric materials, so it is not
screened by free carriers as easily as a static electric field. More detailed introduction
on piezo-photocatalysis has been introduced in Chapter 1.3. Therefore, the
establishment of piezo-potential through the piezoelectric effect is an ideal strategy for

photocatalytic activities.
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Despite having low piezoelectric constants, piezoelectric polymers exhibit
significant strain under low stress due to the low mechanical quality factor and can be
recovered and reused.'®!® Therefore, hybrid piezo-photocatalysts based on piezo-
polymers are becoming promising and effective in the piezo-photocatalytic field. The
form of polymer in hybrid photocatalysts has evolved from flat films to microfibrous
membranes to nanofibrous membranes with increased surface area and ease of
deformation. Notably, for most hybrid piezo-polymer photocatalysts, the photocatalysts
are distributed inside the polymer films or fibers, which prevents most photocatalysts
from participating in photocatalysis.

Therefore, the core-shell nanofiber membrane, which distributes the
photocatalysts outside of nanofiber, is a pursuit of piezo-polymer photocatalysts here.
Three approaches for fabricating PVDF/TiO; core/shell CNMs were proposed: (I)
hydrothermal synthesis combined with electrospinning, in Chapter 4; (II) coaxial
electrospinning, in Chapter 5; (III) ALD and hydrothermal annealing combined with
electrospinning, in Chapter 6. Comparisons of three PVDF-TiO> CNMs are given
below:

1) From the perspective of preparation complexity and cost: Approach (II) <
Method (I) << Approach (IIl). Approach (II) is a one-step preparation,
hydrothermal synthesis in Approach (I) is a common laboratory technique,
while ALD in Approach (III), as a novel and precise deposition technique, it is
a more expensive solution.

2) From the perspective of the final morphology: Approach (III) >> Approach
(II) > Approach (I). Undoubtedly, ALD in Approach (III) is an ideal technique
to deposit a uniform, conformal, and thickness-controlled TiO> layer on the
dense porous electrospun PVDF membrane. Whereas by the hydrothermal
synthesis in Approach (I), a uniform TiO; layer was formed on the surface of
PVDF NFs near the outer side of the electrospun membrane, and the thickness

of TiO, decreased with the depth of NFs position in the membrane. For
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Approach (I), TiO; layer was on the surface of PVDF NF regardless of its
position in the membrane.

3) From the photocatalytic activities of PVDF-TiO, NFs: Approach (II) >
Approach (IIT) > Approach (I). Within the experimental time of two hours, the
PVDF-TiO2 CNM prepared by Approach (II) was able to completely degrade
a 13 mg/L phenol solution, while the CNM obtained by Approach (III) and
Approach (I) degraded around 50% phenol and 90% MO in solution,
respectively. PVDF-TiO, CNM-3 (prepared by Approach (II)) and
PVDF/Ti0;-298-4 CNM (prepared by Approach (III)) exhibited similar value
on degraded phenol per TiO, around 10° mol/mg.

Here, the PVDF/TiO: core/shell CNM prepared by coaxial electrospinning was
considered as the photocatalytic membrane for phenol degradation in order to study the
effects of piezo-potential on the photocatalytic efficiency. In addition, PAN/TiO> CNM
with the same core/shell structure was prepared by coaxial electrospinning using PAN
without piezoelectric property as a control group. Then the active species in this piezo-
photocatalytic system were evaluated through scavenger experiments.

To the best of the authors’ knowledge, it is the first time that the effect of
piezoelectric field on the photocatalytic activity was investigated on the PVDF/TiO»
core/shell CNM. From a broader perspective, this work provides an efficient flexible
composite membrane with great capability in converting flowing water energy into
piezoelectric potential and improving photocatalytic activity to meet a practical
challenge, treating pollutants in the ocean or river with the help of natural resources

(solar energy, water wave).
7.2 Experimental section

7.2.1 Materials

PVDF (KYNAR 500) was purchased from Arkema. PAN, titanium dioxide (TiO>),
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acetone (ACE), dimethyl sulfoxide (DMSO), phenol, methanol, benzoquinone (BQ),
ethylenediaminetetraacetic acid (EDTA), and AgNO; were purchased from Sigma
Aldrich. All reagents were used as received without any further treatment. Deionized

water was used throughout the whole experiment.

7.2.2 Preparation of core/shell CNMs

1 g of PVDF powder was added to 6 g solvent mixture of DMSO and ACE with a
weight ratio of 2:1 and stirred overnight at room temperature to prepare a 15 wt% PVDF
solution. A 5 wt% PAN solution was prepared by dissolving 0.5 g PAN powder in a 10
g solvent mixture of DMSO and ACE (2:1 by weight) and stirring overnight. TiO: in
DMSO suspension with a concentration of 7% was sonicated for 1 h before use.

PVDF/TiO; core/shell CNM or PAN/TiO; core/shell CNM were prepared by
applying PVDF or PAN solution as a core feed source and TiO> suspension as a shell
feed source in coaxial -electrospinning. The feed rates of core and shell
solution/suspension were both 0.5 mL/h. The work voltage and distance here were 12
kV and 15 cm.

The membranes were shacked in water for 15 min and repeated 3 times to remove

unfixed TiO2 NPs from the membrane.

7.2.3 Photocatalytic experiment

The catalytic activity under UV irradiation was monitored by photodegradation of
phenol in aquatic solution. The photocatalysts (100 mg PVDF/TiO2 CNM, 5 mg P25,
100 mg neat-PVDF mat, and 100 mg PAN/TiO> CNM) were added into a 150 mL
phenol aqueous solution with a concentration of 13 mg L', The air bubble was supplied
by air flow from the bottom of the reactor, and the flow rate altered the deformation of

the membrane. Other operation details remained consistent with Chapter 5.2.4.
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7.2.4 Scavenger experiment

Scavenger experiments were performed to find out the active species involved in
photocatalysis. Methanol, BQ, EDTA, and AgNO3s were added to the photocatalytic
system (kept all the same details as described above) with an initial concentration of 5
mM as scavengers for hydroxyl radical ((OH), superoxide radicals (03), holes (h") and

electrons (), respectively.

7.3 Results and discussion

7.3.1 Characterization

PVDF, a typic piezo-polymer, and PAN, with on piezoelectric effect and poor
mechanical properties, were obtained core/shell nanofibers via coaxial electrospinning.
PVDF/TiO; CNM or PAN/TiO2 CNM with the same core/shell structure were prepared
to investigate the piezo-potential effect on photocatalytic activity, eliminating the
influence of the structure.

The SEM images of PVDF/TiO2 CNM and PAN/TiO2, CNM were shown in Figure
7.1, from which a distinct TiO> layer was observed on the surface of smooth neat-
polymer nanofibers. Besides, the actual TiO: fraction in PVDF/TiO2 CNM and
PAN/TiO2 CNM were (17.5 = 1.6) % and (63.3 = 4.5) %, respectively. The higher TiO:
fraction in PAN/TiO> CNM than PVDF/TiO> CNM should be due to the stronger

connection between PAN and TiO> as well as the lower density of PAN.

o k

Figure 7.1 SEM images of (a) PVDF/TiOz and (b) PAN/TiO2 core/shell CNMs.
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7.3.1 Piezo-photocatalytic activity

The effect of piezo-potential on the phenol degradation was studied to evaluate the
piezo-photocatalytic performance of PVDF/TiO> CNM prepared via coaxial
electrospinning. Figure 7.2 shows the photocatalytic performances of blank (no
membrane), neat-PVDF membrane, P25 NPs, PVDF/TiO, CNM, and PAN/Ti0O, CNM
under UV only, air flow at 2 NL/min (F2) only, UV and air flow at 1 NL/min (UV+F1),
as well as UV and air flow at 2 NL/min (UV+F2).

UV-induced degradation occurred in the blank groups. The photocatalytic
activities were slower under UV and air flow than under UV only, which might be due
to the effect of air bubbles blocking the UV irradiation and/or the reduction in the
reaction time related to turbulence. The degradation performances of PVDF, with no
photocatalytic behavior and a large surface area, were due to UV-induced degradation
and physical absorbance. The photocatalytic activity of PVDF under UV+F2 was
slower than that under UV+F1, which was more obvious than that of the blank groups.
The inhabitation effect of air bubbles on the photocatalytic activity in the PVDF groups
was stronger than the situation in blank groups because air flow blew the PVDF
membrane together to block the UV irradiation. Due to the large surface area of P25, 5
mg of P25 caused rapid degradation of phenol under UV and air flow, and higher air
flow had a weak contribution to phenol degradation.

PVDEF/TiO, CNM exhibited faster phenol degradation under UV+F2 than UV+F1,
which was the opposite situation in blank and PVDF groups, implying that larger air
flow enhanced the photocatalytic activity. The photocatalytic activities of the PAN/TiO2
CNM are shown in Figure 7.2(e). The performances under UV and under F2 of
PAN/TiO2 CNM were similar to those of PVDF/TiO2 CNM because of the similar
core/shell nanofiber structure. PAN/TiO2 CNM exhibited faster degradation under
UV+F2 than under UV+F1, similar to the P25 and PVDF/TiO2, CNM groups, but less

obvious compared to PVDF/TiO, CNM.
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Figure 7.1 Photocatalytic performances of (a) blank, (b) neat-PVDF membrane, (c)
P25 NPs, and (d) PVDF/TiOz CNM (e) PAN/TiOz CNM under UV only, F2 only,
UV+F1, and UV+F2.

The degraded phenol per gram of TiO: as a function of reaction time was plotted
in Figure 7.2(a). After normalizing the TiO; mass in CNMs (17.5% and 63.3% TiO:
fraction in PVDF/TiO; and PAN/TiO, CNMs, separately), a lower phenol amount was
degraded in PAN/Ti0, CNM than in PVDF/Ti02 CNM because of higher TiO> fraction
in PAN/TiO, CNM. It can be concluded that only the outer surface of TiO> layer on
core/shell nanofibers affected phenol degradation, and higher TiO> mass in CNMs or
thicker TiO; layer on the nanofibers had no more contribution to the photocatalytic

efficiency, as it was concluded from Chapter 6.3.4.
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Figure 7.2 (a) The degraded phenol per TiO: as a function of reaction time.; (b)
scatter plot and linear fit of -In(C/Co) versus reaction time (the first one hour) for
P25, PVDF/TiO2 CNM, PVDE and PAN/TiO2 CNM under UV+F1 and UV+F2.
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Figure 7.2(b) shows scatter plots and linear fits of -In(C/Cop) versus reaction time
(the first one hour) for P25, PVDF/TiO2 CNM, neat-PVDF, and PAN/TiO> CNM under
UV+F1 and UV+F2, and the slope of the fitting line was calculated as the corresponding
first-order reaction rate constant (k). Under UV+F2, the corresponding k value of P25,
PVDEF/Ti0, CNM, PVDF, and PAN/Ti02 CNM increased by 14.49%, 44.15%, -56.25%,
and 12.18% respectively, over the ones under UV+F1. This result suggested that the
piezo-potential field generated under air bubbles significantly enhanced the
photocatalytic efficiency of PVDF/TiO, CNM, which did not occur in no piezo-
photocatalytic system (PVDF, P25, and PAN/TiO, CNM).

In conclusion, the piezoelectric field was generated on PVDF NFs when
continuous air bubbles ruptured in solution and continuously induced strains on CNM,
as well as the higher piezoelectric field generated at a higher flow rate of air bubble led
to a more efficient photocatalytic efficiency of PVDF/TiO, CNM. Hence, piezo-
potential had an attribution on photocatalytic performance.

The photocatalysis and piezo-photocatalysis mechanisms of PVDF/Ti0, CNM are
shown in Figure 7.3. For photocatalysis, the electrons jump from the valence band (VB)
to the conductive band (CB) under UV irradiation, leaving holes in the VB, and then
the electrons and holes migrate to the surface of TiO> NPs for reduction and oxidation
reactions. The relatively low degradation efficiency is due to the low mobility of charge
carriers and the high recombination rate between electron and hole.

For piezo-photocatalysis, the PVDF core can generate piezoelectric potential
under the strain from the bubble reputation, which provides a driving force for the
migration of photo-generated electrons in TiO> shell to the positive piezo-potential
interface and the movement of photo-generated holes to the opposite direction. In this
case, the mobility of charge carriers is accelerated and the recombination between
electrons and holes is inhibited. Furthermore, the accumulation of electrons and holes
at different sites causes the band bending of TiO,, which can increase the redox

potential. Therefore, the photocatalytic efficiency of TiO> NPs is enhanced by the
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presence of the built-in piezoelectric field on PVDF. Another feature of piezo-
photocatalysis is that the piezoelectric field is a dynamic electric field and is not easily
screened by the free carriers as a static electric field, hence the piezo-photocatalysis is

a long-term active strategy in the photocatalytic field.

(a) Photocatalysis (b) Piezo-photocatalysis

\ PVDF/TiO, core/shell NF ~ Irradiation * Bubble burst

®clectron Ohole #Piczo-potential (positive side) = Piczo-potential (negative side)
4 - . . .
UOxidation reaction \j Reduction reaction Migration Recombination

Figure 7.3 Schematic illustration showing the (a) photocatalytic process and (b)
piezo-photocatalytic process of PVDF/TiO:z core/shell NE

7.3.2 Scavenger activity

To explore the active species for the phenol degradation in this piezo-
photocatalytic system, quenching experiments were conducted by adding scavengers
(methanol, BQ, EDTA, and AgNO:s) to the photocatalytic solution.!*!> According to the
quenching results in Figure 7.4, 37%, 59%, 26%, and 69% phenol was degraded with
the addition of methanol, BQ, EDTA, and AgNOs, which acted as the scavenger of
hydroxyl radical (OH ), superoxide radical (O3), hole (h*), and electron (¢), separately.
It meant that these common active species had a role in the piezo-photocatalytic

degradation process, as well as ‘OH and h* were the main active species.
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Figure 7.4 Scavenger experiment results during the piezo-photocatalytic
degradation of phenol over PVDF/TiO: core/shell CNM.

7.4 Conclusion

The photocatalytic efficiency of PVDF/TiOz core/shell CNM prepared by coaxial
electrospinning under UV+F2 was enhanced by 44% based on the one under UV+F1
because of the piezo-potential generated on the PVDF core. While only 14.49% and
12.18% enhancement in this situation was reached on P25 and PAN/TiO, CNM,
respectively. Furthermore, h", ‘'OH, O3, and e played a role, as the active species, in
the piezo-photocatalytic system for the degradation of phenol.

This work confirmed the piezoelectric potential generated on the piezoelectric
PVDF core by the flowable water did contribute to the photocatalytic efficiency. The
flexible composite membrane possesses a high photocatalytic ability, a sustainable
ability, and a manipulative state, and has the potential to treat pollutants in a realistic

water environment.
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Chapter VIII Conclusions

8.1 Summary

This work focused on the preparation of PVDF/TiO> composite membranes as
piezo-photocatalysts and the investigation of the effect of the piezoelectric field on
photocatalytic activity. The PVDF/TiO> core/shell composite nanofiber membrane
(CNM) was proposed here to obtain good contact between PVDF core and TiO> shell
(achieved by core/shell structure), to reach the recovery and reuse of photocatalyst
(achieved by using polymer, PVDF, as support), to maintain a large effective surface
area (achieved by means of nanofiber membrane form).

In Chapter 3, the effects of solvents and electrospinning parameters on
morphology, structure, and piezoelectric properties of PVDF nanofibrous membranes
were studied: when DMSO/ACE (2/1) with high dipole moment was used as the solvent,
PVDF electrospun membrane exhibited a higher crystallinity, B-phase fraction, and
piezoelectric output than those prepared using DMSO/THF (1/2) with a low dipole
moment. Therefore, the solvents with a high dipole moment can enhance piezoelectric
properties, while the evaporation rate and solvent conductivity of solvent can influence
nanofiber diameter. Besides, electrospinning parameters can also control nanofiber
diameter and piezoelectric properties during the electrospinning process.

In Chapter 4, PVDF-TiO; core-shell CNMs were obtained through microwave-
assisted hydrothermal synthesis of TiO> on electrospun PVDF membrane, and the
effects of hydrothermal process parameters on the structure and photocatalytic activity
were studied: a smooth TiO; outer layer uniformly covered the PVDF nanofiber core
when the precursor solution acidity was 2 M; the highest TiO> anatase fraction was
obtained at 120 °C, and the anatase crystal size and fraction were affected by treatment
time. Overall, the PVDF-TiO, CNM exhibited the best photocatalytic performance for

MO degradation when the hydrothermal parameter was 120 °C-2 h-2 M.
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In Chapter 5, PVDF/TiO2 core/shell CNMs were prepared by coaxial
electrospinning method adopting PVDF solution and P25 suspension as core and shell
feed sources. Directly using P25, a commercial TiO2 (80% anatase and 20% rutile),
achieved excellent photocatalytic activity. One-step preparation of PVDEF/TiO;
core/shell CNMs via coaxial electrospinning was simple, cost-effective, and without
damage to PVDF. Based on the blank under UV+F2, around 75% phenol was degraded
due to the existence of PVDF/TiO2; CNM.

In Chapter 6, atomic layer deposition (ALD) was applied to grow the TiO> layer
on the surface of the PVDF NF membrane, and post-treatment annealing was employed
to improve the crystal structure of TiO2. A uniform and thickness-controllable TiO:
layer was grown on electrospun PVDF NFs via ALD. The PVDF/TiO; core/shell CNMs
after hydrothermal annealing at 140 °C for 4 h, which crystallized TiO2 and avoided
PVDF damage, had 40% phenol degradation improvement based on the PVDF/TiO,
core/shell CNM before annealing. For PVDF/TiO; core/shell CNMs with different TiO-
thicknesses, they had similar photocatalytic performances.

In Chapter 7, the PVDF/Ti0: core/shell CNM prepared via coaxial electrospinning
in Chapter 6, with the easiest preparation and the best photocatalytic performance, was
applied to investigate the effect of piezo-potential on photocatalytic activity. The piezo-
photocatalytic efficiency of PVDF/TiO; core/shell CNM under UV+F2 was enhanced
by 44% based on the one under UV+FI. It confirmed the piezo-potential generated on
PVDF core under the flowable water did have a contribution to the photocatalytic
efficiency. In addition, h*, ‘'OH, O3, and ¢ played a role, as the active species, in this

piezo-photocatalytic system for the degradation of phenol.

8.2 Future perspectives

There is much room for the development of piezoelectric photocatalysis, which

are, but not limited to, considered from these perspectives:

*  Monolayer TiO> on the surface of PVDF NFs can be prepared via ALD with
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a low cycle number. What is the effect of TiO layer thickness on piezo-
photocatalysis of PVDF/TiO; core/shell CNM? With the thinner TiO> layer,
will the piezo-potential on the PVDF core have a higher contribution to
photocatalytic performance?

The mechanism of piezo-photocatalysis needs to be further elucidated and
uncovered. The piezoelectric potential in piezoelectric materials is a driving
force for facilitating the migration of charge carriers in photocatalysts. But
what is the relation between the generated potential and piezoelectrically
enhanced photocatalytic activity? Is there true band bending on
semiconductors when the piezoelectric potential exists? Can piezoelectric
materials or photocatalytic materials have any characteristics to prove the
piezo-photocatalytic effect? ...... Therefore, more efforts should be devoted
to in-situ characterizations, simulations, and theoretical calculations to reveal
more details about the piezo-photocatalytic mechanism.

Improve the energy utilization from mechanical energy to chemical energy
during piezo-photocatalysis. For the recent studies, the directions of the stress
applied on piezo-photocatalysts were random, resulting in a relatively low
piezo-potential and a weak piezo-photocatalytic effect. If the direction of
stress is similar to the polarization direction, the piezo-potential generated on
the piezo-photocatalyst can be enhanced. More strategies can be carried out
from this aspect to enhance the piezo-photocatalytic effect.

Develop practical applications of piezo-photocatalysts. The main applications
in piezo-photocatalysis are pollutant degradation and water splitting, and they
are laboratory-scale experiments. A possible practical application of piezo-
photocatalysts is water remediation, where solar provides irradiation and
water waves applies stress/stain on piezo-photocatalysts. Other applications

should be pursued to make piezo-photocatalysis a useful and practical solution.
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