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Abstract

Polymer nanocomposites, which incorporate advantages of both nanoparticles and
polymers, have received increasing attention in both academia and industry. While
inorganic nanoparticles dispersed in polymer matrices can enhance bulk properties,
modifying the surface of inorganic nanoparticles with polymers can change its surface
structure for various functional applications such as photocatalysis. In addition, the
composites provide an effective approach to overcome the bottleneck problems of
nanoparticles in practice such as separation and reuse. In this research, two
TiOs/polymer nanocomposites are prepared with the focus on simplifying the
synthesis and avoiding the use of toxic chemicals. Two different approaches, grafting
with polymer-based structures and immobilization in polymer matrix, are taken to
achieve enhanced photocatalytic activities under visible light and enhanced recycling
properties. Our findings provide insights into an economic, green, and facile route of
preparing TiO./polymer nanocomposite with enhanced photocatalytic activity for
practical applications. Key findings of this research are:

1. A facile and green method to synthesize Degraded-PVA coated TiO,
(TiO,@D-PVA) nanoparticles containing conjugated structures was prepared via
physical mixing, centrifugation, and calcination. The content of D-PVA in
TiO2@D-PVA could be controlled by the concentration of the PVA solution.
Under visible light irradiation, the TiO,@D-PVA containing approximately 5
wt% D-PVA demonstrated an optimal photocatalytic activity which is 5.5 times
higher than that of commercial P25 TiO; nanoparticles. The Ti-O-C bonds and the
conjugated structures in D-PVA could facilitate the electron transfer between
D-PVA and TiO,, thus contributing to the enhanced visible light photocatalytic
activity.

2. A polymer dots-grafted TiO,/PVA porous composite film (p-PVA/PDs-TiO;) was
synthesized through immobilizing polymer dots grafted TiO, (PDs-TiO,)
nanoparticles synthesized via a two-step hydrothermal reaction onto a PVA film
made porous via treatment of CaCOj particles introduced during solution casting
with weak acid. The photocatalytic rate of p-PVA/PDs-TiO, under sunlight is
approximately 2.74 times higher than the nonporous sample. The composite film
demonstrated excellent stability after 3 cycles of 4.5 h each of AM 1.5 G
simulated sunlight, with the rate constant decreasing by only approximately 5%.

Keywords: Titanium Dioxide, Photocatalytic Activity, Polyvinyl Alcohol (PVA),
Nanocomposite
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1. Introduction

1.1. Overview of TiO, Nanoparticles

1.1.1. Structure and property of TiO, nanoparticles

TiO,, a typical transition metal oxide nanoparticle, exhibits three commonly
known polymorphs in nature: brookite, rutile, and anatase [1]. Brookite TiO, belongs
to the orthorhombic crystal system with a unit cell composed of 8 formula units of
TiO, formed by edge-sharing TiOg octahedra. Comparatively little is known about the
properties and photoactivities of the brookite phase since it is the rarest phase to be
synthesized in the standard environment among TiO; polymorphs [2]. Rutile TiO; has
a tetragonal structure and contains 6 atoms per unit cell with a slightly distorted TiOg
octahedron. Generally speaking, the photocatalytic activity of rutile phase is relatively
poor, but it is also dependent on the conditions of preparation [3]. Anatase TiO, also
has a tetragonal structure but with a less distorted TiOs octahedron compared with
rutile phase. The anatase phase is more stable than the rutile at 0 K, but the energy
difference between these two phases is small (2 to 10 kJ/mol) [4]. Kinetically, anatase
is stable at room temperature, but at a macroscopic scale, its transformation to rutile
phase reaches a measurable speed for bulk TiO; at temperatures higher than 600 “C
[5]. Due to surface energy effects, anatase is most thermodynamically stable at sizes
less than 11 nm while brookite is most stable between 11 and 35 nm and rutile is most
stable at sizes greater than 35 nm [6,7]. The higher photoreactivity of anatase may be
attributed to a relatively lower Fermi level, a lower capacity to adsorb oxygen, and a
higher degree of hydroxylation [8]. In addition, for an anatase crystal the reactivity of
(001) facets is greater than that of (101) facets [9].

1.1.2. Synthesis of TiO, nanoparticles

The synthesis of TiO, nanoparticles can be roughly divided into liquid-phase
synthesis and gas-phase synthesis.

Liquid-phase synthesis is one of the most convenient and utilized methods of
synthesis. These methods have the advantage of controlling over the stoichiometry,
producing homogeneous materials, allowing formation of complex shapes, and
preparation of composite materials [5]. Typical examples are precipitation methods,
solvothermal methods, and sol-gel methods. Precipitation method involves the
addition of a basic solution to a precursor, usually TiCls;, TiCls or Ti(SO4),, to
precipitate the amorphous Ti(OH)s [10-12]. After separation and calcination to
crystallize the TiO,, the anatase phase is usually produced despite use of sulfate or
chloride [10-12]. Solvothermal methods feature chemical reactions in aqueous or
organic media under self-produced pressures at low temperatures (usually under 250
°C) using precursors such as TiOSO4 or TiCly [5,13—15]. The grain size, particle
morphology, crystalline phase, and surface chemistry of the TiO, can be controlled
through regulating the solution composition, reaction temperature, pressure, and etc.
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The sol-gel method involves the formation of a TiO; sol or gel or precipitation by
hydrolysis and condensation (with polymer formation) of titanium alkoxides from
titanium sources such as Ti(O-Et)s, Ti(O-iPr)4, and Ti(O-nBu)4 [16-18].

Gas phase methods are commonly used to deposit TiO, thin films as well as
nanoparticle powder. Typical gas phase methods include chemical vapor deposition,
physical vapor deposition, and spray pyrolysis deposition. Chemical vapor deposition
features chemical reactions or decomposition of a precursor, ranging from metals to
composite oxide, in the gas phase to yield the desired product [19]. Physical vapor
deposition is commonly used to create films are formed from the deposition gas-phase
TiO, [20]. Spray pyrolysis deposition is an alternate aerosol deposition technique
related to CVD but is different mainly in that an aerosol is used instead of vapor as
the precursor [21].

1.1.3. Surface modifications of TiO, nanoparticles

Through surface modification of TiO, nanoparticles, the surface activity,
photostability, and compatibility with solvents can be improved while allowing for the
addition of novel properties to the surface of the nanoparticles. Zhao et al. modified
TiO; nanoparticles with silane coupling reagents and found that the particle dispersion
stability was positively affected by an increase in particle zeta potential [22]. In
addition, the silane coupling reagent was chemically bonded onto the surface of the
TiO, nanoparticles, and the photocatalytic activity of the composite was dependent
significantly on the organosilane ratio. Lu ef al. developed a method to modify TiO,
nanoparticles through surface-grafting L-lactic acid oligomer in the presence of
stannous octanoate [23]. The grafted TiO, was evenly dispersed in the polymer matrix,
and the tensile strength and ductility of the grafted polymer were also significantly
improved compared to the non-grafted composite. Lou et al. used surface
carboxylated TiO, nanoparticles to improve the dispersity of nano-TiO, particles in
PVA and to enhance the interaction between nanofiller and matrix, and found that
through increasing surface carboxylation the tensile strength and storage modulus was
significantly increased due to the high dispersion and the crosslinking present
between PVA and carboxylated TiO, nanoparticles [24].

1.2. Photocatalytic properties of TiO, nanoparticles

1.2.1. Mechanism of photocatalysis

TiO; is an n-type semiconductor with relatively large band gaps of 3.2, 3.02, and
2.96 eV respectively for the anatase, rutile and brookite phases [1]. The valence band
of TiO; is composed of the 2p orbitals of oxygen hybridized with the 3d orbitals of
titanium, while the conduction band is only the 3d orbitals of titanium [25]. When
TiO, is exposed to near-UV light, electrons in the valence band are excited to the
conduction band leaving behind holes (h") [5]. Hydroxyl radicals are formed on the
surface of TiO, by the reaction of holes in the valence band with adsorbed H,O,
hydroxide, or surface titanol groups (-TiOH) [5]. The photogenerated electrons are
reduced enough to produce superoxide (O,”). This superoxide is an effective
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oxygenation agent that attacks neutral substrates as well as surface-adsorbed radicals
and/or radical ions [5]. In theory, the redox potential of the electron—hole pair permits
H,0, formation by either water oxidation or by reduction of the adsorbed oxygen with
two conduction band electrons [5]. After the interfacial charge transfer reactions, the
radical ions can participate in various pathways in the photomineralization process,
including reacting chemically with themselves or surface-adsorbed compounds,
recombining by back electron-transfer reactions, or diffusing from the semiconductor
surface and participate in chemical reactions in the bulk solution [5].

1.2.2. Applications of TiO, nanoparticles in water treatment

Since 1976 when Carey et al first reported the degradation of
polychlorobiphenyls under the presence of TiO,, photocatalysis with TiO2
nanoparticles has been shown useful for the degradation of wastewater pollutants [26].
Due to its low cost and high reactivity, TiO, has been widely applied for
photomineralization of various organic pollutants into non-toxic small molecules such
as CO; and H,O.

Oil derivatives are one of the most dangerous pollutants due to their ability to
migrate both in water and on land. Through coating hollow glass microbubbles with
microcrystalline TiO, and surface modification to allow for oleophilic surfaces, a rate
adequate for maintaining the surface of the water of a harbor, ship channel, coast, or
lake free of an oily sheen, or for oxidative stripping of a film from minor spillage
common in transfer of oil at terminals can be achieved [27].

Today, effluents of a large variety of industries usually contain important
quantities of synthetic organic dyes which would cause considerable non-aesthetic
pollution and serious health-risk when discharged [28]. Studies have reported that
there are more than 100,000 commercially available dyes with an estimated annual
production of over 7x10° tons of dye-stuff [29]. Epling studied the kinetics of
photocatalytic degradation of 15 types of organic dyes under visible light and found
that the rates of the pseudo first-order reaction differ significantly from families of
dyes with different functionalities [30].

From sources such as industrial effluents and agricultural runoff, numerous types
of pesticides are introduced into the water systems. A wide variety of pesticides is
nowadays introduced into water systems from various sources such as industrial
effluents, agricultural runoff, and chemical spills [5]. Because of their persistence in
the aquatic environment and potential adverse health effects, the pesticide pollution of
surface water and groundwater has been recognized as a major problem in many
countries [31]. Various literature has reported the use of TiO, to degrade various types
of pesticides, including s-trazines, organophosphates, phenylureas, and sulfonylureas
[32-35].

1.2.3. Loading of TiO; nanoparticles

In order to prevent the loss during recycling and to improve the effective specific
surface area, various researches have loaded TiO, nanoparticles onto various matrices
for more efficient utilization. In addition, through dispersion within the matrix the
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efficiency of utilizing the light source can be improved while also improving the
physical adsorption of pollutants. Thus, an ideal matrix for loading TiO, nanoparticles
should be transparent, can chemically bond with TiO, nanoparticles, have a large
specific area for effective adsorption of pollutants, and is stable under the
photocatalytic conditions in the presence of TiO, nanoparticles. In the past decades,
researchers have utilized various methods, such as sol-gel method, chemical vapor
deposition, and electrochemical deposition to load TiO, nanoparticles into various
matrices [36-38]. The loading can be achieved through physical adsorption,
electrostatic attraction, hydrogen bonding, and chemical bonding between the TiO,
nanoparticles and the desired matrix, which may be inorganic (e.g. glass, ceramic,
metal, and other adsorbents) or organic (e.g. carbon fiber, polymers) [37-43].

1.2.4. Visible light photocatalytic activity of TiO, nanoparticles

Due to its semiconductive properties, low cost, and biocompatibility, TiO,
nanoparticles have become one of the most widely utilized photocatalysts for
degradation of various pollutants. However, due to the relatively large band gap
(3.0-3.2 eV), TiO; can only absorb ultraviolet light (UV) which covers only 4% of the
solar spectrum [44]. Thus, various methods have been developed to enhance its
photocatalytic activity under visible light.

Doping TiO, with various metal ions is one of the most commonly applied
methods to engineer the visible light photocatalytic activity. Through replacing the
atoms in the TiO, lattice, a bathochromic shift, i.e., a decrease of the band gap or
introduction of intra-band gap states is introduced, which results in the increased
absorption of more visible light and thus enhance the efficiency of the photocatalytic
systems [1,5]. A huge variety of elements can be used as a dopant to improve the
reactivity of TiO,. Doping with transition metal ions provides additional energy levels
within the band gap of the semiconductive TiO, and dopants such as Fe(Ill), Mo(V),
Ru(III), Os(IIl), Re(V) and V(V) have been found to substantially enhanced the
photochemical reactivity of TiO, [45]. Nobel metals can also be used to modify TiO,
through suppressing electron-hole recombination as photoexcited electrons can be
transferred from the conduction band of TiO, to metal particles deposited on the
surface of TiO, while the holes remain in the valence band of TiO,. Noble metals
including Pt, Ag, Au, Pd, Ni, Rh, and Cu have been reported to be very effective at
enhancing photocatalysis by TiO, [46—49]. Meanwhile, other studies have developed
visible-light responsive TiO, through doping with various anions, as the mixing of the
p states of the doped anion (N, S, F, or C) with the O 2p states shifts the valence band
edge upwards and narrows the band gap energy of TiO, [50-52].

Dye sensitization is also extensively employed to enhance the efficiency of the
excitation process and expand the wavelength range of excitation for TiO,. The dye
sensitizer attached to the surface of TiO, may inject either a hole or more commonly
an electron to the TiO, nanoparticle upon photoexcitation, thus increasing the range of
wavelength response of the photocatalyst [1,5]. Through forming a dye monolayer on
the surface, the efficiency of charge injection into TiO, can be greatly enhanced [1,5].
Dyes and metal complexes that are used as sensitizers include erythrosin B, thionine,
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substituted and unsubstituted bipyridine and phthalocyanine [53—56]. Due to its low
fabrication cost, eco-friendly production and competitive efficiency, dye-sensitized
TiO; has been widely applied in photovoltaic cells and photocatalyzed water-splitting
[57-60]. Through coupling with another semiconductive nanoparticle, the
photocatalytic activity of TiO, nanoparticles can be significantly improved through
facilitating the charge separation, increasing the lifetime of charge carriers, and
enhancing interfacial charge transfer to adsorbed substrates thus extending the energy
range of photoexcitation [1,5]. Under photoexcitation, either one semiconductor or
both can be illuminated. In the first case, the coupled semiconductor serves in a
mechanism similar to as a sensitizer while in the second case both electrons and holes
transfer between the semiconductors, with electrons accumulating at the lower lying
conduction band of one semiconductor and the holes accumulating at the valence
band of the other semiconductor [5]. Various semiconductor particles, such as CdS,
Bi,S3;, WOs3, SnO,, MoOs, and Fe,O3; have been used to enhance the photocatalytic
activity of TiO, [61-64].

1.2.5. Polymer/TiO, Nanocomposites

Recently, polymers have been increasingly applied as a method of enhancing the
photocatalytic activity of TiO, nanoparticles. Two different approaches are commonly
used to modify TiO, with conjugated structures in which the photogenerated n—n*
transition allows for the transfer of excited electrons into the conduction band of TiO,,
then yielding reactive oxygenous radicals to degrade pollutants.

The first method directly grafts conjugated structures onto the TiO, nanoparticles.
While conjugated polymers and dye sensitizers are both organic semiconductors,
compare to dye sensitizers conjugated polymers is preferred in that it has a lower
solubility in water, is more stable under photocatalytic degradation, and can facilitate
the adsorption of pollutants. Zhang et al. grafted TiO, nanoparticles with a monolayer
dispersed polyaniline via a facile chemisorption approach [65]. The observed increase
in both the visible light and ultraviolet photocatalytic activity may be attributed to the
migration efficiency of photogenerated carriers on the interface of polyaniline and
TiO, [65]. Lin et al. prepared a nanometer TiO,/poly-(fluorene-co-thiophene)
photocatalyst and found that the degradation of phenol using the synthesized
photocatalyst was much higher than it was using TiO,/rhodamine B [66]. Liang et al.
prepared a polythiophene-TiO, nanotube film by a two-step electrochemical process
of anodization and electropolymerization, and the as-prepared films revealed
significant activity for 2,3-dichlorophenols degradation under visible light irradiation
and sunlight irradiation [67]. However, the application of such methods has been
limited by the relatively high cost of conjugated polymers and complex process of
polymerization.

Alternately, such conjugated structures on the surface of TiO, can be synthesized
through controlled degradation of polymer-TiO, nanocomposites. Compared to the
previous method of directly grafting conjugated polymers, this method is less
expensive and is less tedious in operation. Min et al. fused a sol-gel method to obtain
a TiOy/Polyvinyl chloride composite and obtained a TiO/conjugated polymer
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complex photocatalyst with some interaction between conjugated polymer and TiO,.
It was found that the conjugated polymer played an important role in enhancing
photocatalytic degradation of methylene blue under visible light, and the temperature
of calcination played an important role in determining the extent of conjugation and
thus photocatalytic activity [68]. Wang et al. prepared a visible light active
TiO,/degraded polyvinyl alcohol photocatalyst by means of one-pot hydrothermal
reaction between polyvinyl alcohol and Ti(OH)s [69]. The observed visible-light
photocatalytic degradation of methyl orange in first-order kinetics was attributed to
the interaction of D-PVA and TiO; [69].

1.3. Research Overview

In this research, the synthesis of TiO./polyvinyl alcohol nanocomposites is
improved with the focus on green and facile synthesis. Through modifying TiO, with
polymer the visible-light photocatalytic activity of TiO, is significantly improved,
while its recycling stability is enhanced through loading in a polymer matrix. In
addition, the synthesis of such polymer nanocomposites is designed to feature green
and nontoxic chemicals and take significantly less time and effort compared to
previous methods, which is crucial to the application of using sunlight to degrade
pollutants in a real-life scenario.

In Section 2 of this paper, polyvinyl alcohol is selected to create a TiO,@
conjugated degraded polymer core@shell nanoparticle. Through direct physical
dispersion, centrifugation, and calcination, the degraded polyvinyl alcohol layer was
chemically grafted evenly onto the TiO, nanoparticles. The thickness of the degraded
polyvinyl alcohol shell is controlled and optimized through the concentration of the
polyvinyl alcohol solution used, and the mechanism of the enhanced visible-light
photocatalytic activity is discussed.

In Section 3 of this paper, the TiO, coupled with nanosized polymer dots are
hydrothermally synthesized in-situ with polymer dot solution. The nanoparticles are
then loaded onto a transparent polyvinyl alcohol thin film that is made porous on a
microscale level through dissolving the calcium carbonate particles dispersed in the
matrix. In this way, the final nanocomposite film is not only active under visible light
and sunlight but also is stable under multiple cycles of repeated photocatalytic
degradation of dye pollutants.



2. Facile green synthesis of Degraded-PVA coated TiO,
nanoparticles with enhanced photocatalytic activity under visible

light

2.1. Introduction

Since the success of hydrogen production through titanium dioxide (TiO,)
photocatalyzed water-splitting by Fujishima and Honda in 1972, TiO; has been
widely used in the fields of air purification, sewage treatment, water splitting,
reduction of CO,, and dye sensitized solar cell because of its low cost, nontoxicity,
and long-term stability [70-74]. However, due to the relatively large band gap
(3.0-3.2 eV), TiO; can only absorb ultraviolet light (UV) which covers only 4% of the
solar spectrum [44]. Therefore, over the past decades, considerable efforts have been
directed toward the improvement of the photocatalytic efficiency of TiO, in visible
light region, including doping with various metals and nonmetals, loading with noble
metal particles, coupling with narrow bandgap semiconductors, grafting with
conjugated structures, and etc. [70,72,75,76]. In the last decade, there is a growing
interest in grafting conjugated structures onto the surface of TiO, nanoparticles since
the conjugated structures can harvest visible light and inject excited electrons into the
conduction band of TiO; [70,72,74]. Therefore, many conjugated structures, such as
graphite-like carbon [77], fullerene [78], grapheme [79], commercial dye [80], carbon
nanotubes [81], chlorophyll [82], fluorescein [83], and polypyrrole [84] have been
utilized for improving the visible light photocatalytic activity of TiO,.

Polyvinyl alcohol (PVA) is widely used in the fields of fiber, dispersant, glue and
film because of its cheapness and nontoxicity. Under high temperature, PVA can form
conjugated structures through elimination of adjacent side groups [70,72,74,85].
Therefore, there have been several attempts to graft conjugated structures onto the
surface of TiO, by using PVA. Wang et al. [69] prepared Ti(OH)4 precursor from
titanyl sulfate and sodium hydroxide, and synthesized TiO./D-PVA microscale
particles via hydrothermal treatment of Ti(OH)4 and PVA solution. They found that
PVA could dehydrate to produce conjugated unsaturated D-PVA and TiO,/D-PVA
exhibited high visible light photocatalytic activity. Lei et al. [72] developed a
Conjugation-grafted-TiO, with high photocatalytic activity under visible light. PVA
was first coated onto the commercial P25 TiO;, nanoparticles via phase separation
with ethanol, a nonsolvent of PVA. The products were separated, washed, and then
calcinated to yield conjugated structures. Using the similar method based on phase
separation and calcination, Filippo et al. [74] synthesized TiO,/PVA hybrid
nanoparticles which demonstrated an improved photocatalytic activity under visible
light irradiation. Guo et al. [85] also prepared a conjugated-grafted-TiO, nanohybrid
by grafting conjugated structures on the surface of nanotube titanic acid
precursor-based TiO, through phase separation and thermal degradation of PVA. By
calcinating TiO, sol and thermally treated PVA solution on glass substrates, Yang et
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al. [86] prepared a PVA/Ti0, composite film with visible-light photocatalytic activity.
Li et al [70] synthesized Polymer dots (PDs) by hydrothermal treatment of PVA, and
PDs-TiO; nanohybrids were prepared by hydrothermal treatment of PDs and Ti(SO4)s.
They found that PDs-TiO, demonstrated excellent photocatalytic activity under
visible light irradiation. These researchers found that the interfacial Ti-O-C bonds and
the conjugated structures can act as the pathways to quickly transfer the excited
electrons between conjugated structures and TiO,, therefore contribute to the
excellent photocatalytic activity [69,70,72,74,85].

However, the methods used for grafting PVA-based conjugated structures onto
the surface of TiO, nanoparticles in previous studies usually involve several tedious
treatment steps and large amounts of organic solvents [69,70,72,74,85,86]. Therefore,
developing a facile, rapid, and green method to synthesis TiO»/conjugated structures
composite photocatalysts with visible light response remains highly desirable in terms
of their large-scale applications.

In this research, a facile and green method to synthesize Degraded-PVA coated
TiO, (TiO,@D-PVA) nanoparticles containing conjugated structures was prepared.
This method avoided using organic solvent and successfully coated D-PVA onto the
surface of TiO; just via physical mixing, centrifugal and calcination. The morphology,
structure, and photocatalytic properties of TiO,@D-PVA were investigated in detail
and a possible mechanism of the improved photocatalytic activity was proposed.

2.2. Experimental

2.2.1. Materials

Polyvinyl alcohol (PVA, average polymerization degree of 1750 + 50) was
purchased from Beijing Yili Fine Chemical Co., China. TiO, (P25, 20% rutile and
80% anatase) with a mean diameter of 21 nm was provided by Evonik Industries,
Germany. Methyl orange (MO), used as the model pollutant, was manufactured by
Zhejiang Yongjia Fine Chemical Plant, China. All chemicals were used without
further purification.

2.2.2. Synthesis of TiO,@D-PVA

3 g P25 was mixed with 150 mL 1 wt% PVA solution in a 250 mL beaker under
continuously stirring for 0.5 h. Then, the suspension was centrifuged at 10, 000 rpm
for 5 minutes. The deposit was calcinated at 220 °C for 2 h. After grinding, a brown
product was got and named TiO,@D-PVA-1. The excess PVA solution could be
recovered and reused.

To investigate the effect of the D-PVA content on the photocatalytic activity of
TiO,@D-PVA, reactions with different content of PVA solution have been done by
the same method. The products were labeled as TiO,@D-PVA-x, where x is the
concentration of PVA solution (x=0.5, 1, 2, 4). The weight loss of PVA was about
15.2% after calcinated at 220 °C for 2 h, indicating that about 37.1% hydroxyl groups
in PVA were removed to form C=C bonds.
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2.2.3. Characterization

The morphology of the TiO,@D-PVA was characterized by a transmission
electron microscope (TEM, HT7700, Hitachi) and a field emission scanning electron
microscope (SEM, SU8020, Hitachi) equipped with an Energy diffusive X-Ray
elemental analysis (EDX). Thermal gravimetric analysis (TGA) was carried out using
Perkin-Elmer Pyris 1 under air atmosphere with air flow of 40 mL/min. About 3 mg
sample was heated up to 700 °C at a heating rate of 20 °C/min. Fourier transform
infrared (FT-IR) spectra were recorded on a Thermo Nicolet 6700 spectrophotometer
equipped with an attenuated total reflectance device (Smart Orbit), the resolution of
the spectra was 4 cm ', and scans were repeated 32 times. Photoluminescence (PL)
measurements were performed at room temperature with a F-4500 fluorescence
spectrometer (Hitachi). The UV-Vis Diffuse Reflectance spectra were recorded with a
UV-Vis spectrophotometer (UV-2600, Shimadzu).

2.2.4. Photocatalytic Degradation

The photocatalytic degradation activity of the synthesized TiO,@D-PVA was
evaluated via the degradation rate of MO solution of 15 mg/L. 40 mL of the MO
solution was mixed with the sample containing 20 mg TiO; in a 50 mL container.
Prior to visible light irradiation, the sample was ultrasonically dispersed and was
placed in dark under magnetic stirring for 1 h to achieve adsorption-desorption
equilibrium. The light source was a 500 W halogen lamp equipped with an ultraviolet
cut off filter (A > 420 nm), the average visible light intensity measured with a
radiometer was 130£10 mW/cm®. The lamp was put in a cylindrical glass vessel with
a recycling water glass jacket to make sure that the mixed solution was kept at room
temperature. At regular time intervals, 5 mL suspension was filtered via a 0.22 um
syringe filter and the solution was examined by measuring the absorption at 465 nm
using an UV-Vis spectrophotometer. MO degradation efficiency was calculated by
the ratio of concentration (Cy/Cy, C;, and Cy can be calculated by the absorbance
intensity).

2.3. Results and Discussion

2.3.1. Characterization of TiO>@D-PVA nanoparticles
Y

(g

| R N |
1.00um 8SU8020 15.0kV 9.1mm x50.0k SE(TUL)

Fig. 1 SEM images of P25 (a) and TiO,@D-PVA-1(b)
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Fig. 2 EDX images of TiO,@D-PVA-1

In order to investigate the morphology of TiO>@D-PVA-1 nanoparticles, SEM
was employed. As shown in Fig. 1(a), it can be seen that the P25 nanoparticles have a
size of approximately 20 nm, which is in good agreement with previous literature
[72,74]. Despite the TiO,@D-PVA-1 in Fig. 1(b) has physical aggregation, it can be
observed that the TiO>@D-PVA-1 nanoparticles demonstrate a similar size around 20
nm, which implies that the D-PVA modification does not demonstrate a significant
impact on the particle size of TiO, nanoparticles. EDX spectrum was taken to confirm
the coating of D-PVA onto the surface of TiO, nanoparticles via the distribution of
the C, O, and Ti elements [40]. As shown in the Fig. 2, a good correlation between the
occurrence of C element with the occurrence of Ti and O elements can be observed.
In addition, the distribution of C, O, and Ti elements are in good agreement with the
distribution of the TiO,@D-PVA-1 nanoparticles on the background. Thus, it can be
concluded that the D-PVA is evenly coated onto the surface of P25 TiO,
nanoparticles.
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Fig. 3 TEM and HR-TEM images of P25 (a, b) and TiO,@D-PVA-1 (c, d)

TEM was used to further investigate the morphological differences between
TiO,@D-PVA and P25. The surface of P25 is smooth and sharply defined with a size
of about 20 nm in Fig. 3(a), a lattice spacing of 0.35 nm corresponding to the (101)
crystal plane of anatase TiO, can be observed in the Fig. 3(b) [40,70]. However, for
the TiO,@D-PVA, a rugged D-PVA coating that is distributed evenly on the surface
of TiO; can be observed in Fig. 3(c). The HR-TEM image in Fig. 3(d) shows that the
thickness of the D-PVA coating is about 1.7 nm, which is in agreement with the
optimal carbon layer thickness of 1-2 nm suggested by previous literature [77].
Furthermore, a similar 0.35 nm lattice spacing corresponding to the (101) crystal
plane of anatase TiO; can also be observed in the TiO,@D-PVA, this demonstrates
that the D-PVA coating does not affect the crystal structure of the internal P25 TiO,
nanoparticles [40,70].
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Fig. 4 (a) The full-scale XPS spectrum of TiO,@D-PVA-1, High resolution XPS
spectra of Cls(b), Ols(c), and Ti2p(d).

In order to further illustrate the interaction of D-PVA and P25, XPS was
performed on the TiO>@D-PVA. As shown in Fig. 4(a), the full-scale XPS spectrum
shows the existence of Ti, O, and C in the TiO,@D-PVA, which is in good agreement
with the result of the EDX spectrum. The deconvoluted Cls XPS spectrum of the
TiO,@D-PVA is presented in Fig. 4(b). The peaks at 284.9 eV, 286.7 eV, and 288.9
eV are attributed to the carbon atoms in C-C/C=C, C-O, and O=C-O bonds
respectively [70,72,86,87]. Therefore, it can be confirmed that conjugated D-PVA
structures are present in the TiO,@D-PVA, which is well consistent with the TEM
results. The Ols XPS spectrum are shown in Fig. 4(c), the peaks at 530.3 eV, 531.0
eV, and 533.2 eV are attributed to the oxygen atoms in Ti-O, C=0O, and C-O
respectively, further confirming the D-PVA coating in TiO,@D-PVA [70,72,86,87].
The peaks at 459.1 eV and 464.8 eV in Ti2p XPS spectrum in Fig. 4(d) are attributed
to the typical peaks of Ti2ps, and Ti2pi,, which indicates that the procedure of
coating D-PVA does not affect the structure of the P25 TiO, nanoparticles
[70,72,86,87].
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Fig. 5 (a) FT-IR spectra of P25 and TiO,@D-PVA-1 (b) TGA of TiO,@D-PVA
samples

As shown in Fig. 5(a), FT-IR was employed to further confirm the structure of
TiO,@D-PVA-1. For P25, only one peak at 1643 cm™ is observed and this peak is
attributed to the bending vibration of the O-H bonds from the physically adsorbed
water and surface hydroxyl groups [70].In contrast, several new peaks at 1706 cm™,
1610 cm™, and 1415 cm™ are observed on TiO.@D-PVA-1. These peaks are
attributed to the C=O stretching, conjugated C=C stretching, and CH, bending
vibration in the D-PVA structures [70,72]. In particular, a relatively weak peak at
1271 cm™ is observed and is attributed to the C-O-Ti bonds vibration, thus confirming
a successful chemical bonding of D-PVA coating with the P25 TiO, nanoparticles
respectively [70,72,74]. In addition, TGA was used to evaluate the actual content of
D-PVA in TiO,@D-PVA samples. As shown in Fig. 5(b), it can be observed that the
samples prepared with different concentrations of PVA solution exhibit different
contents of D-PVA. The loading content of D-PVA in TiO,@D-PVA-0.5,
TiO,@D-PVA-1, TiO,@D-PVA-2, and TiO,@D-PVA-4 are 3.21 wt%, 4.61 wt%,
548 wt%, and 9.69 wt%, respectively. Thus, the D-PVA loading content in
TiO2@D-PVA can be controlled by the concentration of PVA solution.
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Fig. 6 (a) UV-Vis diffuse reflectance spectra of TiO,@D-PVA samples (inset:
photograph of TiO,@D-PVA-1 powder). (b) Plots of transformed Kubelka-Munk
function versus the energy of absorbed light.

Photoabsorption is one of the key factors affecting the photocatalytic
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performance of photocatalysts. As in Fig. 6(a), pure P25 TiO, demonstrates a
negligible absorption in the visible light region above 400 nm, while the prepared
TiO,@D-PVA samples show an obvious absorption of visible light. More specifically,
the more D-PVA in TiO,@D-PVA sample, the more visible light the sample absorbs.
The photograph of TiO,@D-PVA-1 powder demonstrates that the TiO,@D-PVA has
a brown color while the color of pure TiO; is white. In addition, as shown in Fig. 6(b),
the bandgap energies of pure TiO, and TiO,@D-PVA samples were calculated via the
transformed Kubelka-Munk functions, and it is obvious that all of the TiO,@D-PVA
samples demonstrate a lower bandgap energy compared to the 3.18 eV bandgap of
pure P25 TiO,. Similarly, the bandgap energies of the TiO,@D-PVA samples (2.68
eV, 2.62 eV, 2.53 eV, 2.45 eV) demonstrate a negative correlation with the D-PVA
loading content. Such decrease of the bandgap may lead to the enhanced
photocatalytic activity of TiO,@D-PVA under visible light irradiation.

3.2. Photocatalytic activity
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Fig. 7 (a) Photocatalytic degradation of MO by TiO,@D-PVA-1. (b) Photocatalytic
rate constant k£ of TiO,@D-PVA-1. (c) UV-vis spectra of MO photocatalyzed by
TiO,@D-PVA-1. (d) Photocatalytic rate constant k& of TiO,@D-PVA samples
prepared with different PVA concentration.

Fig. 7(a) demonstrates the photocatalytic activity of TiO,@D-PVA-1 compared
with control samples and Fig. 7(b) demonstrates the first-order fitting of the
photocatalytic reaction. It can be observed that under visible light irradiation, MO is
very stable in aqueous solution, revealing almost unchanged concentration (k = 0.002
h'). The P25 TiO, sample demonstrates a first-order reaction kinetics of MO
degradation (k = 0.019 h™"). Meanwhile, the physical mixture of TiO, and D-PVA
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(TiO»+D-PVA) demonstrates a slightly lower photocatalytic activity (k = 0.016 h™")
than that of pure P25. However, the photocatalytic rate constant & of TiO>@D-PVA-1
is 0.104 h™' which is about 5.5 times higher than that of P25 TiO,. The marked
difference between TiO,+D-PVA and TiO,@D-PVA-1 indicates that the interfacial
Ti-O-C bonds in TiO,@D-PVA-1 are beneficial to improve the photocatalytic activity.
Thus, it can be inferred that the conjugated D-PVA structures were successfully
grafted onto the surface of P25 and the electron transfer pathways were achieved
through the interfacial C-O-Ti bonds between TiO, and D-PVA [70,72]. The
photocatalytic degradation process of MO can be further confirmed as in Fig. 7(c)
where the decrease of absorption at 465 nm is visible. The main reason behind the
observed blueshift of the maximum absorption wavelength is due to the reactive
oxygen radicals (e.g. ‘O,, -OOH, -OH) in the bulk solution attack principally at the
aromatic ring and end groups (sulfonic group and methyl) [88]. It is reported that the
final degradation products of MO are NO3, SO, CO,, H,O, et al. [70].

To further explore the photocatalytic activity of TiO,@D-PVA, the effect of
grafting amount of D-PVA was investigated. As in Fig. 7(d), the grafting amount of
D-PVA in the present system can largely affect the MO degradation efficiency. After
the grafting of TiO, with D-PVA, the photocatalytic rate constant increases gradually
with the increase of D-PVA content. The highest photocatalytic rate constant was
observed for TiO>@D-PVA-1. The photocatalytic activity of P25, TiO,@D-PVA-0.5,
TiO,@D-PVA-1, TiO,@D-PVA-2, and TiO,@D-PVA-4 is 0.019 h™", 0.090 h™', 0.104
h', 0.064 h™', and 0.055 h™', respectively. However, further increasing the grafting
amount of D-PVA results in the gradual decrease of the photocatalytic rate constant,
which is probably due to the opacity and light scattering of the D-PVA decreasing the
absorption of light by TiO,, and the reduced photocatalytic active sites[76,85,89].

3.3. Mechanism of improved photocatalytic activity

D-PVA
LUMO :
Visible B O
Light BNy ——C .

O
VB

Scheme 1 Schematic representation of possible charge separation and transfer
mechanism of TiO,@D-PVA under visible light irradiation.

Based on our experimental results and previous literatures, the photocatalytic
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activity mechanism of TiO,@D-PVA can be represented by Scheme 1. TiO; has a
relatively large bandgap of 3.0-3.2 eV, and it cannot absorb visible light [44]. Under
high temperature, PVA can form conjugated structures and Ti-O-C bonds through
elimination of adjacent hydroxyl groups. The conjugated D-PVA structures can
harvest visible light and inject excited electrons into the conduction band (CB) of
TiO, via Ti-O-C and C=C bonds [69,70,72,74]. Then, the injected electrons
subsequently migrate to the edge of TiO, and react with the oxygen adsorbed on the
surface of TiO, to generate reactive oxygen species. The subsequent oxidative and
reductive reactions lead to the degradation of the organic pollutants [69,70,72,74].
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Fig. 8 PL Spectra of P25 and TiO,@D-PVA

In order to confirm the mechanism stated above, the charge separation and
transfer between the TiO, and D-PVA was further examined. PL emission spectra is a
widely used method for the examination of the recombination rate of electron-hole
pairs in semiconductors particles where a lower intensity indicates a lower
recombination rate [70,81,90]. As in Fig. 8, the peak observed at 394 nm can be
attributed to the bandgap transition in anatase TiO, and the peak at 469 nm can be
attributed to the transition of oxygen vacancies trapped electrons [70,91,92]. It can be
observed that the PL intensity of the synthesized TiO,@D-PVA demonstrated a
significant decrease compared to pure P25 TiO,, which indicates that the
recombination of photogenerated electron-hole pairs has been effectively inhibited via
the charge transfer between D-PVA coating and TiO; nanoparticles. Thus, the above
photocatalytic mechanism of TiO>@D-PVA is confirmed.

2.4. Conclusion

In summary, a facile and green method to synthesize Degraded-PVA coated TiO,
(TiO,@D-PVA) nanoparticles containing conjugated structures was prepared. The
TiO,@D-PVA samples were prepared via physical mixing, centrifugation and
calcination, and the actual contents of D-PVA in TiO,@D-PVA samples
demonstrated a positive correlation with the concentration of the PVA solution used.
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The photocatalytic degradation activity of the synthesized TiO,@D-PVA was
evaluated by using MO as the model pollutant. The photocatalytic rate constant of
TiO,@D-PVA-1 is about 5.5 times higher than that of P25. The conjugated D-PVA
structures can harvest visible light, thus enabling the visible-light photocalytic activity
of TiO,. The interfacial Ti-O-C bonds and the conjugated structures in TiO,@D-PVA
can act as the pathway to quickly transfer the excited electrons between D-PVA and
TiO,, therefore contributing to the increased photocatalytic activity. This facile and
green synthesis method of TiO,@D-PVA may open up a new avenue for fabricating
high performance visible light photocatalyst and thus facilitating their practical
applications.
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3. Facile, green, low-cost, and recyclable polymer dots-grafted TiO,/
PVA porous composite film for rapid visible light catalyzed

degradation of dye pollutants

3.1. Introduction

Today, effluents of a large variety of industries usually contain important
quantities of synthetic organic dyes which would cause considerable non-aesthetic
pollution and serious health-risk when discharged [28]. The majority of the dye
pollutants are complex aromatic compounds with large structural diversity that
provides a high degree of chemical, biological and photocatalytic stability and
breakdown resistance with time, exposure to sunlight, microorganisms, water, and
common cleaning agents [28]. Since conventional wastewater treatment plants cannot
degrade the majority of these pollutants, powerful methods for the decontamination of
dyes wastewaters have received increasing attention over the past decade [74].
Therefore, a large number of semiconductors have been found to be able to
photocatalyze the degradation of various organic contaminants [90,93-96]. Among a
large range of possible choices, TiO, has been one of the most promising
photocatalysts as a clean advanced oxidation technology (AOT) due to its low cost,
nontoxicity and long-term stability [71]. However, the main barrier to the effective
utilization of its photocatalytic activity is that because of the relatively large bandgap
energy of 3.0 to 3.2 eV (anatase), it can only absorb UV-A light under the wavelength
of 400 nm, which only takes up less than 4% of the energy from natural sunlight [44].
Therefore, over the past decades, considerable efforts have been directed toward the
improvement of the photocatalytic efficiency of TiO, in the visible light region
[70,72,75,76].

Among these methods, grafting the TiO, nanoparticles with semiconductive
carbon dots has been proved to be a method with great potential for practical
application [70]. As a new type of carbon materials, carbon dots have attracted
tremendous attention due to their tuneable photoluminescent (PL) properties, low
toxicity, hydrophilic nature, good biocompatibility and excellent photo-stability [97].
Generally, these carbon dots are synthesized through cutting carbonic precursors, such
as graphene, graphene oxide, and carbon fiber, into the smaller pieces by chemical
oxidation, hydrothermal or solvothermal treatment under harsh conditions which need
to use sulfuric acid, nitric acid or other strong oxidizers [97]. These methods usually
involve not only high cost and complex fabrication process for the raw materials and
complicated post-processing, but also cause potential safety risks and environmental
pollution because of the use of strong concentrated acids and the potential generation
of toxic gas during the synthesis [97]. Thus, Polymer Dots (PDs), a new class of
carbon dots, has been fabricated via a one-step hydrothermal treatment of
non-conjugated linear polymers [98]. The PDs consisted of a partial carbonized core
wrapped by noncrystalline polymer chains and both parts contributed to the

21



fluorescent characteristics of the PDs [98]. Thus, PDs made from PolyVinyl Alcohol
(PVA) has been successfully grafted on in-situ hydrothermally synthesized TiO,
nanopartcles by Li ef al. in a simple two-step method.[70] The synthesized PDs-TiO,
nanoparticles demonstrated an excellent photocatalytic activity under visible and
UV-Vis light and exhibited good recycling stability [70].

Yet another factor that limits the effective practical application of TiO; is the
difficulty of separation and recycling of the nanoparticles photocatalysts, which may
involve tedious and time-consuming steps like filtration or centrifugation [99]. In
order to achieve both high photocatalytic performances and easy recover capability,
previous researches have immobilized TiO, nanoparticles on multiple porous solid
structures [40,100-102]. However, most of these substrates are opaque themselves
and thus lowers the photocatalytic activity, so a multiple of transparent polymers have
been utilized as substrates for loading TiO, nanoparticles [103]. As a water-soluble
polymer, Polyvinyl alcohol (PVA) is widely used in the fields of fiber, dispersant,
glue, and film because of its cheapness and nontoxicity [70]. Thus, it is widely used as
functional membranes with high transparency for loading of TiO, photocatalysts
[103].

In order to realize the visible-light photocatalytic activity of PVA-TiO, composite
films, previous researches have utilized several different methods. Liu et al. have
synthesized a transparent PVA/TiO, nanocomposite film with trifluoroacetic
acid-treated titania xerogel.[103] The film demonstrated an enhanced photocatalytic
activity under visible light and good recycling stability.[103] Song ef al. synthesized a
heat-treated PVA/TiO, composite film(H-PVA/TiO,) on a glass slide via combining
sol-gel method and heat treatment.[104] The TiO, sol was mixed with PVA solution,
coated on a glass slide, and finally heat-treated under nitrogen atmosphere.[104] The
resulting product demonstrated an effective visible-light photocatalytic activity. [104]
By calcinating the film on glass substrates obtained from TiO, sol and initially
thermally treated PVA solution, Yang et al. prepared a Calcinated PVA/TiO;
composite film with visible-light photocatalytic activity.[86]

However, previous methods used for synthesizing PVA/TiO, composite films
with visible-light photocatalytic activities in previous studies usually involve several
tedious treatment steps with hazardous chemicals while the resulting non-porous film
suffers from lower surface area and thus relatively limited photocatalytic activity
[86,103,104]. Thus, a facile, low-cost, and green method to synthesize a PVA/TiO,
composite film with visible-light photocatalytic activity and good recycling stability is
of great value with respect to practical application. In this project , we hope to
develop a polymer dots-grafted TiO,/PVA porous composite film (p-PVA/PDs-TiO,)
with visible-light photocatalytic activity and stable recycling properties such that it
may be applied in practical use for pollutant degradation in the environment via
harvesting energy from sunlight.

3.2. Experimental

3.2.1. Materials
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Polyvinyl alcohol (PVA, My ~250,000, DS=0.9) was purchased from Acros
Organics. Calcium Carbonate (CaCOs, 98%, Heavy Powder FCC) was purchased
from Spectrum Chemical MFG Corp. Hydrochloric acid (HCI, 1 wt%) was purchased
from Flinn. Scientific. TiO, (P25, 20% rutile and 80% anatase) with a mean diameter
of 21 nm was provided by Evonik Industries, Germany. Methyl orange (MO), used as
the model pollutant, was manufactured by Zhejiang Yongjia Fine Chemical Plant,
China. All chemicals were used without further purification.

3.2.2. Synthesis of PDs-TiO;

4 g PVA was mixed with 396 mL deionized water in a 500 mL round flask under
continuously stirring for 3 h at 95 °C, the obtained PVA solution was colorless and
transparent. Then 70 g of the PVA solution was transferred to a 100 mL Teflon
autoclave. After reaction at 200 °C for 7 h, the reactor was cooled down to room
temperature naturally. PDs solution and 2 g Ti(SO4), was mixed with 56 g deionized
water in a 100 mL Teflon autoclave, and 2 g sulfuric acid was added dropwise into
the autoclave under continuously stirring. The mixture was kept stirring for 30 min at
room temperature to obtain a transparent solution. After reaction at 200 °C for 7 h, the
autoclave was cooled down to room temperature naturally. The resulting PDs-TiO,
nanohybrids were collected by centrifugation and then washed with deionized water
until no SO4**was detected by 0.5 mol/L BaCl, solution. Finally the nanohybrids were
dried under vacuum at 100 °C overnight.

PDs PDs-TiO, p-PVA/PDs-TiO,
Hydrothermal & Hydrothermal ) The@al
\ Treatment 26 Treatment PVA Solution Crosslink
) R > \ D |
Dehydration §2 P2 b In-Situ TiO, Dispersed Acid
Carbonization g i Synthesis CaCO; Treatment

Scheme 2. General procedure for the synthesis of p-PVA/PDs-TiO,

3.2.3. Synthesis of p-PVA/PDs-TiO,

The general procedure for the synthesis of p-PVA/PDs-TiO, is outlined as in
Scheme 2.15 g of PVA is mixed with 185 mL of DI water and is mechanically stirred
for 1h (300 rpm). The solution is then heated to 95 °C for 3 h and a 7.5 wt% solution
is obtained. PDs-TiO, nanoparticles containing 150 mg of TiO, are ultrasonically
dispersed for 2 minutes in 7.5 mL of DI water. 20 g of 7.5 wt% PVA solution is then
added to the solution and the solution is stirred for 15 min. 0.75 g of CaCOj is mixed
with 5 mL of DI water, dispersed ultrasonically, and then added to the PVA-TiO,
solution. The solution is then stirred for 30 min to obtain the PVA/PDs-TiO,/CaCOs
solution. The PVA-Ti0,-CaCOs solution is then spread onto a glass panel into a film
with thickness of 1 mm. After the film has dried under room temperature, it is
heat-treated at 130 °C for 3 h to yield the cross-linked PVA/PDs-TiO,/CaCO; film.
The film is then transferred to 300 mL of 1 wt% HCI solution and is immersed for 30
min. The film is then washed for 6 times with DI water and is marked as the porous
PVA/PDs-TiO; film (p-PVA/PDs-TiO,).
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3.2.4. Characterization

The morphology of the PVA/TiO; and p-PVA/ TiO, is characterized by ascanning
electron microscope (SEM, SU8020, Hitachi) respectively. Thermogravimetric
Analysis (TGA) of the p-PVA/PDs-TiO, and PDs-TiO; is conducted on a
Thermogravimetric ~ Analyzer  (TGA, TGAS8000,  Perkin-Elmer).  The
Fourier-Transform Infrared Spectroscopy (FTIR/ATR, Nicolet iS5 with iD7 ATR
module, Thermo Scientific) are of the PDs-TiO, and p-PVA/PDs-TiO, also
conducted. Photoluminescence (PL) of PDs-TiO, measurements were performed at
room temperature with a Shimadzu RF-6000 fluorescence spectrometer.

3.2.5. Photocatalytic Degradation

The photocatalytic activity of the synthesized PDs-TiO, awas evaluated via the
degradation rate of MO solution of 15 mg/L. 20 mL of the MO solution was mixed
with the sample containing 40 mg TiO; in a 30 mL container. Prior to visible light
irradiation, the sample was ultrasonically dispersed and was placed in dark under
magnetic stirring for 1 h to achieve adsorption-desorption equilibrium. The light
source was a 300 W halogen lamp (SF-300C, ScienceTech Inc.) equipped with an
ultraviolet cut off filter (A> 400 nm). The lamp was put in a cylindrical glass vessel
with a recycling water glass jacket to make sure that the mixed solution was kept at
room temperature. At regular time intervals, a 5 mL solution was examined by
measuring the absorption at 465 nm using an UV-Vis spectrophotometer (UV-2700,
Shimadzu). The process above is also repeated with a AM1.5G simulated sunlight
filter instead of a UV cutoff filter to examine the photocatalytic activity of the
p-PVA/PDs-TiO; film under sunlight spectrum. MO degradation efficiency was
calculated by the ratio of concentration (Cy/Cy, C;, and Cy can be calculated by the
absorbance intensity).

3.3. Results and Discussion

3.3.1. Characterization of PDs-TiO,
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Fig. 9. A) Photograph and B) PL Spectrum of PDs under 365 nm UV Light
Irradiation
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One unique advantage of carbon dots is their fluorescence emission property. Fig.
9A shows that the PDs aqueous solution could emit bright cyan fluorescence under
365 nm UV light irradiation at wavelength of 462 nm as shown in Fig. 9B, which is in
good agreement with previous literature [70].
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Fig. 10. A) FT-IR Spectrum and B) TGA of PDs-TiO; nanoparticles

FT-IR spectrum was used to investigate the interaction between the PDs and TiO,
nanoparticles as in Fig. 10A. For P25 TiO,, the peak at 1640 cm™ corresponding to
the physically adsorbed water and surface hydroxyl groups is observed [70].
Compared with TiO,, several new peaks appearing at 1686, 1512, and 1446 cm™ in
PDs-TiO; are attributed to C=O0 stretching, C=C stretching and CH; bending vibration
absorption respectively, suggesting that the presence of conjugated structures in the
PDs in the PDs-TiO, nanoparticles [70,72,86,104,105]. In particular, the very peak at
1256 cm™ may be ascribed to the Ti-O-C bonds vibration absorption, indicating that
PDs are chemically grafted on the surface of TiO, nanoparticles in the PDs-TiO,
[70,72,105]. TGA was used to investigate the actual loading content of PDs in
PDs-TiO,. As shown in Fig. 10B, the loading content of PDs in PDs-TiO; is about
11.27 wt% as indicated by the weight loss between about 300 °C to 500 °C while the
initial weight loss of about 1.21 wt% between 100 °C to 300 °C can be attributed to
physically adsorbed water.

3.3.2. Characterization of p-PVA/PDs-TiO,
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Fig. 11. SEM image of A) CaCOj; particles B) PVA/P25 TiO, composite film
C, D) p-PVA/P25 TiO, composite film

SEM was used to investigate the surface morphology of the p-PVA/P25 TiO,
composite film. As shown in Fig. 11A, the CaCO; used in the synthesis consists of
microscale-sized particles with size distributed approximately between 5 um to 15 pm.
In contrast to the PVA/P25 TiO, composite film which has a smooth surface as shown
in Fig. 11B, the surface of p-PVA/P25 TiO, composite film is porous as shown in Fig.
11C. The size of the pores is distributed approximately between 5 pm to 20 pum,
which is in good agreement with the size of the CaCOs; particles, proving the
microscale pores have been successfully introduced into the p-PVA/P25 TiO,
composite film through the dissolution of the CaCOs particles. In addition to the
increased in the surface area of the film, which accelerates the contact between the
dye pollutants and the nanoparticles, small white areas with the size of about 10 pm
observed in the PVA/P25 TiO, composite film is no longer observed in the
p-PVA/P25 TiO, composite film. These white areas can be attributed to the
aggregation of the TiO, nanoparticles in the PVA substrate, and through reducing the
physical aggregation, the photocatalytic activity of the p-PVA/P25 TiO, composite
film can also be improved [105].
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Fig. 12. A) FT-IR Spectrum and B) TGA of PVA/P25, PVA/PDs-TiO,, and
PVA/PDs-TiO,/CaCOs

FT-IR spectrum was also used to investigate the interaction between the
PDs-TiO; nanoparticles and the PV A substrate as in Fig. 12A. For PVA/P25 TiO; and
PVA/PDs-TiO,, the peak appearing at 1417 cm™ and 1142 cm™ is attributed to CH,
bending vibrations and the C-C stretching vibration in the crystalline regions in the
PVA substrate as the PVA chains absorb heat and rearranged formed during the heat
treatment [105]. The other peaks at 1090 cm™ and 821 cm™ are attributed to the
O-C-C bonds sand C-C bonds in the PVA substrate [105]. In addition, the absorption
peak at 1261 cm™ corresponding to the Ti-O-C bond vibration is present in both
PVA/P25 TiO; and PVA/PDs-TiO,, which indicates that the Ti-O-C bond observed
here corresponds to the Ti-O-C bond formed between the PVA substrate and the
surface hydroxyl groups of the TiO, nanoparticles, confirming that the nanoparticles
are chemically immobilized in the substrate [105]. In the FT-IR spectrum of
PVA/PDs-TiO,/CaCO:s, three very strong peaks at 1388 cm™, 870 cm™, and 709 cm™
corresponding to the vl symmetric stretching, v2 out-of-plane bending, and v4
in-plane bending vibrations of the carbonate ions in CaCOj are observed, confirming
the embedding of CaCOs particles in PVA/PDs-TiO,/CaCO3;, which are then treated
with acid to dissolve the CaCOjs particles to create the desired microscale porosity
[106]. TGA was used to investigate the actual loading content of in PDs-TiO; and
CaCOj; in PVA/PDs-Ti0O,/CaCOs composite film. As shown in Fig. 12B, pure PVA
substrate can be completely degraded at about 500 °C. In comparison, the loading
content of TiO; in the PVA/PDs-TiO; is approximately 6.09 wt%. In addition, while
the loading content of pure PVA/CaCOs; control film sample is approximately 18.80
wt%, the loading content of TiO, in PVA/PDs-TiO,/CaCO; composite film is
approximately 2.99 wt%. Taking the increased total weight due to the presence of
CaCO:s in the film into account, the two values agree well among themselves.

3.3.3. Photocatalytic Activity
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Fig. 13. A) Photocatalytic Degradation of MO by PDs-TiO, and P25 TiO, under
visible light (inset: photocatalytic rate constant k) B) Photocatalytic Degradation of
MO by PVA/PDs-TiO; and p-PVA/PDs-TiO; under AM1.5G simulated sunlight C)
UV-Vis spectra of MO Degradation catalyzed with p-PVA/PDs-TiO, (inset:
photocatalytic rate constant k) D) Recycle photocatalytic performance test of with
p-PVA/PDs-TiO; under AM1.5G simulated sunlight

Fig. 13A demonstrates the visible-light photocatalytic activity of PDs-TiO,
compared with unmodified P25 TiO, samples and the inset demonstrates the
first-order fitting of the photocatalytic reaction. It can be observed that the P25 TiO,
sample demonstrates a first-order reaction kinetics of MO degradation (k= 0.007 h™).
However, the photocatalytic rate constant k of PDs-TiO, is 0.538 h' which is about
76.9 times higher than that of P25 TiO,. The marked difference between PDs-TiO,
and P25 TiO; indicates that the interfacial Ti-O-C bonds in PDs-TiO; are essential to
improving the visible-light photocatalytic activity [70]. For practical application,
photocatalyst is always expected to be useful for a relatively long time under UV-Vis
light irradiation [70]. Thus, the photocatalytic activity and recyclability of the
p-PVA/PDs-TiO; sample was measured under AM1.5G simulated sunlight. Fig. 13B
demonstrates the photocatalytic activity of p-PVA/PDs-TiO, compared with the
nonporous PVA/PDs-TiO, under AM1.5G simulated sunlight. As shown in the inset,
the degradation also follows a first-order kinetics, with the rate constant of the porous
p-PVA/PDs-TiO, sample (k= 0.370 h™") being approximately 2.74 times of that of the
nonporous PVA/PDs-TiO, sample (k = 0.135 h™"). The photocatalytic degradation
process of MO can be further confirmed as in Fig. 13C where the decrease of
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absorption at 465 nm is visible. The main reason behind the observed blueshift of the
maximum absorption wavelength is due to the reactive oxygen radicals
(e.g. Oy, -OOH, -OH) in the bulk solution attack principally at the aromatic ring and
end groups (sulfonic group and methyl) [88]. It is reported that the final degradation
products of MO are NO;, SO;, CO,, H,O, et al. [70]. As shown Fig. 13D, the
p-PVA/PDs-TiO; sample exhibits good recycle stability under AM1.5G simulated
sunlight irradiation, with the rate constant decreasing by only 5.03%.

3.4. Conclusion

In summary, a Porous PVA Film Loaded with Polymer Dots-grafted TiO,
Nanoparticles (p-PVA/PDs-TiO,) is synthesized with a facile, green, and low-cost
method. The hydrothermally synthesized PDs are grafted on TiO, nanoparticles
in-situ via a second hydrothermal treatment. The PDs-TiO; are then mixed with PVA
and CaCOs particles for solution casting, which is then thermally crosslinked and
treated with dilute acid to dissolve the CaCOj; particles and create a porous
p-PVA/PDs-TiO,. The pore size is approximately between 5 pm to 20 um and the
loading content of PDs-TiO, is approximately 6.09 % in the final p-PVA/PDs-TiO,
composite film. The photocatalytic rate of PDs-TiO, under visible light is about 76.9
times higher than commercial TiO, nanoparticles. The photocatalytic rate of
p-PVA/PDs-TiO; under sunlight is about 2.74 times higher than the nonporous sample.
The composite film demonstrated an excellent stability after 3 cycles of 4.5 h each of
simulated sunlight, with the rate constant decreasing by only approximately 5%. This
novel p-PVA/PDs-TiO; film is a promising method to prepare polymer/TiO, hybrid
material with high photocatalytic activity under visible light for multi-cycle use,
which is of significance to the application of TiO, catalysts in wastewater treatment
industry.
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4. Summary of Results

Synthesizing polymer nanocomposites have been proved to be one of the most

promising directions for enhancing the photocatalytic performance of TiO;
nanoparticles for real-life applications. The photocatalytic activity is improved
through grafting of conjugated polymers and the recycling stability is enhanced
through loading in polymer matrices. In addition, the process of synthesizing such
composites are improved and simplified under the guidelines of green chemistry,
which is crucial for practical application and industrialization in the future. The main
accomplishments of this research are as listed below.

1.

A facile and green method to synthesize Degraded-PVA coated TiO;
(TiO,@D-PVA) nanoparticles containing conjugated structures was prepared via
physical mixing, centrifugation, and calcination. The content of D-PVA in
TiO,@D-PVA is optimized through controlling the concentration of the PVA
solution, and the optimal concentration is determined to be 5 wt%. Further
mechanism study confirms that the Ti-O-C interfacial bonds and the conjugated
structures in D-PVA could facilitate the electron transfer between D-PVA and
Ti0O,, thus contributing to the enhanced visible light photocatalytic activity.

A polymer dots-grafted TiO,/PVA porous composite film (p-PVA/PDs-TiO,) was
synthesized through immobilizing polymer dots grafted TiO, (PDs-TiO,)
nanoparticles synthesized via a two-step hydrothermal reaction onto a PVA film.
Through introducing microscale porosity by means of dissolving CaCOjs particles
introduced during solution casting, the sunlight photocatalytic activity of the
porous TiO,/PVA porous composite film is approximately 2.74 times higher than
the nonporous sample. In addition, the composite film demonstrated excellent
stability after 3 cycles of 4.5 h each of AM 1.5 G simulated sunlight, with the rate
constant decreasing by only approximately 5%.
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