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Abstract

Photocatalysis is a photoreaction of light-producing charge carriers on semiconductor
surface with the reactants. Titanium dioxide (TiO,) is found to be the most efficient
photocatalyst under ultraviolet (UV) irradiation and as such it has been most
commonly used. However, given TiO, can only be excited by UV which takes up 3-4%
of the solar spectrum, considerable efforts have been made to increase the light

activity of TiO, by broadening the responsive solar spectrum.

In this study, various novel means have been investigated to improve the
physicochemical properties of TiO, to enhance the photocatalytic activity for
environmental applications. Specifically, semiconductor heterojunctions of TiO,
coupled with other semiconductors to form composite nanostructure and TiO, mixed
crystal phases have been investigated. Besides, the composite semiconductors are
fabricated into the polycrystalline nanofibers as their photocatalytic performances are

far superior when compared to nanoparticles.

Composite photocatalysts have been developed using the synergistic effect of specific
semiconductors with the goals of harvesting visible light energy and achieving higher
photocatalytic performance by reducing both the band-gap energy and recombination
rate of the photo-generated electron/hole pairs. Two cases, TiO,/ZnO composite
nanofibers and TiO,/Zn0/Bi,03 (TZB) composite nanofibers, have been investigated

to demonstrate the approach and benefits.

Pure TiO, nanofibers and TiO,/ZnO composite nanofibers are synthesized by

electrospinning followed by calcination. The diameter of the nanofibers ranges from



70 to 130 nm for different concentrations of the precursor solutions. The
photocatalytic activities of nanofibers are studied systematically by the degradation of
Rhodamine B (RhB) under the 420 nm visible-light irradiation and the conversion of
nitrogen monoxide (NO) gas under solar irradiation. Photocatalytical activity can be
optimized by doping with an appropriate amount of Zn to achieve the highest surface

oxygen vacancy.

Compared to pure phase of TiO,, the mixed-phase TiO, materials have unique charge
transfer and recombination dynamics, and fast diffusion of charge carriers to the
surface, all of which improve the photocatalytic activity. The photocatalytic
characteristics are investigated using TiO,/ZnO nanofibers synthesized by calcinating
at different temperatures to modify the anatase-to-rutile ratio, thereby changing the
TiO; crystal structure. The trade-off effect between the electron/hole recombination
rate and the surface area of the crystals can be balanced by optimizing the
anatase-rutile ratio. Indeed, the anatase/rutile ratio (48:52) is optimized at calcination
temperature of 650 <C, whereby the TiO,/ZnO composite nanofibers have the highest
photocatalytic efficiency both in the degradation of RhB in liquid and conversion of

NO gas.

TZB composite nanofibers are synthesized to further improve the photocatalytic
efficiency. The TZB nanofibers exhibit much higher photocatalytic activity for the
oxidation of NO under simulated solar irradiation than commercial TiO, nanoparticles
and TiO,/ZnO composite nanofibers. The TZB composite nanofibers have increased
absorption in both UV and visible range when compared with TiO, nanoparticles. The
enhanced photocatalytic activity of TZB is attributed to the difference in the energy

band positions of the semiconductors, resulting in both lower band-gap energy and
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recombination rate. Moreover, the photocatalytic performances are more stable for
TZB nanofibers than the TiO, nanoparticles. In addition, a new kinetic model, taken
into account of flow retention and physiochemical Kinetics, is used to interpret the
kinetic behavior of the photocatalytic reaction. Faster kinetics (i.e. higher throughput
in the reactor) and higher conversion of NO are realized by optimizing the bismuth
concentration in the composite nanofibers. The degradation pathway of o-xylene by
TZB and the intermediate byproducts have also been investigated.This study has
demonstrated that modified nanofiber photocatalyst can improve surface oxygen
vacancy, reduce band gap, and reduce recombination rate thereby improving the
photocatalytic oxidation on both gas contaminants and organic dyes in aqueous phase.
Tests on the degradation of dye in aqueous phase, conversion of NO and degradation
of o-xylene have proven far superior performance for the composite nanofibers as
compared to the TiO, nanoparticles benchmark despite their surface-area-to-volume

ratio are similar.
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Chapter 1

Introduction

1.1 Background

Semiconductor nanostructure materials with superior physicochemical and optical
properties can be potentially employed in various diverse applications. The
semiconductors act as photocatalysts for the light-induced photochemical reactions
because of their unique electronic structure characterized by a filled valence band (VB)
and a vacant conduction band (CB). Photocatalyst can be used for water splitting and
oxidation of harmful molecules in air and aqueous phase. The prerequisite for an
efficient photocatalyst is that the redox potential for the evolution of hydrogen and
oxygen from water for the former case and for the formation of reactive oxygenated
species (hydrogen peroxide, hydroxyl, and superoxide radicals) in the latter case
should be located within the band gap of the semiconductor. Given the photocatalytic
reaction proceeds in either an air-saturated or water-rich environment, the stability of

the chosen photocatalyst under these conditions is also important.

In 1972, Fujishima and Honda (Fujishima and Honda 1972) achieved ultraviolet (UV)
light induced water cleavage using a TiO, photoanode in combination with a Pt
counter electrode immersed in an aqueous electrolytic solution. Since then, TiO,
photocatalysis has attracted significant attention because of its promising applications
in environmental remediation as well as solar energy conversion. The basic
mechanism of photocatalysis have been established and reported in the literature.

Taking TiO, as an example, the mechanism of the photocatalytic process is shown in
16



Figure 1.1.
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Figure 1.1 Primary steps in the photocatalytic mechanism (TiO,): (1) formation of
electron (e)/hole (h") pairs by photoexcitation; (II) photoinduced charge
recombination; (111) photoinduced charge transportation; (I\VV) oxidation caused by a

valence band hole; (V) reduction caused by a conduction band electron.

When the absorbed photon has an energy equal or exceed the band gap energy (Eg) of
TiO,, an electron in the filled valence band (VB) is excited into the empty conduction
band (CB), leaving behind a hole in the VB (stage I). Stage Il and stage Ill occur in
parallel, but the recombination process (stage I1) is much faster than the transportation
process (stage I11) as shown in Figure 1.1. In other words, the characteristic time for
recombination T (say 30 ns) is much faster than the characteristic time for transport
Transp (S8Y 250 ns) (Ozawa et al. 2014, Rothenberger et al. 1985). After the electrons

and holes are transferred to the active sites on the surface of TiO,, they act
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respectively as oxidizing and reducing agents to drive oxidation and reduction on the
catalyst surface (stage 1V and V). In stage IV and V, for photocatalytic degradation of
pollutants, holes of the VB can react with surface adsorbed H,O to produce hydroxyl
radicals. The hydroxyl radicals are strong oxidizing agents, which can oxidize almost
all organic pollutants with no selectivity. Moreover, the holes can also directly oxidize

the organic pollutants atom forming R".

The excitation of TiO, by photons with light energy greater than the band gap is the
primary process underlying its vast knowledge domain in photochemistry and
photoelectrochemistry. TiO; is used mainly due to its advantages: nontoxicity, water
insolubility, hydrophilicity, availability (i.e. inexpensive), stability,
anti-photocorrosion, and for its suitable flat band potential (Vs,) that can induce the
desired redox reactions without biased potential. Furthermore, TiO, can be supported
on various substrates such as glass, fibers, stainless steel, inorganic materials, sand,
and activated carbon which facilitate its continuous reuse. However, the large band
gap of TiO, (3.2 eV for anatase and brookite, 3.0 eV for rutile) requires an excitation

wavelength that falls in the UV region.

Given that less than about 5% of the solar flux incident at the earth’s surface lies in
this spectral regime (solar light consists of 5% UV, 43% visible, and 52% harvesting
infrared), utilization of natural solar light for a photocatalytic or photoelectrochemical
process can thus be enhanced by tuning the band gap response of titanium dioxide to
the visible region. Thus, designing, fabricating, and tailoring the physicochemical and
optical properties of titanium dioxide to utilize a large fraction of the solar spectrum,

or room light for the indoor applications, are indispensible.

A packed bed of nanoparticles have numerous grain boundaries for which separated
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electron-hole pairs can be easily recombine at these boundaries. On the other hand,
one-dimensional (1D) nanofibers have much reduced boundaries for which separated
electron-hole pairs may remain separated and easily transported along the nanofibers
and to the surface of the nanofibers to react with the adsorbed molecules on the
catalyst surface. The nanofibers surface morphology may contain crystalline and
inter-crystalline pores which favor adsorption which is advantageous as this is a

prelude to photocatalytic activity.

TiO, nanofibers will suffer the same drawback as TiO, nanoparticles in that the
photo-excitation is confined in the UV range, as such it would be of great interest to
explore whether composite nanofibers made from TiO, and other appropriate
semi-conductor(s) can utilize also the visible solar light spectrum. It is also of interest
to investigate the morphology and the various properties of the resulting composite

nanofibers.

Finally, the photocatalytic oxidation using both pure TiO, and composite nanofibers
on degradation and conversion of contaminant gases and organics in solution are

investigated.

1.2 Objectives of study

In this study, semiconductor composite nanofibers with high solar light response
photocatalytic efficiency are fabricated and characterized, and their potential to
degrade and mineralize both gas contaminants and organic dyes in aqueous phase are

evaluated.

The specific objectives of this study are as following,
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® Fabricate composite nanofibers and study the characteristics of different
composite nanofibers.

® Determine the optimal anatase/rutile ratio of the composite nanofibers.

® Investigate the degradation performance (including kinetics) of the composite
nanofibers on Rhodamine B (RhB).

® Investigate the photocatalytic oxidation performance of the composite nanofibers
on NO including parametric effects and kinetics for air purification.

® Investigate the photocatalytic degradation performance of the composite

nanofibers on o-xylene and the degradation pathway for air purification.

1.3 Scope of study

This thesis consists of eight chapters. The present chapter covers the background,

objectives and organization of this thesis.

Literature review is presented in Chapter 2 where background information concerning

the modification of TiO, is described in details.

Chapter 3 provides the detailed description of the experimental techniques and

measurement methodology.

Chapter 4 illustrates the fabrication of TiO,/ZnO composite nanofibers and the
characteristics of the composite nanofibers. The photocatalytic degradation
performance of the TiO,/ZnO nanofibers on Rhodamine B (RhB) for wastewater

treatment is investigated. Kinetic model of the degradation of RhB is also studied.
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Chapter 5 presents the performance and optimization of the TiO,/ZnO nanofibers in
photocatalytic oxidation of NO for air purification. The effects of different parameters
oxidation of NO, such as relative humidity, illumination area, and residence time, are

deliberated.

Chapter 6 discusses the determination of the optimal anatase/rutile ratio of the
TiO,/ZnO nanofibers and the evaluation of the photocatalytic performance on the

degradation of RhB and NO.

Chapter 7 presents the fabrication and characterization of TiO,/ZnO/Bi,O3 composite
nanofibers and the photocatalytic degradation on NO and o-xylene. A novel Kinetic
model of the NO oxidation is proposed and the degradation pathway of o-xylene is

also discussed.

In Chapter 8, provides the conclusion of this study, discusses the limitation of this

work, and recommends future direction.
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Chapter 2

Literature Review

In order to have better utilization of solar energy, TiO, is modified by various
strategies such as coupling with a narrow band gap semiconductor, metal
ion/nonmetal ion doping; co-doping with two or more foreign ions; surface
sensitization by organic dyes or metal complexes; surface fluorination; and noble
metal deposition. The foregoing suggested changes exert a substantial influence in
modifying the electronic band structure and construction of favorable surface
structure resulting in higher quantum efficiency and reaction rates for the degradation
of organic pollutants under UV/solar light illumination. Although the physics behind
the separation of space charge carriers varies with different pollutants and also on the
surface-electronic structure of the TiO,, it is unambiguously accepted that the primary
reactions responsible for positive photocatalytic effect are interfacial redox reactions

of electrons and holes that are generated from band gap excitation.

2.1 Metal ion doped titanium dioxide

2.1.1 Advantages of metal doping

Selective doping of metal ions into the crystalline titanium dioxide matrix has been
proven to be an efficient route for improving visible light photocatalytic activity with
reduced charge carrier recombination. Doping with a transition metal ion increases the

formation of Ti** ions, leading to the enhancement in the photocatalytic activity, as
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more Ti** states may cause more oxygen defects which facilitate the efficient
adsorption of oxygen on the titanium dioxide surface. The formation of O, upon
chemisorptions of oxygen requires the presence of a surface defect site, which can be
enhanced by doping using transition metal ion. Since the redox energy states of many
transition metal ions lie within the band gap states of TiO,, the substitution of metal
ions into the TiO; introduces an intra band state close to the CB or VB edge, inducing
visible light absorption at sub-band gap energies. The red shift in the band gap
absorption is attributed to the charge transfer transition between the d electrons of the

dopant and the CB (or VB) of TiOx.

Titanium dioxide doped with metals such as rare earth metals, noble metals, poor
metals, and transition metals have been widely investigated. According to previous
research, the metallic ions doped TiO, widen the light absorption range, increase the
redox potential of the photogenerated radicals, and enhance the quantum efficiency by
inhibiting the recombination of the electrons and holes photogenerated in the
conduction and valence bands, respectively. However, the nature and the
concentration of dopant, the length of the induced space charge layer, as well as
photocorrosion process change the properties at the surface of the materials and
consequently influence the photocatalytic activity. This phenomenon has been
demonstrated for example by Karakitsou and Verykios (Karakitsou and Verykios
1995). The concentration and the valence of the doping metal ions (In®", Zn®*, W®*,
Nb**, Li*, etc.) influenced the enhancement or the reduction of the photocatalytic
activity. Although there is a large amount of research (Kisch et al. 1998, Wang et al.
1999, Park et al. 2002, Wang et al. 2003a, Wang et al. 2003b, Yu et al. 2009, Singh et
al. 2011, Sakai et al. 2013) that demonstrates how metal ion doping of TiO, improves

the visible light absorption properties of the material, however, the increase of the
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visible light absorption is not a sufficient condition to promote the photoactivity of
doped TiO, (Stengl et al. 2009, Wang et al. 2014, Zhu et al. 2013, Zhang et al. 2009).
Indeed, during the implantation of metal ions, a certain amount of defects can be
created and act as recombination centers that decrease the photocatalytic activity. This

adverse effect can be avoided by re-annealing the doped TiO, (Zhang et al. 2009).

Besides, another feature of TiO, doped with metals has been discussed by Dunnils
(Dunnill et al. 2012). Doping TiO, with metals having either higher or lower
oxidation state promotes higher electrical conductivity. For instance, in the case of
doping TiO, with metallic ions having lower oxidation state (Fe** in low
concentration), the electronic neutrality is achieved by removing electrons from the
valence band (Wang et al. 2003b, Yu et al. 2009). The hopping of the electrons
creates holes in the valence band of the system and increases the electrical
conductivity (conduction p-type). By comparison, in the case of doping TiO, with
metallic ions having higher oxidation rate such as Nb>*, electronic neutrality in the
system is achieved by injection of the electrons into the empty conduction band (Hu et
al. 2014, M Ferroni 2000). These electrons that have injected into the conduction band

increase the electrical conductivity (conduction n-type).

Figure 2.1 represents a sketch of the mechanism of photocatalytic doped titanium
dioxide. The photocatalytic mechanisms of Fe-N-TiO, nanocomposites are initiated
by the absorption of the photon hv, with energy lower than the band gap of TiO, (3.2
eV for the anatase phase), and photoinduced electrons and holes can be produced on
the surface of TiO,. An electron is promoted to the conduction band (CB) while a
positive hole is formed in the valence band (VB). Excited-state electrons can reduce

the dissolved O, to produce the superoxide anion O, . Meanwhile, the
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photo-generated holes in the valence band can further react with water to generate
powerful hydroxyl radicals (OHe¢) and other oxidative radicals. Additional benefit of
the dispersion of Fe-N is the improved trapping of electrons via inhibiting
electron/hole recombination during irradiation. Decrease of charge carriers
recombination results in significantly enhanced photocatalytic activity of TiO,

nanoparticles.

Hy0; ¢— 027

!

OH*

OH*

Figure 2.1 Schematic representation of the mechanism of photocatalytic titanium
dioxide particles (TiOz: hvy, Fe-TiO,: hvy, N-TiO,: hvs, Fe-N-TiO,: hv,) (Huang et al.

2012).

A comprehensive list of metals for doping TiO, and the performance of the doped
TiO, is shown in Table 2.1. Noble metal dopants, such as Pt, Pd, Ag, and Au; rare
metal dopants, such as Ce, Gd, Nd and Ho; transition metal dopants, such as Fe;
post-transition metal dopants, such as Al, Bi, and Sn; have been widely studied. The
metal dopants can extend the light absorption of TiO; to the visible range, enhance the

separation of photogenerated charge carriers, retard the recombination rate of
25



electron-hole pairs, as well as increase the specific surface areas, all of which increase

the photocatalytic efficiency.
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Table 2.1 Selected metal dopants and performance of TiO,.

Category Doped
Test Method Conclusions References
of Dopant | Elements
(Teh and
Pt, Pd, Ag, | Phenol under UV, Visible (A>>400 | Extend the light absorption of TiO; to the visible light
Mohamed
Au nm) irradiation range
2011)
Increase the separation of photogenerated charge carriers,
4-chlorophenol under visible (Kisch et al.
" Pt improve the photocatalytic performances on the surface and
FE| irradiation 1998)
§ bulk modified photocatalyst systems
(3}
g The surface of noble metal serves as visible light absorbing (Yoon et al.
Z Pt, Au Photoelectrode properties
sensitizers and centers of charge separation 2005)
(Teh and
Increase of specific surface area, which promotes more
Ag Phenolic compounds and dyes Mohamed
reactive sites available to take part in photoreactions.
2011)
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Rhodamine 6G under a Q-Sun solar

simulator (visible light) and in Retard the recombination rate of electron—hole pair by (Seery et al.
Ag
Dublin summer sunlight (latitude | enhancing the charge carrier separation 2007)
54 N)
Ag nanoparticles deposited on TiO; act as electron traps,
Direct red 23 (DR 23) and Direct
enhance the electron—hole separation, and ensure the (Sobana et al.
Ag blue 53 (DB 53) under UV-A light
subsequent transfer of the trapped electrons to the adsorbed 2006)
irradiation
O, acting as an electron acceptor.
When the photogenerated electrons migrate to Pd**,
(Moon et al.
Pd Gas Sensor electrons and holes are spatially separated, leading to the
2010)

improvement in photocatalytic activity.
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Category of Doped
Test Method Conclusions References
Dopant Elements
1. Retard the growth of the grain size of TiO, thereby
decreasing its crystallite size (increase the specific
Phenolic compounds and dyes surface area) (Teh and Mohamed
Ce . 34~ 4+
in aqueous solutions 2. The redox pair of Ce (Ce*"/Ce™) can act as an electron 2011)
scavenger that traps the bulk electrons into TiO, and
[%2]
Ic
g leads to increase in photocatalytic activity
=
M Lowest band gap and particle size, and highest surface
o Gd Direct Blue (El-Bahy et al. 2009)
& area and pore volume
Orange Il dye in an aq. slurry | The transition of 4f electrons leads to decrease in the | (Stengl et al. 2009,
Nd, Ho under irradiation of 254, 365 | energy band gap by transfer of charge between the TiO, | Xu et al. 2009, Shi et

and 400 nm wavelength

valence/conduction band and the 4f level in rare earth ions

al. 2009)
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Category Doped
Test Method Conclusions References
of Dopant | Elements
Fe** doping TiO. prevents the agglomeration of the particles and forms
Photoelectrochemical (Wang et al.
Fe well nanocrystalline particles with high surface area, ensuring high
behaviors 2014)
photocatalytic efficiency.
[%2]
Ic
©
P
c
=
I% The one-dimensional nanostructure can enhance the transfer and transport
=
Acetone, Carbon of charge carrier. The Fe-doping induces the shift of the absorption edge (Wang et al.
Fe
dioxide into the visible-light range narrowing the band gap and reduces the 2003a)

recombination of photo-generated electrons and holes
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Category of Doped
Test Method Conclusions References
Dopant Elements
Retard TiO; phase transformation from anatase to rutile by stabilizing
Al For gas sensor (Choi et al. 2007)

the surface state of TiO; particles and inhibit grain growth

The medium UV-Vis absorption peak of mesoporous
" Al Congo Red aluminum-doped TiO; in the range 210-370 nm is the absorption (Liu et al. 2010)
Ic
§ peak of aluminum oxide nanoparticles inside the crystalline of TiO,
c
8
S Degradation
c . ..
© Enlarge the wavelength response range and intrinsically narrow the
o Bi methylene blue under (Ji et al. 2009)
§ band gap transition of the catalyst

visible light
Degradation of Inhibit the phase transformation of TiO, from anatase to rutile and (Tu et al. 20009,
Sn

Rhodamine B dye

decrease the diameter of TiO, photocatalyst

Sui et al. 2010)
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2.1.2 Drawbacks of metal doping

As discussed above, doping TiO, with metallic dopants has shown positive effects on
photocatalysis. However, several authors (Nah et al. 2010, Qiu and Burda 2007) have
reported that metal doping TiO, have also considerable drawbacks. The photocatalytic
activities of a metal doped TiO, decrease even under UV irradiation. The metal doped
materials have been shown to suffer from thermal instability, and the metals centers
act as an electron traps, which encourage the recombination of the photogenerated
electrons/holes pairs (Paola et al. 2001). It has been reported that the metallic dopant
can serve as carriers recombination centers resulting in decrease in the photocatalytic
activity (Lu et al. 2007). For instance, gallium (Ga*"), chromium (Cr*"), and

aluminum (AP

), known as acceptor centers (p-type doping agents), act as a trap for
photogenerated electrons and promote the easy recombination with the positive holes.
On the contrary, n-type doping agents such as niobium (Nb*), antimony (Sb**), and
tantalum (Ta>*), known as donor centers, act as traps for photogenerated holes,
ensuring the attraction of the electrons and thus promoting the recombination of
e /h*(Matos et al. 2007). In noble metals, the difference between the Fermi level of
noble metals and that of titanium dioxide is ascribed to the electron/hole pair
separation. Yet, once the metal centers become negatively charged, holes are attracted
to the metal centers especially for highly loaded samples (more than 5%) and the
recombination is favored. Current research supports the conclusion that the desired
TiO, band gap narrowing of TiO; can be better achieved using nonmetallic instead of

metallic dopants. (Yu et al. 2002, Li et al. 2005a, Umebayashi et al. 2002, Park et al.

2005)
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2.2 Nonmetal ion doped titanium dioxide

Various approaches have been made to retard the recombination of the
photogenerated electron—hole pairs. Doping TiO, with nonmetals such as carbon (C)
(Park et al. 2005, Huang et al. 2008, Chen and Burda 2008, Chen et al. 2007),
nitrogen (N) (Chen and Burda 2008, Chen et al. 2007, Cong et al. 2007, Sathish et al.
2005, Nakamura et al. 2004), sulfur (S) (Umebayashi et al. 2002, Chen and Burda
2008), and iodine (I) (Long et al. 2006, Tojo et al. 2008) have been a popular
approach. Compared to metal dopant, non-metal dopant as recombination centers is
minimized. Nonmetal dopants have the ability to improve the morphology and the
photocatalytic performance of TiO,, further nonmetal dopants can lower the band gap
of TiO, and shift its optical response to the visible light spectrum (huo et al. 2009,
Livraghi et al. 2009). Over the last several years, it has been demonstrated by many
researchers that TiO, doped with nonmetal elements (carbon, sulfur, fluorine, nitrogen,
etc.) show favorable performance in the visible region and higher photocatalytic
activity. The impurity states are close to the valence band edge but they do not play
the role as charge carriers (Park et al. 2005, Cong et al. 2007, Huang et al. 2006, Xie
and Zhao 2008, Li et al. 2005b, Huang et al. 2009). Among all the nonmetals, doping
TiO, with carbon or nitrogen has been found to have higher photocatalytic activity

under visible light irradiation (Huang et al. 2008, Chen and Burda 2008).
2.2.1 Carbon doping

Significant effort has been directed toward carbon doping of TiO, The substitution of
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carbon atoms in the TiO, photocatalyst introduces new states (C 2p) close to the
valence band edge of TiO, (O 2p). Accordingly, the conduction band edge shifts
downward narrowing the band gap. The incorporation of carbon into TiO, may form
carbonaceous species at the surface of the photocatalyst, which are reported to
facilitate absorption of the visible light. Furthermore, the high surface area of the
doped sample is another factor that increases the photocatalytic activity of the
C-doped TiO,. The higher surface area provides more reactive sites and promotes the
adsorption of more target pollutants. It is also reported that C-doped TiO, appears to
be much efficient to degrade trichloroacetic acid under visible light irradiation than
pure TiO, (Yang et al. 2009, Wong et al. 2008). The electron excited from these
surface states (C-doped TiO,) can form sufficient O,” and OHe radicals under visible

irradiation resulting in higher degradation and mineralization of pollutants.

2.2.2 Nitrogen doping

Doping TiO, with nonmetals, such as nitrogen, has received equal attention (Chen et
al. 2007, Cong et al. 2007, Sathish et al. 2005, Nakamura et al. 2004). The
photocatalytic proprieties of N-doped TiO, under visible light are extremely favorable
for environmental applications, for which the conventional TiO, is not used
(Nakamura et al. 2004). Doping nitrogen into titanium dioxide changes the refraction
index, hardness, electrical conductivity, elastic modulus, and the photocatalytic
activity toward visible light absorption. The nitrogen species resulting from the TiO,
doping can be either a substitutional or an interstitial N atom in the TiO, matrix. The
substitutional species are mostly localized above the valence band, whereas the
interstitial form is present at 0.73 eV above the valence band (Asahi and Morikawa
2007). Thus, to maintain the electronic neutrality and to form an oxygen vacancy,
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three oxygen atoms should be replaced by two nitrogen atoms. The schematic
illustration of the expected energy bands for N-doped TiO, (anatase) together with

some photoinduced electronic processes is shown in Figure 2.2.
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Figure 2.2 Schematic illustration of the expected energy bands for N-doped TiO,

(anatase) together with some photoinduced electronic processes. (Cong et al. 2007)

2.2.3 Co-doping

Furthermore, it has been also observed that the techniques or the preparation methods
employed for co-doping two or more nonmetal elements into TiO, (Chen et al. 2007,
Li et al. 2005b). As illustrated in Figure 2.3(Chen et al. 2007), there are several
possible mechanisms for the photocatalytic activity enhancement of C-N-TiO,
materials. One of these possible mechanisms is that the reactive electrons (e”) from the

conduction band reduce O, to its radical anion, which can further transform to H,0O,
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and OHe, resulting ultimately in the oxidation of methylene blue (MB) at last.
Another possible mechanism is that the reactive holes (h*) oxidize MB to its radical
cation either directly, or through OHe radical produced by the oxidation of ubiquitous
water. In the first process of interfacial electron transfer, the carbonaceous species (P)
formed by doped C atoms play the role of photosensitizer similar to organic dyes,
which can be excited injecting electrons into the conduction band of TiOy; this
increases the rate of electron transfer to oxygen absorbed on the TiO, surface
increases. On the other hand, the N atoms doped in TiO, can also promote this
electron transfer. It is reported that nitrogen doping not only can create intra-band-gap
states (IB) close to the valence band edges, which induces visible light absorption at
the sub-band-gap energies hv,, but also shift the position of flat-band (FB) potential
(dashed line shown in Figure 2.3) to a higher level than that of the un-doped TiO..
This concurrently increases the driving force of electron injected from carbonaceous

species and accelerates the reductive process of interfacial electron transfer.

hv1l

Figure 2.3 Tentative mechanisms for the degradation of methylene blue on the
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C-N-TiO, nanoparticles. (MB, P, IB, and FB represent the methylene blue,
carbonaceous species, intra-band-gap state, and flat-band state, respectively) (Chen et

al. 2007).

2.2.4 Sulfur and fluorine doping

In addition to nitrogen and carbon doping, sulfur and fluorine have been successfully
used for TiO, doping (Yu et al. 2002, Nanayakkara et al. 2012, Wu et al. 2011).
Fluorine atoms (1.33 A for F") can easily substitute for O atoms (1.4 A for 0%") owing
to their similar ionic radii. Fluoride ions have been detected not only at substitutional
sites in the lattice but also physically adsorbed on the surface of doped TiO;

nanoparticles (Yu et al. 2002, Xie and Zhao 2008).

By comparison, sulfur can be used as anion for doping TiO, by substituting O sites
and also as cation by replacing Ti*" in the bulk or at the surface (Umebayashi et al.
2002, Chen and Burda 2008). The substitutional doping of S into the TiO, distorts the
crystal lattice because the ionic radius of S (1.8 A) is so much greater compared to
that of O (1.4 A). The incorporation of an S3p band above the valence band edge
shifts the band gap and ensures higher photocatalytic efficiency. Furthermore,
S-doped TiO, has been formed to extend the photocatalytic activity to the visible
region and to ensure excellent photocatalytic degradation of organic pollutant under
visible irradiation. For example, higher degradation of trichloroethylene (80%) and
methyl-tertiary butyl ether (75%) have been reported when S-doped TiO, (weight of S
= 2.6 mg cm 2) has been used under daylight irradiation (1.8 mW cm?) (Hamadanian
et al. 2009). By incorporating sulfur into TiO,, the ratio of anatase and rutile can be

modified to improve the photocatalyst efficiency of doped TiO, under visible

37



irradiation.
2.2.5 Drawbacks of nonmetal doping

Despite the several advantages achieved by doping TiO;, with nonmetals, the content
of dopant decreases during the annealing process, thus reducing the photoactivity
under visible irradiation (Park et al. 2002, Teh and Mohamed 2011, Linsebigler et al.
1995). This major drawback limits the incorporation of nonmetallic elements for
doping TiO,. Other research focuses on the coupling of two semiconductors as a
means to compensate the drawbacks of doped TiO,. This approach will be discussed

in a later section.

2.3 Sensitization of Titanium dioxide with organic

compounds/inorganic metal complexes

The mechanism of photoassisted degradation of organic dyes in aqueous TiO;
dispersions under visible light irradiation (Figure 2.4B) is different from the pathway
implicated under UV light illumination (Figure 2.4A). Despite the fate of the injected
electron under visible irradiation is no different from that of CB electrons
photogenerated under UV illumination. For UV irradiation of TiO,, holes are also

generated which can produce hydroxyl and other radicals (see Figure 2.4A).
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Figure 2.4 Comparison of the photocatalytic mechanism: (A) for UV irradiation of
TiO, with the self-photosensitized pathway and (B) under visible light illumination

(Wu et al. 1998).

The dye sensitization process (Figure 2.4B) is usually referred to as indirect electron
injection, which involves multi exponential kinetics with fast components of tens of
femtoseconds (from the singlet excited state of the dye to the TiO, CB) and slow
components of several picoseconds (from the triplet excited state of the dye to the
TiO, CB). In the sensitization process, dye gets excited rather than the TiO, particles
to appropriate singlet and triplet states, and the dyes are subsequently converted to
cationic dye radical with concurrent release of electron. The electrons are
subsequently injected to the TiO, CB and react with the pre-adsorbed O, to form
oxidizing species (superoxide, hydroperoxyl, and hydroxyl radicals) resulting in
photooxidation reactions (Figure 2.4). Thus, TiO, plays an important role in
electron-transfer mediation, even though TiO, itself is not excited. The

photodegradation mechanism of dyes under visible irradiation is proposed as follows:
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dye + hv = dye* (1.2)

dye* + Ti0, - dye*t + TiO,(e) (1.2

Tio,(e) + 0, - 05 (1.3)
H* +- 05 < HO, (1.4)
*HO, +-HO, = 0, + H,0, (1.5)
-0; + e~ +2H* - H,0, (1.6)

H,0,+e~ - OH-+0H~ .7)
-dye* + 0,(- 07 or OH ) - degradation products (1.8)

Another mechanism of sensitizing TiO, by visible light is the direct charge transfer
between surface adsorbate and TiO, (Park et al. 2013). In the charge transfer
sensitization, the electron is photoexcited directly from the ground state adsorbate to
the conduction band of TiO,. The formation of the charge transfer complex on the
surface of TiO, usually accompanies the appearance of a visible light absorption band,
which is not seen in either adsorbate or TiO, alone. Surface adsorbate such as
aromatic compounds having hydroxyl or carboxyl anchoring group are the common
examples of formation of charge transfer complex on TiO; surface. The TiO,—catechol
complex is a classical example of charge transfer complex (Park et al. 2013).
According to Wang et al. (Wang et al. 2003c) the formation of a complex between
catechol and TiO, creates a broad new band centered at 390 nm, which is extended
into the visible region at 600 nm. The excitation of visible light induces the direct

transfer of electron from the organic substrates into the conduction band of TiO,. The
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application of such mechanism can be a promising alternative for the development of

visible light active photocatalysts.
2.4 Titanium dioxide coupled with other semiconductor

To overcome the thermal instability and the high recombination rate arising from the
metal and nonmetal doping, the fabrication, design, and tailoring of the semiconductor
heterojunction, instead of introducing ions into the lattice of TiO,, for achieving better
charge separation in a photo energy conversion system has received significant
research interest. The vectorial charge transfer from one semiconductor to another
with suitable band edge positions that is thermodynamically favorable can increase
the lifetime of the charge carriers thus promoting the interfacial charge transfer and
catalytic efficiency. Among these approaches, formation of semiconductor
heterostructures is an effective way to enhance the photoinduced charges separation
efficiency and the photocatalytic performance, and has been extensively studied for
the last decades. Depending on the band gaps and the electronic affinity of
semiconductors, semiconductor heterostructures can be divided into three different

cases: type-1, type-11 and type-11I band alignment as shown in Figure 2.5.

Typel Typell Typell
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Figure 2.5 Schematic energy band diagrams of three types of semiconductor

heterojunctions.
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In type I, the semiconductor 2 has a higher conduction band and a lower valance band,
electrons can transfer from the conduction band (CB) of semiconductor 2 to
semiconductor 1; while the holes cannot move from the valance band (VB) of
semiconductor 1 to semiconductor 2, instead, holes accumulate in VB1 and VB2
separately, thereby the charge transfer is discontinuous in type I. In type Ill, the
semiconductor 2 has an even higher valance band than the conduction and of
semiconductor 1. Electrons and holes recombine easily in type Il system. On the
other hand, in a type Il band alignment, the positions of both valance and conduction
bands of semiconductor 2 are higher than those of semiconductor 1, and the steps in

the conduction and valance bands go in the same direction.

Importantly, the difference of chemical potential between semiconductor 1 and 2
causes band bending at the interface of junction. The band bending induces a built-in
field, which drives the photogenerated electrons and holes to move in opposite
directions, leading to a spatial separation of the electrons and holes on different sides
of heterojunction. Thus, the formation of type Il heterostructures is an effective
approach to enhance charge separation efficiency for improved photocatalytic

degradation activity and water splitting efficiency.

The coupled system of the type ZnO/TiO, showed lower activity for the degradation
of amaranth and procion red MX-5B compared to ZnO (Wu 2004). This insignificant
inter particle electron transfer effect can be due to: (i) close proximity of the CB edge
of both TiO, and ZnO; (ii) both ZnO and TiO, are being photoactivated by UV
illumination resulting in perfunctory separation of charge carriers. In contrast,
coupling of ZnO (0.5 atom% of Zn®*) with Degussa P-25 (bicrystal of anatase and

rutile) by a wet impregnation method showed enhanced activity for the oxidation of
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NOx under UV light due to the dense hydroxyl groups on the catalyst surface and
efficient interfacial charge transfer in the tricomponent ZnO-anatase-rutile system.
The VB edge of ZnO lies above the anatase TiO, VB, and the CB edge of rutile TiO,
lies below the anatase TiO, CB. Under UV light excitation, vectorial hole transfer
takes place from the VB of anatase TiO, to ZnO (VB), while electron transfer takes
place from the CB of anatase TiO, to the rutile TiO, CB. However, a high dosage of
ZnO (0.5 atom %) is not beneficial to photocatalytic activity because the abundant

ZnO particles on the TiO, surface act as recombination centers (Wang et al. 2008).

TiO,/WO;3 is another semiconductor-semiconductor coupled system, which has been
widely used as a photocatalyst (Papp et al. 1994, C. Martm 1997, Chai et al. 2006).
The band gap of WOs3 is lower (2.8 eV), and both the upper edge of the valence band
and the lower edge of the conduction band of WOj3 are lower than those of TiO,. Thus,
WOj3 can be excited by visible light, and the photogenerated holes can be transferred
from WO3; to TiO; (Chai et al. 2006). The electron in the conduction band of TiO,
could be easily accepted by WOj3; because the standard reduction potential between
W(VI) and W(V) is only -0.03 V (He et al. 2003, Smith and Zhao 2008). The
electrons in WO3; would then be transferred to the oxygen molecules adsorbed on the
surface of TiO,. The increase of the photocatalytic activity of TiO, was confirmed by
several research groups as a result of coupling with WO; for the decomposition of
benzene, methylene blue, butyl acetate, and dichlorobenzene. Higher rates of pollutant
degradation were recorded owing to the increase of electron transfer from TiO; to
WO; via the formation of an intermediate W(V) species, together with the increased
surface acidity in the TiO,/WQOj3; couple. It has been reported by Papp (Papp et al.
1994) that the surface acidity and the protonated surface hydroxyl groups promote the

transfer of electron from the conduction band of TiO; to the adsorbed oxygen
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molecules and hence increase the photocatalytic activity. However, the TiO,/WOs;
coupling does not always enhance the photocatalytic activity of TiO, (Tada et al.
2004). Too much loading of WO3; could act as a center of charge recombination.
Furthermore, the preparation technique of coupled semiconductor TiO2/WO3 remains
a critical parameter (He et al. 2003, Pan and Lee 2006, Song et al. 2001) that

influences the band structure properties and, consequently, the photocatalytic activity.

Coupling TiO, with cadmium sulfide (CdS) is highly promising approach in the field
of research (Baker and Kamat 2009, Evans et al. 1994, Jang et al. 2007, Gao et al.
2009). Cadmium sulfide, with a narrow band gap of 2.4 eV, is one of the well-known
semiconductors. Both the conduction band and the valence band of CdS are higher
than their counterparts in TiO,. The conduction band potentials of TiO, and CdS
versus Normal Hydrogen Electrode (NHE) at pH 7 are -0.5 and 0.95 V, respectively.
Such appropriate alternation in the energy levels of the valence and conduction bands
allows CdS to act as photosensitizer to absorb visible irradiation and to generate
electrons and holes (Lee et al. 2008). Subsequently, the electrons are injected into the
conduction band of the inactivated TiO, leaving the holes behind in the valence band
of CdS. The TiO, accepts photoelectrons generated from the CdS, which could
effectively inhibits the recombination of photoelectrons and holes in CdS. Owing to
this charge separation under visible light illumination, the couple TiO,/CdS has been
widely applied to enhance the degradation of organic pollutants (Jang et al. 2007,
Daskalaki et al. 2010, Yin et al. 2001) by photocatalytic and photoelectrocatalytic

reactions.

A small amount of CdS dispersed in the TiO, matrix can absorb visible light making

the photocatalyst TiO,/CdS sensitive to visible light. Bassekhouad (Bessekhouad et al.
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2006) prepared TiO,/CdS by a sol—gel method with a CdS loading varied from 5 to
50%. Higher photocatalytic activity of TiO,/CdS containing low proportion of CdS
(from 5 to 10%) has been recorded toward the degradation of Acid Orange Il
(removal more than 50% of Acid Orange 1) under visible (less than 20% of Acid
Orange Il degradation) light irradiation (A > 400 nm) compared to pure TiO, or CdS.
This higher activity is mainly due to the electron transfer from CdS to TiO,, which
prevents the recombination of charge carriers. The same trend has been also reported
by Tristao (Tristao et al. 2006) while studying the photodegradation of organic dye
Drimaren red using the same catalyst. The photocatalytic efficiency of the couple
TiO,/CdS is highly dependent on the proportion of CdS. For instance, higher
degradation of organic dye Drimaren red (more than 95%) has been recorded when
the TiO,/CdS system containing lower amounts of CdS (only 5%). In water, organic
compounds are adsorbed on the CdS surface than the TiO,, and the suitable level
suggests that the transfer of the electrons from the dye to CdS contributes to the

degradation mechanism (Daskalaki et al. 2010, Zhu et al. 2008, Jang et al. 2008).

However, it is well-known that the photocatalytic activity is closely related to the
surface area. Thus, catalyst made into nano-scale with large specific surface is widely
used. It has been reported (Bessekhouad et al. 2005) while studying the photocatalytic
activity of Cu,O/TiO,, that the physical chemical properties and the structure of the
photocatalyst influence the performance of the process. Some other oxides, such as
ZnO(Lotus et al. 2011), Bi,O3(Balachandran and Swaminathan 2012), SnO, (Liu et al.
2006), among others, have been used in previous research for enhancing the
photoactivity of titanium dioxide. Yet, the application of these different photocatalysts
in coupling with TiO, remains limited in the photocatalytic treatment of water due to

the durability aspect.
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2.5 Mixed phase Titanium dioxide

Contradicting results are reported about the influence of phase composition on the
photocatalytic degradation of organic pollutants in both air and water. Indeed, several
findings reported that anatase works better than rutile (Arnal et al. 1996, Li et al. 2007,
Koelsch et al. 2004), while other findings reported the best results for rutile (Darwin
Castillo 2014). Much experimental evidence supports the existence of a synergistic
effect in the bicrystalline titanium dioxide containing anatase-rutile (Liu et al. 2007,
Bakardjieva et al. 2005, Gerloff et al. 2012, Pei and Leung 2013a), anatase-brookite
(Kandiel et al. 2013, Hu et al. 2003, Ozawa et al. 2005, Ardizzone et al. 2007),
rutile-brookite (Kim et al. 1996, Cassaignon et al. 2007), or tricrystalline
anatase-rutile-brookite (Li et al. 2007, Matsui and Akaogi 1991, Ranade et al. 2002)

in enhancing the photocatalytic activity.

Figure 2.6 shows a schematic illustration of the energy diagram for the heterogeneous
anatase/rutile TiO, system. It has been reported that the band gaps of anatase and
rutile TiO, are 3.2 and 3.0 eV, respectively; also, the conduction band potentials of
anatase and rutile TiO, are about -4.21 V and -4.31 V (versus vacuum at pH 7),
respectively. Therefore, the conduction band of rutile is considered to be lower level
than that of anatase. As shown in Figure 2.6, the coupling of two phases allows the
vectorial displacement of electrons from the anatase phase to the rutile phase and
retards the recombination of the electron—hole pairs in anatase (Cassaignon et al. 2007,
Ranade et al. 2002). Upon UV excitation, photo-generated electrons accumulate in the
lower-lying conduction band of rutile; whereas holes can accumulate in the valence
bands of both anatase and rutile, since the holes cannot transfer from rutile to anatase

(the valance potential of rutile is higher than that of anatase). Accumulated electrons
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in the conduction band of rutile can be transferred to oxygen adsorbed on the surface
to form O, . Accumulation of holes in the valence band of anatase and rutile leads to
the production of surface hydroxyl radicals, which are responsible for the oxidation
decomposition of acetone. As for the heterogeneous anatase/rutile TiO, system,
photo-generated electrons are effectively accumulated in the rutile phase, without
recombining with the holes in the anatase valence band, which leads to the

enhancement of the photocatalytic activity of anatase.

Interfacial electron transfer

4 e
Reduc@ 431 421

3
L=
g Conduction Band
a Rutile Anatase
g Valance Band
> 6
7]
=
%
@
=
e
-
Oxidalon)lB
Xidation -7.41 Oxidation
Surface
-8

Figure 2.6 Energy diagram for the heterogeneous anatase/rutile TiO; films.

Overall, what is missing in the literature is the use of ZnO, anatase and rutile in 1-D
nanofiber for use in photocatalytic oxidation as the 1-D nanofibers may further favor

electron transport along the nanofiber. Another missing information is how the ratio
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of anatase-rutile can affect performance of the photocatalyst. The ratio of these two
crystals in TiO, can be readily adjusted through changing the calcination temperatures.
Also in configuration, the size and morphology of the crystals that makes up the
nanofibers are important factors affecting photocatalytic process that has yet been

investigated.

This study focuses on the semiconductor composites together with the mixed phases
TiO, with relatively low band gap energy level, high charge separation efficiency and
low electron/hole recombination rate to achieve high photocatalytic efficiency.
Furthermore, the composite semiconductors are made into 1-D nanofibers to facilite
the contact probability between the photocatalyst and target pollutant and also to

increase the durability of the catalyst for use in environmental applications.

Chapter 3
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Methodology

3.1 Introduction

This chapter describes the methodology of experimental setup for the fabrication of
composite nanofibers and the photocatalytic process employed in this study. The
characterization methods of photocatalysts are also depicted in this chapter. The
sampling and analytic methods of target compounds can be found in this chapter, and
also how the generated intermediates are determined qualitatively and quantitatively

are explicated in details.
3.2 Materials and Reagents

The materials used in the experiments are listed in Table 2.1. All the chemicals were
used without further purification. The water used in the preparation of all the solutions
was 18 MQ deionized distilled water obtained from a Barnstead NANO pure water

purification system.

Table 3. 1 Experimental chemicals.
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Materials Name Manufactory  Purity
CH,
| )\CH3 Titanium isopropoxide
O—Tli—‘o Sigma Aldrich 97%
H3c—< 0 (TIP)
oM, \7/cH3
H,C
&0 Polyvinyl pyrrolidone
N SigmaAldrich  NA
/M (PVP) (MW = 360,000)
n
O
)L Acetic acid (HAC) Sigma Aldrich  =99.7%
OH
thano vance 0
- 0H Ethanol Advanced 95%
e (
2
O—Zn\ / o
Zn—~
'~ 0
°<,0/ >—Zincacetate (ZnAc) SigmaAldrich ~ =98%
/AZn—O
O0—7Zn—0 \
\ o
o\(
Bismuth(I11) nitrate
Bi(NO3)3-5H,0 Sigma Aldrich ~ =98%
pentahydrate
HaC . _CHs
ﬁ Cl@r
HsC N X O N._-CHs;
I Rhodamine B (RhB) Acros ~96%
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/N=O> Nitrogen monoxide BOC gas 98.5%

CHs Scientific Gas

CHy 0-Xylene Engineering  =99.0%

Co., Ltd.

3.3 Preparation of composite nanofibers

Electrospinning is a widely used fabrication technique for fabricating continuous,
electro-active nanofibers from a wide range of materials with diameters in the range
of several nanometers to the micrometer regime. Out of various classifications of
materials, nanofibers by electrospinning can be successfully obtained from polymers,
semiconductors, ceramics and their composites. Because of the decrease in the fiber
diameter to nanoscale, these materials show enhanced properties of high surface area
to volume ratio, porosity, flexibility, electrochemical and mechanical properties,
which make them excellent candidates for a broad range of applications such as in

energy conversion and storage devices, electronic devices and tissue engineering etc.

The basic principle behind the processing of nanofibers by electrospinning is based on
the unidirectional elongation of a spin-able viscoelastic solution by considering
various parameters involved in the process of electrospinning. Continuous nanofibers
are formed due to the electrostatic Coulombic repulsive forces applied during
elongation of the viscoelastic solution as it stretches to form a fiber. For a schematic
representation of the electrospinning set-up shown in Figure 3.1, a viscoelastic

solution is first loaded into a syringe and fed through a flow meter pump. When a high
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electric potential is applied to the spin-able solution, at a threshold voltage usually
around 6 KV, the repulsive force developed in the electro-active solution is greater
than its surface tension and a droplet, namely a Taylor cone, is formed at tip of syringe.
This droplet is further elongated because of electrostatic forces, which results in
evaporation of the solvent and formation of solidified nanofibers, which are usually
collected randomly on the grounded static/rotating mandrel collector substrates.
Although the electrospinning process is simple, because of various instabilities such
as the Rayleigh instability, an axisymmetric instability, and whipping/bending
instability, it is very complicated to control the diameter and morphology of

nanofibers for use in potential applications.
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Figure 3.1 Schematic setup for a traditional electrospinning setup.

In this study, the nozzle-less electrospinning device is applied to fabricate nanofibers.
The picture and sketch of the nozzle-less electrospinning are shown respectively in
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Figure 3.2 a and b. The electrode in form of a rotating cylinder is set at a high positive
voltage of 75 kV and the distance between the electrode and the ground collector is
adjusted to 19 cm. The electrode is partially submerged in a trough of feed solution. A
very thin film (less than 1 mm) of the solution is being continuously conveyed out of
the liquid pool by the rotation of the electrode. Under the electric field with high
intensity, the thin film coated on the rotating electrode develops into numerous
unstable “Taylor cones” wherein the liquid droplet carrying positive charge jets out of
the film toward the ground electrode. As the jet leaves the rotating electrode in form
of a fine thread, neighboring positive charges deposited on the thread repel against
each other thereby stretching the thread further to a smaller diameter fiber. This
process continues until thin nanofibers reach the ground collector. During free flight
in air, evaporation of liquid from the fiber by ventilation in the chamber further

enhances the formation of the nanofibers.
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Figure 3.2 Schematic setup for nozzle -less electrospinning setup.

The typical spinning solution was prepared by the following procedures. Based on a
sol-gel method, TIP and isometric HAc were mixed with PVP powders and ethanol
under ultrasonic mixing for 30 min. Subsequently, a portion of ZnAc and/or Bi(NO3)3
was added to the solution by sufficiently ultrasonic dispersing for 6 h to obtain a
homogeneous solution. The precursor solution is fed to the trough of the needless
electrospinning machine for producing nanofibers under present conditions. The fresh
precursor nanofibers prepared from electrospinning were kept in air for 12 h during
which the TIP components were fully transformed to TiO, due to hydrolysis. Finally,
the fibers were calcinated for 2 h in air to remove the organic fractions yielding

ultimately the composite nanofibers.
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3.4 Characterization of the prepared composite nanofibers

3.4.1 Thermal behavior

Thermo gravimetric analysis (TGA) is a method of thermal analysis in which changes
in physical and chemical properties of materials are measured as a function of
increasing temperature (under constant heating rate), or as a function of time (under
constant temperature and/or constant mass loss). TGA can provide information about
physical phenomena, such as second-order phase transition, including vaporization,
sublimation, absorption, adsorption, and desorption. Likewise, TGA can provide
information about chemical phenomena including chemisorptions, desolvation
(especially dehydration), decomposition, and solid-gas reactions (e.g., oxidation or

reduction).

The thermal decomposition behavior of precursor xerogel was examined using a
thermo gravimetric analyzer and differential scanning calorimeter (TGA-DSC)
(Netzch) under ambient pressure in the temperature range between 30 and 1000 <C at

a controlled heating rate of 10 < min™.
3.4.2 Morphology characterizations

The morphology of nanostructure was characterized by scanning electron microscopy
(SEM, JEOL Model JSM-6490) and transmission electron microscopy (TEM, JEOL
2100F). The equipments were also equipped with an energy dispersive X-ray
spectroscopy (EDS) detector to carry out the X-ray analysis for the elements in the

test samples.
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3.4.3 Crystal structure characterization

The crystal forms of the TiO, nanofiber under different calcination temperatures were
investigated by X-Ray diffraction (XRD). In this work, the XRD was performed by

Rigaku 9KW Smartlab using Cu ka(&=0.1540nm) radiation.

The crystal phases were identified from the PDF card, JCPDS card No. 21-1272 for
anatase, JCPDS card No0.21-1276 for rutile, JCPDS card N0.65-682 for zinc oxide,

and JCPDS card No. 41-1449 for bismite.

3.4.4 BET test

Specific surface area (SSA) is an important aspect in heterogeneous photocatalysis. It
is a property of materials, which is the total surface area of a material per unit mass,
solid or bulk volume, or cross-sectional area. It is a derived scientific value that can be
used to determine the type and properties of a material (e.g. soil). It is defined either
by surface area divided by mass (with units of m2kg), or surface area divided by the

volume (units of m?mor m ™).

The SSAs of nanofibers in different diameters were tested by NOVAR — 1200 Surface
Area Analyzer using N, adsorption. All samples were pre-treated at 250 <C for 5 h in

vacuum for out-gassing.

3.4.5 Spectroscopic Measurement

3.4.5.1 UV-Visible absorption and reflectance spectra

The UV-Vis diffuse reflectance spectra (DRS) were recorded on a Varian Cary 100

Scan UV-Vis system equipped with a Labsphere diffuse reflectance accessory to
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obtain the reflectance spectra of the catalysts over a range of 200-800 nm. BaSO4
(Labsphere USRS-99-010) was used as a reference in the measurement. The measured

spectra were converted from reflection to absorbance by the Kubelka—Munk equation.

For a crystalline semiconductor, the optical absorption near the band edge is

expressed by the formula

ahv = A(hv — Eg)n/z (3.1)

where a, h,v,E; and A correspond to absorption coefficient, Planck constant, light
frequency, band gap energy, and a constant, respectively. Parameter n depends on the
characteristics of the transition in a semiconductor. For a direct transition, n = 1,
whereas for an indirect transition, n = 4. The absorption coefficient o is proportional
to the absorbance. For the composite photocatalyst, the transition was shown to be
indirect. The band gap energy is estimated on the plot (Ahv)*/? = f(hv) by the

intercept of the tangent to the plot with abscissa (Hu et al. 2006, Xiang et al. 2012).
3.4.5.2 Photoluminescence spectrum

Photoluminescence (PL) is light emission from a test sample (taking a various form)
after the absorption of photons (electromagnetic radiation). It is one of many forms of
luminescence (light emission) and is initiated by photoexcitation (excitation by
photons), hence the prefix photo. The excitation typically undergoes various
relaxation processes with subsequent photons being re-radiated. The period between
absorption and emission can be extremely short: it ranges from the
femtosecond-regime for the emission from, e.g., free-carrier plasma in inorganic
semiconductors up to milliseconds for phosphorescent processes in molecular systems;

however, it can also be extended into minutes or hours under special circumstances.
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The observation of photoluminescence at certain energy can be seen
most-straightforwardly as indication of population of the state associated with this

transition energy.

PL data was measured using an Edinburgh FLSP920 spectrophotometer with an
incidence-and-detection angle of 45" at room temperature. The emission spectrum was
measured at an excitation using a 325-nm monochromatic filter and an increment of

1nm was adopted for data collection.

3.4.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique,
which provides elemental information about a surface as well as chemical state
information (Scuderi et al. 2009, Watt 2003, Hu et al. 2007, Zhao et al. 2003). A
sample material is bombarded by mono-energetic soft X-rays, resulting in electrons
being ejected. Emitted photoelectrons from the sample material are collected as a
function of their energies from which binding energies can be calculated by the

Einstein equation:

Epn=hv—E,—¢ (3.2)

Where E;, is the binding energy of the electron, Eis the kinetic energy and ¢ is the
work function of the spectrometer. On a finer scale it is also probable to identify the
chemical state of the elements present from small variations in the determined kinetic

energies.

The relative concentrations can be obtained with the sensitivity of 0.1-1% for a

monolayer (around 10" atoms/cm?) from the measured photoelectron intensities. The
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intensity 1 of a photoelectron peak of element A is given by
Iy = Ipxoaf (Evk) [ ,0"0{C,A(Z) expl(=2) /(A A sin )]}dz (33)

where Irx is the intensity of the incident X-rays, ca the cross section of emission of a
photoelectron from an inner core shell of A, f(Ex) the detection efficiency of the
spectrometer for a photoelectron with a kinetic energy Ex, Ca (z) the concentration of
element A as a function of the depth z, Aa the inelastic mean free path of a
photoelectron emitted by A and a the take-off angle of the photoelectron with respect
to the surface of the sample. In a homogeneous matrix, the concentration of Ca can be

approximated by the relation:

(3.4)

where S; is the relative atomic sensitivity factor. Typically, the XPS probes 2-20
atomic layers (3-10 nm) deep for a solid sample. The energy of the photoelectron
depends on the angle (with respect to the surface) of the measurement. The escape
depth z of the photoelectron depends on its inelastic mean free path length A as well as
on its emission angle a with respect to the surface. The sampling depth can therefore

be varied by making use of the equation:
z=Asina (3.5)
The lateral resolution of this technique is approximately 2-10 um.

XPS measurements can provide a semi-quantitative elemental analysis of surfaces, as
well as chemical state analysis for vacuum-compatible materials, which cover with a

diversity of materials from biological to metallurgical samples. Due to the very small
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emission cross-sectional area and the corresponding long analysis times, this

technique is not applicable to hydrogen and helium.

3.4.7 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) can be used to investigate the electron
transport properties in electrochemical devices. In EIS, the potential applied to a
system is disturbed by a small sine wave modulation and the resulting sinusoidal
current response is recorded as a function of modulation frequency. The impedance is
defined as the frequency domain ratio of the voltage to the current and is a complex
value. For the resistor (R), the impedance is a real value, which is independent of the
modulation frequency. The capacitors (C) and inductors (L) both generate imaginary
impedance, whose value change with frequency. The impedance spectrum of a real
system, i.e., the impedance measured in a wide range of frequencies, can be described
in forms of an equivalent circuit consisting of series and parallel connected elements
R, C, L, and W (Warburg element which describes diffusion processes). From
measurements of EIS, the following parameters can be deduced: series resistance,
charge transfer resistance of the counter electrode, diffusion resistance of the

electrolyte, resistance of electron transport, and recombination in the photoanode.

The nanofiber film was peeled off from the glass slide after 2h heat treatment and
subsequently transferred to a clean FTO glass pre-coated with an ultra-thin adhesive
layer made of TiO, paste. The EIS test sample was obtained after calcinated again at
450 °C for 2 h. The thickness was 20 um from Surface Profiler and the active area
was 10 mm?. The AC perturbation signal applied in this test was 10 mV over the

frequency range of 1 MHz to 100 mHz. The illumination condition was AM 1.5
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spectrum illumination with an incident power density of 100 mW cm™? and a test
temperature of 298 K. In the case of dark condition, EIS measurements on the test

sample were carried out without light but with the same bias voltage as that under

illumination.
Doctor blade
) Calcinate TiO, NF
glass FTO glass FTO glass

Figure 3.3 Fabrication procedures for EIS test samples.

3.5 Photocatalytic performance test

3.5.1 Photocatalytic test in water

The photocatalytic experiment reaction suspension was prepared by adding 0.5 g L™
catalysts into RhB aqueous solution with the initial concentration of 10° M. The full
absorbance spectrum of RhB is given in Figure 3.4, which confirms that RhB does not
have absorbance at 420 nm from the spectrum (no sensitization effect from the RhB
dye). Before the irradiation, the suspension was magnetically stirred in dark for 15
min to reach an adsorption and desorption equilibrium, which is known as dark
adsorption. The test photoreactor was 400 mm high with a square cross-section of
300>300 mm?. The reactor barrel has a diameter of 250 mm and a depth of 375 mm.
The light sources of eight 8 W 420 nm lamps (Rayonet RPR-4190) were
symmetrically placed in the Rayonet™ photochemical reactor RPR-200 (Southern
New England Ultraviolet Company). The light source can be changed with lamps of

different wavelength while rearranging the number of lamps involved in the test can
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modify the intensity of irradiation. A UV-Visible spectrophotometer (Spectronic
Genseys 2) was used to determine the concentration of RhB solution. The
photocatalytic activity of the catalyst can be quantitatively evaluated by the apparent
reaction rate constant. The experimental setup is shown in Figure 3.5. The benchmark
tests were processed with the same test set-up but at a different light irradiation with

wavelength of 365 nm (Philips TL8 W BL).
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Figure 3.4 Full UV-Vis spectrum of RhB solution.
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Figure 3.5 Sketch of the RayonetTM photochemical reactor.

3.5.2 Photocatalytic test in air

3.5.2.1 Photocatalytic conversion of NO

The photocatalytic experiments for the conversion of NO in air were carried out in a
continuous flow reactor at ambient temperature. The key mechanisms for the

oxidation of NO are summarized below [12, 13]:

e +0,-0; (3.6)
H* +0; - HO, (3.7)
NO+ HO, - NO, + 0H (3.8)
NO, + 0H - HNO, (3.9)
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The electron in the conduction-band reacts with O, forming the superoxide anion
(0*). 0% will form *HO, radicals with water vapor in air. The *HO; radicals may
react with NO forming NO, and a hydroxyl radical. The byproducts can further react

to form the end product nitric acid (HNO3).

The rectangular reactor, made of stainless steel with Saint-Glass cover, has a volume
of 4.5 L (10 %30 %15 cm?). A sample dish (150 x 25 mm) containing nanofiber was
positioned in the center of the reactor. The simulated solar light source was simulated
using a 300 W commercial tungsten halogen lamp (General Electric), which was
vertically positioned above the sample dish outside the reactor. Six mini-fans, blowing
air, were distributed around the lamp to suppress any temperature rise during the

reaction.

Vent
Zero air generator

o
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Data recorder
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Standard gas

Figure 3.6 Experiment setup of photocatalytical reaction of NOx.

The NO gas was acquired from a compressed gas cylinder at a concentration of 50.1
ppm NO. The initial concentration of NO was diluted to about 1000 ppb by the air

stream supplied by a zero-air generator (Thermo Environmental Inc. Model 111). The
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relative humidity (RH) level of the NO flow was controlled at 20%. The gas streams
were uniformly mixed by a gas blender, and the total flow rate was controlled at 3 L
min ' by a mass-flow controller. The lamp was turned on once the adsorption—
desorption equilibrium was attained among water vapor, gases, and photocatalysts.
The concentration of NO was continuously measured by a chemiluminescence NO
analyzer (Thermo Environmental Instruments Inc. Model 42c), which can monitor
NO, NO2, and NOx with a sampling rate of 0.7 L min"*. The removal rate (%) of NO
was calculated from the concentration of NO in the feed and outlet streams,
respectively. The reaction of NO with air can be ignored when performing a control

experiment with, or without light, in the absence of photocatalyst.

3.5.2.2 Photocatalytic degradation of o-xylene

Figure 3.7 shows a schematic diagram of the experimental setup for the o-xylene
experiments. A reactor with a volume of 4.5 liter (10 <30 x 15 cm®) with its surface
coated by a Teflon film (BYTAC Type AF-21) was used for this study. Illumination
was provided by a 300 W commercial tungsten halogen lamp (General Electric),

which was horizontally positioned above the sample outside the reactor.

A zero air generator (Thermo Environmental Inc. Model 111) was used to supply the
air stream. The desired humidity of the flow was controlled by blowing the zero air
streams through a humidification chamber. The reactant stream and the zero air
streams were connected to a mass flow calibrator (Advanced Pollution
Instrumentation Inc. Model 700). The gas streams were pre-mixed by a gas blender

and the desired flow was controlled by a mass flow controller inside the calibrator.
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After the inlet and the outlet concentration achieved equilibrium (1 hour), the lamp

was turned on and the reaction was initiated.

0

| INpgE==
ococoo0o0o04 HS
6‘ 7 8

1. Zero air generator 2. Humidification chamber
3. Standard gas 4. Calibrator

5. Reactor chamber 6. Summa canister

7. Gas Chromatograph 8. Mass Selective Detector

Figure 3.7 Schematic diagram of the experimental setup.

Pre-cleaned Summa canisters were evacuated for volatile organic compounds (VOCs)
sampling. Constant VOC sampling time was achieved using a mass flow controller.
Samples of VOC were collected at designated times during the experiment. After
collection, the canister sample was first concentrated by a Nutech Cryogenic
Concentrator (Model 3550A), and the trapped VOC were separated and analyzed by
Hewlett Packard Gas Chromatograph (Model HP 6890) and quantified by a Mass
Selective Detector (Model HP 5973). After analysis, the canister was sequentially
evacuated and pressurized with humidified zero air until all compounds were purged

with level detected smaller than 0.2 ppb.
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Chapter 4

Fabrication and Photocatalytic Activity of

T10,/ZnO Nanofibers

4.1 Overview

Photocatalysis with semiconductors such as TiO, and ZnO has been an intensive
research topic for their ability to degrade organic pollutants in water such as
detergents, dyes, herbicides, and pesticides. Photocatalyst stands out from other
methods of pollutant degradation due to their physicochemical properties, high
photocatalytic activities, and relatively low costs (Suzuki et al. 2001). However, the
conditions needed to utilize these semiconductor photocatalysts, such as UV
irradiation, restrict their applications in reality. To improve the practical applicability
of the photocatalyst, TiO,/ZnO nanocomposites are synthesized by chemical or
physical processes for two purposes. The first objective is to extend the light
adsorption spectrum and improve the efficiency of light utilization. The second
objective is to suppress the recombination of photogenerated electron/hole pairs
which reduces the function of the photocatalyst (Wang et al. 2001, Perkgoz et al. 2011,
Bashouti et al. 2006, Wang et al. 2012). Nanosized TiO, coupled with ZnO can
improve their photocatalytic efficiency due to the synergistic effect on photocatalytic
properties (Zhao et al. 2008). The TiO,/ZnO nanocomposition not only improves the
separation efficiency between the photogenerated electrons and electron holes, but

also introduces both impurity and defect levels to the forbidden band of TiO,. As a
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consequence, these benefits decrease the energy band gap of TiO, (See Figure 4.8)
and reduce the excitation energy of the catalyst, leading to the red shift of the
absorption range and increasing the utilization ratio of visible light. Another added
benefit is that these processes can increase the lifetime of the separation of electrons
and holes, thereby reducing the recombination rate of electrons and holes, which is a

limitation of conventional photocatalyst.

It has been known that improved catalytically performance can be realized for catalyst
with a larger specific surface area to enhance contact with pollutants. Thus, catalyst
made into nano-scale with large specific surface is widely used. Most studies on the
photocatalytical activities of TiO2/ZnO composites are in the form of nanoparticles
because of their relatively large surface-to-volume ratio by virtue of their geometry
(Zhao et al. 2008, Liu et al. 2009, Azouani et al. 2010). However, these nanoparticle
photocatalysts may detach from the point of contact or adhesion, thus
re-contaminating the treated water or air. Further, it is difficult to recover these
nanoparticles because of their nano-size and dilute concentration (Bakhtari et al. 2006,
Dreher 2004). Due to the large aspect ratios (length-to-diameter) of nanofiber,
photocatalyst in the form of fiber is superior to particles as far as the recycling and
aggregation are concerned. In 1934 Formahals patented the first invention of
electrostatic spinning of nanofibers. In comparison with other spinning techniques, the
electrostatic force is applied to draw out fibers from the minute drop (from instability)
of spinning solution. Electrospinning produces nanofibers with many different
linear-dimension shaped fibers such as round fibers, ribbons, filled and hollow tubes
(Bashouti et al. 2006, Kim et al. 2008, Li and Xia 2004, Sun et al. 2003). Because of
the ultrafine diameter, electrospun nanofibers have large specific surface areas. One

cubic centimeter of material when drawn into 100-nm diameter nanofiber covers 40
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m? of surface. With the expansion of electrospinning from polymers to composites
and to ceramics, the applications of electrospun fibers are widely expanded. Also,
some existing researches on TiO, and ZnO composite nanofibers are limited to the
fabrication process (Lotus et al. 2011, Cai et al. 2010) and very little have been

devoted to the application of the nanofibers utilizing their unique properties.

In the present study, the photocatalytic activities of TiO, nanofibers with the presence
of zinc are systematically studied. The TiO,/ZnO composite nanofibers are prepared
from a nozzle-less electrospinning solution system, with zinc acetate (ZnAc) and
titanium tetraisopropoxide [Ti(OiPr),] as precursor, polyvinyl pyrrolidone (PVP) as
the fiber template, and ethanol as the solvent. The electrospun Ti(OiPr)s/ZnAc/PVP
nanofibers is hydrolyzed and calcinated to obtain TiO,/ZnO composite nanofibers.
The change in morphologies of TiO,/ZnO nanofibers with the calcination temperature
are investigated to elucidate the synthesis mechanism using scanning electron
microscopy combined with energy dispersive spectroscopy (SEM-EDS), thermo
gravimetric analyzer and differential scanning calorimeter (TGA-DSC), X-ray
photoelectron spectroscopy (XPS), diffuse reflectance UV-Vis spectrophotometer
(DRS) and X-ray diffraction (XRD). Subsequently, the photocatalytic activity
activities of the different TiO/ZnO composite nanofibers are evaluated by measuring
the photodegradation of Rhodamine B (RhB) dye in aqueous suspension under the
irradiation of 420 nm visible light. The photocatalytic efficiency is investigated in
relation to the ZnO content, and the catalyst loading in the reaction. Moreover,
benchmarking tests are carried out among TiO, nanoparticles, TiO, nanofibers, and
TiO,/Zn0O nanofibers, all under the irradiation of UV light in the wavelength of 365

nm, to confirm the benefit of the latter.
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4.2 Characterizations of TiO,/ZnO composite nanofibers

4.2.1 Thermal behavior of precursor nanofibers

From the thermal behavior of precursor xerogel electrospun fibers presented in Figure
4.1, four distinct stages of loss in mass can be identified in the TG-DSC curve. The
first stage was between 30 and 170 <C with a broad peak in the DSC curve indicating
the loss of solvent (such as ethanol and water) in the composite sol. In the second
stage with temperature between 170 and 400 <C, there was a sharp exothermic peak at
about 355 <C, which was due to decomposition of the side chains of PVP, acetate,
titanate, and the by-products, such as isopropanol. In the third stage with temperature
between 400 and 600 <C, an exothermic peak appeared in the TG-DSC curve at about
500 <C, which was attributed to the degradation of the main chain of PVP, and the
phase transitions of TiO, and ZnO. Both TG and DSC curves became stable after
600 <C, indicating that water, ethanol and organic compounds in the precursor fibers

have been completely removed.
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Figure 4.1 TG- DSC curves of the as-spun precursor TiO,/ZnAc/PVP nanofibers.
4.2.2 XRD analysis of composite nanofibers

The XRD patterns of both TiO, nanofiber and TiO,/ZnO composite nanofibers are
shown are shown in Figure 4.2. TiO, exists in two main crystallographic forms,
anatase (A) and rutile (R). The characteristic peaks of anatase and rutile crystal phase
are 25.28<A (A101) and 27.4°R (R110), respectively. The XRD intensities of the
anatase A(A101) and rutile R(R110) characteristic peaks have been analyzed. It can
be seen that the fibers without Zn content are mainly in anatase phase. When ZnAc
was introduced in the precursor solution, the presence of the ZnO phase was visible in
the XRD. Also, the presence of Zn can be seen in the XPS spectra of the TiO,/ZnO
nanofibers in Figure 4.9, which contrasts with the negative result of TiO, nanofibers

that was included as a control in the XPS measurement.
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Figure 4.2 XRD patterns of TiO, nanofibers and TiO2/ZnO (6.0 % TIP, 0.30 % ZnAc)

composite nanofibers calcined at different temperatures.
4.2.3 Morphology and crystal structure of composite nanofibers

The morphologies of the as-prepared nanofibers before- and after-calcination at
different temperatures were characterized by SEM. The beam energy used in SEM
experiments was 20 kV, which was labeled marked in the SEM pictures. The surface
morphology and size of the samples varied depending on the calcination temperature
as shown in Figure 4.3. The surface of as-spun, randomly oriented, composite fibers
appeared to be relatively smooth and uniform due to the amorphous nature of the
Ti(OiPr)4/ZnAc/PVP fibers. Diameter of nanofibers was calculated from high

resolution SEM npicture (in Figure 4.5a). The diameter distribution was plotted in
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Figure 4.5b. The diameter of the precursor nanofibers ranged from 150 to 200 nm as
shown in Figure 4.3a). The diameter of the finally formed nanofibers subsequently
reduced to 80-100 nm due to evaporation of water and decomposition of PVP, ZnAc
or Ti(OiPr), after calcination, respectively, at 450, 500 and 650 °C as shown in Figure
4.3 b)-d). Despite the network structure still retained during the annealing process, a
change in fiber morphology was observed after increasing the calcinations
temperature to 650 <C. Here, some fibers were broken, exposing the loose ends of the
fibers; moreover the surface became roughened as depicted in Figure 4.3d), which
was attributed to burn-out of PVP, crystallization and coalescence of the grains. Based
on this trial, the TiO/ZnO nanofibers can be best prepared by sol-gel assisted

nozzle-less electrospinning technique with calcination temperature at 500 <C.

Figure 4.4 shows the SEM images of the TiO,/ZnO composite nanofibers with
different ZnAc contents in the precursor solution. It is apparent that the diameter of
nanofibers slightly increases with increasing ZnAc contents. The statistical average
diameter from SEM images versus the ZnAc content is shown in the inset of Figure
4.6, and an approximate linear relationship can be seen wherein larger fiber diameter
results from increasing ZnAc contents in the precursor. The measured specific surface
area (SSA) of nanofiber using BET test (detailed in Sec. 3.4.4) with different
diameters is shown in Figure 4.6. When the diameter is increased from 80 to 120 nm
the SSA decreases from 44.97 to 38.89 m? g* due to reconfiguration of the fiber. This
implies that the specific surface area for improved absorption of the visible light
spectrum in the first stage adsorption of the photocatalytic reaction is sacrificed as the

Zn content in the TiO,/ZnO composite nanofibers is increased.
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Figure 4.3 SEM pictures of TiO/ZnAc/PVP composite nanofibers calcined at

different temperatures. a) Before calcination, b) 450 <C, c¢) 500 <C, d) 650 <C
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Figure 4.4 SEM images of the TiO2/ZnO composite nanofibers with different zinc
acetate contents in precursor solutions calcined at 500°C. a) 0.15 wt. %, b) 0.30 wt. %,

c) 0.45wt. %, d) 0.60 wt. %.

75



VA
“ y 4
£ e 7 > '
Sl 2
x
:

DM Y . |

0.5

0.4+

0.3

Distribution
o
N
1

/
o

00 " 1 " 1 N 1 N 1 " 1 1 1 .
0 20 40 60 80 100 120 140 160 180 200

Diameter (nm)

o
—t
I

Figure 4.5 Mean diameter of fiber is calculated from high resolution SEM picture.

The figure below shows the diameter distribution of this SEM picture.
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Figure 4.6 The specific surface areas (SSA) of nanofibers with different diameters,
insert shows the TiO,/ZnO nanofibers with different diameters obtained in the

presence of different zinc acetate contents in precursor solutions.
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Figure 4.8 HRTEM picture of TiO,/ZnO nanofibers

TEM image revealed that the TiO2 nanofibers were composed of compactly packed
anatase nano-crystallites with sizes less than 10 nm. TiO2 crystallites had large

surface-to-volume ratio, which favored the photocatalytic reaction as compared to the
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crystals of TiO2 nanoparticles (shown in Figure 4.7). The lattice spacing was
determined from the HRTEM image (Figure 4.8) to be 0.35 and 0.26 nm between
adjacent lattice planes of the nanofibers corresponding, respectively, to the distance
between (101) crystal planes of the anatase phase of TiO2 and the distance between

(0002) crystal planes of ZnO.

4.2.4DRS test of composite nanofibers

The diffuse reflectance UV-Vis spectra of both TiO,/ZnO nanofibers and P25
nanoparticles were compared in Figure 4.9. From the absorption spectra between 200
and 800 nm, the absorption edge of TiO,/ZnO nanofibers has been red-shifted to the
visible region. Using the well-known Kubelka-Munk equation, the band gap of
TiO,/Zn0O nanofibers and P25 nanoparticles were determined to be 2.87 eV and 3.08
eV, respectively. The decrease in band gap energy of TiO,/ZnO nanofibers can be
attributed to the synergistic effect between the conduction band of ZnO and that of
TiO,. Some sub-bands were formed introducing both impurity and defect levels to the
forbidden band of TiO, thereby reducing the band-gap energy (Stengl et al. 2009,
Perkgoz et al. 2011). Schematic diagrams for the principle of synergistic effect

between TiO, and ZnO are shown in Figure 4.10.
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Figure 4.9 DRS of TiO,/ZnO nanofibers and P25 nanoparticles. Data are plotted as
transformed Kubelka-Munk function versus the energy of light. Insert shows the

absorption spectra between 200 and 800 nm.
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Figure 4.10 Schematic diagrams for the principle of synergistic effect between TiO,

and ZnO.

4.2.5 XPS analysis of composite nanofibers

The role of oxygen in the photocatalytic activity is examined by XPS test. The XPS
spectra of TiO, nanofibers and TiO,/ZnO nanofibers are shown in Figure 4.11. The
insert reveals the existence of ZnO in the composite nanofibers. As seen from Figure
4.12, the XPS spectra of O 1s of different doping concentration of ZnAc are
asymmetric, indicating that there are at least two kinds of chemical states in the
binding energy ranging from 528 to 535 eV. After curve fitting the measured data
using the Origin software, the first peak of the XPS spectra curve corresponds to the
crystal lattice oxygen in TiO, (Op) with the binding energy of O 1s in metallic oxide
that exists in the range of 528-531 eV, and the second peak refers to the chemisorbed
oxygen (Oy) with binding energy being approximately 0.5 eV higher than that of O,
peak (Yu et al. 2003). Surface oxygen vacancy (SOV) is an indication of the
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chemisorbed oxygen that takes part in the oxidation of the pollutants. Higher SOV
infers better ability for the catalyst to actively take part in the oxidation process as
more hydroxyl radicals are formed on the surface of the catalyst. The SOV content of
each sample were calculated from the XPS measurements and the analysis results
were plotted in the inset of Figure 4.12. The SOV content increases from 12.54% to
24.31% as ZnAc in the precursor solution increases from 0 to 0.3% by weight, and
subsequently it decreases back to 14.68% at higher ZnAc of 0.6%. This indicates that
the SOV content of TiO; is generally enhanced by increasing the amount of Zn
content and a maximum value of SOV can be achieved. As discussed, the increased
SOV content is due to the increased chemisorbed oxygen. In essence, oxygen atoms
adsorb physically on the surface of the catalyst and subsequently combine with
electrons from the conduction band of the semiconductor to become chemisorbed
oxygen. Chemisorption is one of the most significant stages in catalytic reaction. Thus,
the process of increasing OH, such as increasing the Zn content in the TiO,/ZnO

composite nanofibers, can benefit photocatalytic reaction.
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Figure 4.11 XPS spectra of TiO; nanofibers and TiO»/ZnO nanofibers. Insert shows
the Zn spectrum of TiO./ZnO nanofibers. It shows a peak at 1021.8 eV (Zn 2p*?)

indicating the presence of ZnO.
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Figure 4.12 XPS spectra of O 1s curve fitting results of TiO2/ZnO composite
nanofibers with zinc acetate content of 0.30 % (6.0 % TIP), insert shows the surface
oxygen vacancy (SOV) contents of nanofibers obtained in the presence of different

zinc acetate concentrations in the precursor solution.
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4.3 Photocatalytic efficiency

4.3.1 Photocatalytic test on RhB in water

The photocatalytic activity of TiO,/ZnO composite nanofibers was evaluated by the
photocatalytic degradation of RhB dye under the irradiation of visible lights at a
wavelength of 420 nm. RhB has often been used as a model dye molecule for
photocatalytic degradation by a transition metal oxide. Figure 4.13 shows the
evolution of the concentration of RhB as a function of time during experiment with
different ZnAc concentration in the precursor solution. The dark adsorption behavior
of RhB for different samples, each with different nanofiber diameter, is shown in
Figure 4.14. As evident, the adsorption rate constant behaved inversely related to the
diameter of the nanofiber. This is due to the fact that larger diameter nanofiber results
in smaller specific surface area (SSA) for adsorption, which is in accord with the
results of Figure 4.6. Therefore, dark adsorption can play an important role in
reducing the RhB in a two-step process (adsorption followed by oxidation) by

deploying small-diameter nanofibers.

Of interest is that the wavelength of absorption peak of RhB is 556 nm, therefore
photosensitization at 420-nm irradiation should be ruled out and the degradation of
RhB with presence of TiO,/Zn0O is strictly attributed to photocatalytic reaction (See
Figure 3.4). The degradation rate of RhB was determined also from the rate constant
based on the first order equation (see exponential decay of RhB concentration under
“dark/photo” in Figure 4.13. The larger is the degradation rate of RhB, the higher is
the photocatalytic activity. The photocatalytic degradation rate measurements of RhB

for various samples with different ZnAc concentrations in precursor solutions are
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displayed in Figure 4.15. The optimum Zn content (refers to ZnAc in the precursor) of
TiO,/ZnO nanofibers is at 0.30%, which has the best photocatalytic degradation
activity of RhB under visible light irradiation. This is in accord with the measurement
of SOV indicating also a maximum amount of chemisorbed oxygen at 0.3% Zn. As
discussed in the foregoing, TiO2/ZnO nanofibers have a high specific surface area.
Reducing the diameter of the nanofibers results in increasing surface area as well as
the available surface active sites, both of which benefit photocatalytic efficiency
(Zhao et al. 2007). Also, the SOV content varies with the concentration of Zn in
nanofibers. Higher SOV expresses better photocatalytic performance. Given the
trade-off of SSA and SOV with Zn content in the TiO2/ZnO composite nanofibers, an
optimized zinc concentration can be achieved when there is an optimal balance
between these two factors. The results of the photoreaction experiments results were

indeed in accord with the characterization tests.
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Figure 4.13 Adsorption and photodegradation of RhB (10° M) with various ZnAc
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dopant TiO, nanofibers in suspension (0.5g L™).
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Figure 4.14 Rate constants of the adsorption of RhB of different diameter of fibers.
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Figure 4.15 Rate constants of photocatalytic degradation of RhB of different zinc

acetate contents in the precursor solution with the catalyst loading of 0.5 g L™ under
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light irradiation intensity of 750 lux.

Several studies have shown that the photocatalytic degradation rate initially increases
with increasing catalyst loading and subsequently decreases at high catalyst dosage
(Sakthivel et al. 2003, Nagaveni et al. 2004, Evgenidou et al. 2005, Sobana and
Swaminathan 2007). Under low catalyst loading, the degradation efficiency is
enhanced with increasing catalyst concentration due to the increased number of active
sites in the solution. On the other hand, too high a catalyst loading can lead to two
detrimental effects. First, the excessive catalyst results in increasing opacity of the
suspension thereby blocking light penetration and increasing light scattering in the
suspension resulting in poor photoreaction. Second, agglomeration of the nanofibers
results from excessive catalyst dosage and this ends up in reduction of surface area
available for light absorption. Therefore, an optimal catalyst loading for the
photocatalytic reaction exists as a result of the balance between these two opposing
factors. In the investigation, both the increase and decrease of photocatalytic rate have
been observed when the catalyst loading was increased. As shown in Figure 4.16, the
optimum concentration for efficient removal of RhB was determined to be 2 g

TiO,/Zn0O nanofibers per liter of suspension.
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Figure 4.16 Rate constants of photocatalytic degradation of RhB of different catalyst

loading with 0.30 wt. % zinc acetate in the precursor solution under the light intensity

of 450 lux.
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Figure 4.17 Light intensity effect on the photocatalytic reaction of RhB at a constant
catalyst loading of 2 g L™ with 0.30 wt. % zinc acetate in the precursor solution.
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The effect of light intensity was also investigated for the degradation of RhB (see
Figure 4.17). The light intensity to which the reactor was exposed was determined
from the light meter (Extech). When light intensity is nearly zero, the degradation rate
of RhB is negligible (0.0014), which further confirms that the adsorption and
desorption equilibrium had been reached after 15 min of mixing and stirring. With
increasing light intensity, the photocatalytic degradation rate of RhB was found to
increase. The increase in the rates was solely due to the increase of photon dosage that

induced more electron-hole pairs generation on the surface of catalyst.

To confirm the benefits of the new nano-photocatalyst, benchmark tests were carried
out among commercial TiO, nanoparticles, as-prepared TiO, nanofibers and
TiO,/Zn0O nanofibers under UV irradiation (365 nm). These three photocatalysts, all
at the same dosage, were tested respectively with identical initial concentration of
RhB; and the results are depicted in Figure 4.18. The photocatalytic reactions took
place after dark reaction when the adsorption and desorption equilibrium was
achieved. The reaction rates of TiO, nanoparticles (~35-nm diameter), TiO;
nanofibers (~72-nm diameter) and TiO,/ZnO nanofibers (~93-nm diameter) were
0.025, 0.036, and 0.054, respectively. The specific surface area (SSA) of nanofibers
with diameter of 100 nm from BET test was determined to be 42 m?g™; while the
SSA of nanoparticles was given by the supplier as 40 m?g™ which is quite comparable
to that of the nanofibers. Unlike the single-crystal nanoparticles, nanofibers have a
poly-nanocrystallite structure with each crystallite about 10 nm in size packed on the
nanofibers (Yang and Leung 2011). The nanopores in these nanocrystals would
promote the absorbance of the target compound RhB, thus enhancing the catalytic
reaction. The advantage is more pronounced as the diameter of the nanofibers is

further reduced. Besides the band gap energy of TiO,/ZnO nanofibers is lower, the
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excitation energy of the catalyst is also reduced leading to the red shift of the
absorption range and increasingly utilizing of visible light. In addition, this process
can increase the time period of the separation of electrons and holes, thereby reducing
the recombination rate (Stengl et al. 2009). All of these benefits increase the
photocatalytic reaction activity of TiO,/ZnO nanofibers in relation to TiO, nanofibers
and TiO, nanoparticles as evident in Figure 4.18. This provides a rationale on the fast
kinetics of TiO,/ZnO nanofibers, followed by TiO, nanofibers, and lastly TiO,

nanoparticles despite the diameter of these test samples are in inverse trend.
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Figure 4.18 Benchmark tests among TiO, nanoparticles, TiO, nanofibers and
TiO,/Zn0O nanofibers with same catalyst loading of 1g/L under the irradiation of 365

nm UV light.
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4.3.2 Modeling of reaction kinetics of RhB degradation

During the photocatalytic process, with respect to the results summarized in Figures
7a and 7b, the pseudo first-order reaction rates increased linearly both with catalyst
loading (L) at a lower dosage and with light intensity (I), indicating that the reaction
rate of RhB photodegradation is a function of the two operating parameters. Therefore,
the reaction rate can be defined mathematically by Eqn. 4.1 which further assumes a

simplified form in Eqn. 4.2 as follows:
k="f(L1I) (4.1)
k=alL+bl +c (4.2)

where L is the loading of TiO,/ZnO nanofiber in the reaction unit (g/L) (L<2g L-1); I
is the light intensity applied (lux); a and b are the coefficients of L and I, respectively;

and c is the the intercept (min-1).

Eqgn. 4.1 and 4.2 are valid when the input of L and | are within the range of the tests.
Based on the experimental data, a, b, and ¢ can be solved by multiple regressions and

the correlation is given by,
R = {l—exp|(1.5113X10°2L +1.04X10°* I —2.137X10 %)t |{X 100% (4.3)

The coefficient of regression (r?) of 0.9718 for Eqn. 4.3 is acceptable. The predicted
first order decay based on the model (Egn. 4.3) can be compared to the experimental
data as delineated in Figure 4.19. In general, the predicted reaction rates are quite
close to the measurements, and the deviation is less than 10%. For the purpose of

system design, the removal percentage of RhB, R (%), can be estimated from Eqgn. 4.3
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by the two measurable parameters of L and I.
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Figure 4.19 Comparison of model and experimental data at (a) different light
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intensities (catalyst loading of 2 g L™) and (b) different catalyst loadings (light
intensity of 450 lux). (Note: dot lines were calculated from model and marked data

were experimental measurements.)

4.3.3 Photocatalytic test onNO

The result of the benchmark tests carried out for TiO, nanofibers (respectively with
diameter of 70 nm and 100 nm in the absence of ZnO) and TiO, nanoparticles (with
the diameter of 100 nm) under UV irradiation is shown in Figure 4.20. The TiO,
nanofibers, with 70 nm and 100 nm diameters, respectively, had 26.5% and 40%
efficiency for NO removal, which are much higher than that of the TiO, nanoparticles
with only 14% NO removal. Based on previous study (Pei and Leung 2013b), the
specific surface area (SSA) of nanofibers with diameter of 80 nm from BET test was
45 m?/g, while the SSA of 100 nm nanoparticles was around 40 m?/g (in accordance
with the supplier). In essence, the SSA of these two nanostructures was quite
comparable. On the other hand, nanofibers are packed with poly-crystallites (see TEM
images Figure 4.7) distinctly different from that of the single-crystal nanoparticles.
The pores formed between these nano-crystallites can promote the physical adsorption
of NO gas molecules thereby increasing the contact between the target gas NO and
the surface of catalyst, which is the preliminary step prior to the catalytic reaction.
This benefit was more evident when small-diameter nanofibers (i.e. 70-nm TiO,

nanofibers comparing with the 100-nm nanofibers) were used, see Figure 4.20.
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Figure 4.20 Benchmark test of nitrogen oxide removal by three different samples:
TiO, nanoparticles (Diameter of 100 nm) and TiO, nanofibers (Diameter of 100 nm

and 70 nm) under UV irradiation.

The concentration of NO decreased rapidly when the light was turned on due to
photocatalytic reaction. After initial transient, an equilibrium concentration was
ultimately reached where the conversion of NO to NO; in presence of oxygen radicals
was balanced by the back-reaction where NO, was reverted back to NO. The removal
of NO was calculated from the difference of initial and final concentration. The plot
of NO removal for samples with different concentrations of ZnAc in precursor
solution is shown in Figure 4.21. For 3% TIP, TiO,/ZnO nanofibers with 0.1 w/w%

ZnAc has the best performance with approximately 52% removal of NO; while for 6%
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TIP TiO2/ZnO nanofibers with 0.3% ZnAc has the best performance with
approximately 38% removal of NO. Interestingly, the TiO,/ZnO nanofibers prepared
with 3% TIP in the precursor solution showed the best performance at 0.1 w/w%
ZnAc. The oxygen vacancy functions as a photoexcited electron trapper, thus higher
SOV content would express greater photocatalytic activity and higher NO removal.
On the other hand, introduction of ZnO in the nanofibers would slightly increase their
diameter. The increase in diameter resulted in smaller surface area per unit volume,
which decreased the absorbance of NO in the same geometry, with consequence of

lower photocatalytic efficiency.
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Figure 4.21 Nitrogen oxide removals by nanofibers obtained in the presence of

different zinc acetate concentrations in the precursor solution (weight of nanofibers
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0.150g, irradiation area 5.08%1.27 cm?, and relative humidity 20%).

After balancing between surface oxygen vacancies, specific surface area, and coating
of active sites of the TiO; catalyst by excess ZnO, an optimal ZnAc concentration can
be achieved for both TIP concentrations. The distinct difference in performance
between the 3% and 6% TIP concentration tests was a result of different nanofiber
diameters (70 nm for 3 %TIP and 100 nm for 6% TIP), resulting in different surface
areas per unit volume. 3% TIP with larger surface-to-volume ratio was chosen in the

following tests for relatively higher NO removal rate.

In the SEM picture, it can be seen that nanofibers were arranged in two dimensional
strata or layers. The total thickness of the layers of nanofibers can be controlled by the
time of electrospinning under constant condition. Instead of deploying a thick
strata/layer, multiple thinner layers (i.e. multilayer) of nanofiber mat samples with the
same amount (measured by total weight) of fibers were prepared for photocatalytic
reaction. As shown in Figure 4.22, when a fixed total mass of fibers was spread out
into, respectively, two times or three times the area under illumination, the
photocatalytic efficiency increased due to more light-harvesting (presumably due to
better light contact with the fibers, and without shadows being cast from the upper
onto the lower layers) from the initial 52% removal efficiency (1 area), 54% (2 areas)
to 55% (3 areas). It may also be related to better contact of the pollutant gas with the
catalyst given higher porosity and permeability with the multilayer nanofiber

configuration versus the more compacted single-layer nanofiber configuration.
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Figure 4.22 Nitrogen oxide removal by nanofiber catalyst with different irradiation

area (1 unit of irradiation area is 5.08x1.27 cm?) (weight of nanofibers 0.150g,

relative humidity 20%).

The effect of relative humidity on the photocatalytic efficiency was also investigated.
As shown in Figure 4.23, the removal of NO first increased from 40% to 58% as the
humidity was raised from 10% to 50%, subsequently it droped from 58% to 46.2%
when the humidity was raised further to 70%. TiO, surface carried both weakly and

strongly bound water molecules, as well as hydroxyl groups created by the

Area (per 5.08x1.27 cmz)

dissociative chemisorption of water.
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Figure 4.23 Nitrogen oxide removal by nanofiber catalyst under different humidity
conditions (25°C, 1 atm, pe,max=23.01g/m?) (weight of nanofibers 0.150g, irradiation

area 5.08x1.27 cm?).

The key mechanisms for the oxidation of NO are summarized below (Laufs et al.

2010, Weiss et al. 2012):

e + 02 — 02_ (44)
H*+0; - HO, (4.5)
NO + HO, - NO, +: OH (4.6)
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NO, +- 0H — HNO, 4.7)

The electron, generated from the incidence of photon, in the conduction-band of TiO,
reacts with O, forming the superoxide anion (O;). O, will form ‘HO, radicals with
water vapor in air. The ‘HO, radicals further react with NO forming NO, and a
hydroxyl radical. The byproducts can further react to form the end product, nitric acid
(HNOs). In the absence of water vapor, there is no free hydrogen ions (see Eq. 4.5)
and the photocatalytic oxidation of chemical compounds is seriously retarded and the
total oxidation to NO, cannot take place. On the other hand, excessive water vapor
coated on the catalyst surface retards reaction rate because the water molecules
occupy the active sites of the reactants. As a result of these two competive effects,
there is a maximum rate of NO removal corresponding to relative humidity at about

50%.

An interesting observation is that the reaction as represented by Eg. 4.6 can be
enhanced by increasing the hydroxyl radicals, which means increasing the superoxide
anion (Oy) or the SOV. There achieves the latter by increasing the ZnAc content of
the catalyst, as demonstrated in Figure 4.21 for both 3% and 6% TIP, respectively, in

the precursor solution.

The removal of NO at a relative humidity level of 20% under different residence
times was investigated with result depicted in Figure 4.24. It can be seen that NO
removal increases with increasing residence time. The longer was the residence time
(i.e. lower is the throughflow rate of NO), the longer was the contact time between
NO and the photogenerated hydroxyl radicals. At sufficiently long residence time of 9

min, the removal rate was over 80%. In contrast, at residence time of 1.5 min the
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removal rate dropped to only 52%. The entire process of photocatalytic oxidation can
be thought of as diffusion of reactant gases from the bulk flow to the nanofibers,
adsorption of reactant gas molecules onto the active sites of the catalyst, and finally a
chemical reaction. The first two (diffusion and adsorption) are physical processes
while the last is a chemical process governed by reaction kinetics. Assuming the two
physical processes are relatively fast, the rate limiting step is essentially the kinetics
of the chemical reaction, Eq. 4.6, for which NO reacts with the hydroxyl radicals to
form NO,. If the required time for the reaction is of order of several minutes, the
retention or residence time has to be at least several minutes in order to provide

adequate time for the reaction.
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Figure 4.24 Nitrogen oxide removal by nanofiber catalyst for different residence times
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(weight of nanofibers 0.150g, irradiation area 5.08x1.27 cm?, and relative humidity

20%).

The nanofibers catalysts can be prepared in mats and attached on the surface of the
container to treat the wastewater or contaminated water in batch or semi-batch unit.
Due to the nanofibers mats have more contact points than nanoparticles; the problem
caused by detaching would be less. Even if the nanofibers mats is detached or broken,
because of the high specific gravity of the composite nanofiber, it is easy to recovery
by centrifugation. Thus, it is promising for the nanofiber catalysts used in actual

applications.

4.4 Summary

In summary, TiO2/ZnO nanofibers have been successfully prepared via a nozzle-less
electrospinning process and used for photodegradation of RhB dye in suspension. The
amount of Zn content is found to play an important role on the photocatalytic activity
of the TiO,/ZnO composite nanofiber. The optimal concentration of ZnAc in the
precursor solution is determined to be 0.30 wt. %. This optimum can be interpreted by
the dynamics of the competing effects between the specific surface areas and the
surface oxygen vacancies. Also, an optimal catalyst loading of 2 g L™ TiO,/ZnO has
been determined for efficiently removal of the RhB. This balances the increasing
active sites in the solution versus increasing opacity and agglomeration with higher
catalyst loading. Despite TiO, nanoparticles have larger specific surface area than that
of TiO,/ZnO nanofibers; TiO,/ZnO nanofibers can achieve a higher photocatalytic
reaction rate than that of the former because of the high utilization ratio of light

together with the low recombination rate of electron-hole pairs. The present study
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demonstrates that the TiO,/ZnO composite nanofiber with optimal Zn content is a
potential viable photocatalyst in degrading dyes. Nanofibers show much higher
photocatalytic oxidation efficiency in the removal of NO than nanoparticles despite
them have comparable specific surface areas. Likewise, an optimal relative humidity
of 50 % had been found for efficiently removal of the NO as water vapor is needed in
the photocatalytic oxidation to generate free radicals for triggering the reaction yet
excessive water molecules can occupy and block the active sites preventing NO
molecules to be adsorbed onto the catalyst surface. All-in-all, the experimental results
in the present study demonstrated that the TiO,/ZnO composite nanofiber is a viable

photocatalyst in the purification of gas pollutants.
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Chapter 5

Enhanced Photocatalytic Activity of
Electrospun TiO»/ZnO Nanofibers with

Optimal Anatase/Rutile Ratio

5.1 Overview

Titanium dioxide is the best known and mostly used photocatalyst due to its relatively
low cost, high stability, low toxicity and high photocatalytic efficiency (Carp et al.
2004). Among the three crystal forms of titanium dioxide (anatase, rutile, and
brookite), anatase is generally considered to have the highest photocatalytic activity
because of its comparatively high density of surface oxygen and low recombination of
photogenerated electron-hole pairs (Chorfi et al. 2012). Zinc oxide is another
attractive semiconductor oxide having similar photocatalytic property (Lai et al. 2011,
Wan et al. 2005). However, both of these two semiconductors can only be excited
under UV light as they have a relatively high band-gap energy level (3.2 eV at room
temperature). This drawback precludes them in efficiently harvesting solar energy. As

such, improving photocatalytic activity by modifying the catalyst has been an active
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research area in the past decade. Many investigators have explored various methods,
such as doping transition metals (Peill et al. 1997) and non-metals (Livraghi et al.
2009, Martmez-Arias et al. 2012), and forming composite photocatalysts from
different semiconductors (Liu et al. 2006), etc., to enhance the photocatalytic activity
of TiO and to improve the utilization of visible light. The results reveal that nearly all
composite semiconductors have higher photocatalytic activity than a single
semiconductor. As seen in Chapter 4 and 5, TiO, and ZnO have been combined in a
photocatalyst producing synergistic effect in reducing the band gap and improving
charge separation. The photocatalytic reaction on degradation of organic dye and
oxidation of NO in Chapter 4 and 5 are just some examples demonstrating the benefit.
Despite of this, it is possible to further optimize the anatase/rutile crystals fraction in
relation to ZnO to reap the most benefit. It would be of great interest to increase the
photocatalytic activity by a synthesized photocatalyst composed of zinc oxide, anatase,
and rutile, and to study the synergistic role of these three composites in the

photocatalyst and performance of the catalyst.

As with previous study, the nanofiber platform will be used to investigate the effect.

Based on the foregoing consideration, a multi-semiconductor (ZnO, anatase and rutile)
photocatalyst in form of one-dimensional (1D) nanofibers with enhanced surface area
for catalytic activity will be developed in this study. With various characterizations,
the synergistic role of these three semiconductors of the catalyst in the photocatalytic
reaction will be investigated. The ratio of anatase/rutile in the new catalyst will be
optimized for best performance of the photocatalyst by balancing the trade-off of the
band-gap energy, the electron/hole recombination rate, and the surface area.

Specifically in the present study, a series of TiO,/ZnO nanofibers with different
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anatase/rutile ratios were successfully synthesized using a sol-gel based nozzle-less
electrospinning process followed by calcination treatment at respective different
temperatures. All the samples were characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), UV-Vis diffuse reflectance spectroscopy
(DRS), and photoluminescence (PL) spectroscopy. It was found that changing
calcination temperature during preparation influenced not only the morphology but
also the charge transfer process of TiO,/ZnO nanofibers. The photocatalytic activities
of the as-prepared samples were investigated by the degradation of Rhodamine B
(RhB) and conversion of nitric oxide (NO), respectively. The removal of the dye and
pollutant was significant with TiO,/ZnO nanofibers calcined at 650 <C. This is due to
the relatively smaller grain size and lower electron-hole recombination rate of the
nanofibers at 650 <C. Based on the photocatalytic activity on both dye in liquid phase
and gaseous pollutant together with a comprehensive characterization of the catalyst,

the photocatalytic mechanism of the TiO»/ZnO nanofibers was quantified.

5.2 Characterizations

5.2.1 XRD analysis

Figure 5.1 shows the XRD patterns of the as-prepared TiO,/ZnO composite
nanofibers. TiO; exists in two main crystallographic forms, anatase (A) and rutile (R).
The XRD intensities of the anatase (A101) and rutile (R110) characteristic peaks have
been analyzed. The fraction of anatase-to-rutile transformation in the samples calcined
at different temperatures can be calculated from the following equation (Spurr and

Myers 1957):
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x=1/(1+081/I) (5.1)

In and Ig are respectively the X-ray integrated intensities of the reflection of the
anatase (101) and rutile (110). x is the fraction of rutile in the nanofibers, which for
the experiments was calculated to be 0.256, 0.524, 0.716, and 0.926 for samples

calcined at 550, 650, 750 and 850 T, respectively.

R R A:Anatase, Ti02
R: Rutile, TiO,

Z: Zincite, ZnO

Intensity (a.u.)

20 30 40 50 60 70 80 90
2-Theta (degree)

Figure 5.1 XRD patterns of TiO,/ZnO composite nanofibers calcined at 550, 650, 750

and 850 <C, respectively.
5.2.2 TEM images

The morphology and crystal structure of TiO,/ZnO nanofibers were analyzed by TEM
and HRTEM. As shown in the TEM images in Figure 5.2 (a-d), the nanofibers were

composed of compactly packed nanocrystallites. Given the nanofibers have the
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poly-nanocrystal structure, they have large surface-to-volume ratio that favors the
photocatalytic reaction when compared with nanoparticles. When the calcination
temperatures was raised, the grain size of the nanocrystallites also increased from less
than 10 nm to about 150 nm together with the diameters of nanofibers, resulting in a
drop in the specific surface area (Vu et al. 2012, Li et al. 2010). Furthermore, the
lattice spacing was determined from the HRTEM images (Figure 5.2e and 5.2f
representing calcination at 550 <C and 650 <C, respectively) to be 0.35, 0.32 nm and
0.26 nm between adjacent lattice planes of the nanofibers corresponding to the
distance between (101) crystal planes of the anatase phase, the distance between (110)
crystal planes of the rutile phase, and the distance between (0002) crystal planes of

ZnO, respectively.
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Figure 5.2 TEM images of TiO,/ZnO nanofibers. (a-d) TEM of TiO,/ZnO nanofibers
calcined at 550 <C, 650 <C, 750 <€ and 850 <, respectively; (¢) HRTEM of
TiO,/ZnO nanofibers treated at 550 <C; (f) HRTEM of TiO,/ZnO nanofibers treated at

650 <C.

5.2.3 UV-Vis diffuse reflectance spectra

The UV-Vis diffuse reflectance spectra (DRS) of TiO,/ZnO nanofibers and TiO,
nanofibers were compared in Figure 5.3a. From the absorption spectra between 200

and 800 nm, the absorption edge of TiO,/ZnO nanofibers was shifted to the visible
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spectrum (see insert of Figure 5.3a). The band-gap energies of TiO,/ZnO nanofibers
calcined at 550, 650, 750 and 850 <C and TiO, nanofibers at 550 <C as calculated by
the Kubelka-Munk equation were 2.97, 2.96, 2.96, 2.96 and 3.13 eV, respectively.
There was very little change in the band-gap energies among the TiO,/ZnO as
prepared at different calcinations temperatures. However, a decrease in band-gap
energy of TiO2/ZnO nanofibers as compared to TiO, nanofibers can be attributed to
the synergistic effect among anatase, rutile, and ZnO. As seen in Fig 5.2(e,f), ZnO
dispersed on the surface of TiO, involved charge transfer between anatase and rutile
due to the difference in their energy-band positions during illumination. Because of
the synergetic effect among the conduction bands of these three composites, some
sub-bands were formed introducing both impurity and defect levels to the forbidden
band of TiO, thereby reducing the band-gap energy (Yu et al. 2003, Zhao et al. 2007,

Sakthivel et al. 2003).
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Figure 5.3 The UV-Vis diffuse reflectance spectra of TiO,/ZnO nanofibers and TiO,
nanofibers. The inset shows the absorption spectra between 200 and 800 nm from the
transformed Kubelka-Munk function versus the energy of light. (TN: TiO, nanofibers,

TZN: TiO,/ZnO nanofibers).
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5.2.4 Photoluminescence spectra

Figure 5.4 displays the PL spectra of TiO, nanofibers and TiO,/ZnO nanofibers under
excitation wavelength of 260 nm all measured under room temperature. After ZnO
was introduced into the TiO, nanofibers, the PL emission peak shifted from 396 nm to
approximately 420 nm. The equation for band-gap energy via the PL spectra

measurement is given by:
E, = 1240/2 (5.2)

where Egis the band-gap energy (eV) and A is the wavelength (nm). According to Eq.
5.2, the band-gap energies of the as-prepared nanofibers matched the reported values
from the DRS measurement (i.e. E;=3.13 eV for 41=395 nm for TiO, nanofiber,
Eq=2.95 eV for 1=420 nm for TiO»/ZnO nanofiber calcined at temperature between
650-850°C). When the calcination temperature was increased, the PL emission
intensities first decreased and subsequently increased. Since PL emission intensity
was the result of the recombination of photo-excited electrons and holes, lower PL
intensity indicated a lower electron-hole recombination rate (Lai et al. 2011). As
shown in Figure 5.4, the TiO2/ZnO nanofibers heat treated at 650 <C had the lowest
PL intensity, thus also the lowest recombination rate of electrons and holes among the
four samples prepared at different calcination temperatures, and consequently the

highest photocatalytic activity.
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Figure 5.4 The room temperature PL spectra of TiO, nanofibers and TiO,/ZnO
nanofibers under excitation wavelength 260 nm. (TN: TiO, nanofibers, TZN:

TiO2/ZnO nanofibers) (Peaks around 475 nm are generated by the machine noise.)
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5.3 The photocatalytic activity of TiO,/ZnO nanofibers

5.3.1 Photocatalytic degradation of RhB in water

The photocatalytic activity of the nanofibers was tested by the decomposition of the
Rhodamine B (RhB) dye, which can be considered as a pseudo-first-order reaction
(Wan et al. 2005). The time evolution of the concentration of RhB (with absorption
peak at 556 nm) under visible-light irradiation (420 nm) as photo-catalytically
degraded by TiO,/ZnO nanofibers is depicted in Figure 5.5. The drop on the specific
surface areas as mentioned in Section 5.2.2 can also be confirmed in the dark
condition data (t = -30 ~ 0 min). Nanofibers treated at 500 € had the best adsorption.
When the calcination temperature increased, the adsorption capacities of nanofibers
were reduced. The photocatalytic activity of the TiO,/ZnO nanofibers has been
improved when the calcination temperature of the as-prepared composite nanofibers
was increased from 550 to 650<C. For the case with nanofibers heat treated at 650 <C,
RhB was nearly fully degraded after 75 min under visible irradiation. However,
further increase in calcination temperature beyond 650<C on the as-prepared
nanofibers lead to deterioration in the photocatalytic activity. The degradation rate
constant k can be calculated from the first-order reaction formula. The relationship
between the reaction rate constant and the calcination temperature is shown in the
insert of Figure 5.5. The photocatalytic efficiency of the TiO,/ZnO nanofibers
increased first and decreased subsequently with increasing calcination temperature,
and an optimal calcination temperature of 650<C for preparing the TiO2/ZnO
nanofibers in the photocatalytic degradation of RhB was confirmed. In general,
nanofibers had higher photocatalytic efficiency when compared with commercial P25

nanoparticles.
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Figure 5.5 The evolution of the concentration of RhB photocatalytic degraded by
TiO2/ZnO nanofibers and P25 nanoparticles under visible light irradiation (420 nm) as
a function of time. The insert shows the relationship between the reaction rate

constants of photocatalytic degradation of RhB at different calcination temperatures.

5.3.2 Photocatalytic oxidation of NO

Figure 5.6 shows the NO removal rate against irradiation time in the presence of
different TiO,/ZnO nanofibers (prepared under different calcination temperatures) and
P25 nanoparticles under simulated solar-light irradiation with single-pass flow
through the reactor. After 30 min simulated solar-light irradiation, 23%, 34%, 24%
and 19% of NO gas was oxidized by the TiO,/ZnO nanofibers prepared with

calcinations temperature at 550, 650, 750 and 850 <C, respectively; and 5 % of NO by
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the P25 nanoparticles. Moreover, the NO removal rate increased rapidly in the first 5
min and ultimately reached the highest value of about 20.5% with single-pass for the
TiO2/ZnO nanofibers calcined at 850 <C. Subsequently, the NO removal rate
decreased slowly with the irradiation time, which was ascribed to the accumulation of
HNO; on the catalyst surface resulting in deactivation of photocatalysts, which was
more evident on the performance of the P25 nanoparticles (Nagaveni et al. 2004). In
contrast, for the TiO2/ZnO nanofibers calcined at 650 <C, the removal rate reached the
maximum value after being irradiated for 10 min. Comparing to the TiO,/ZnO
nanofibers calcined at 850 <C, the TiO»/ZnO nanofibers calcined at 650 T showed
superior photocatalytic activity on the degradation of NO at parts per billion levels,
which can be explained by the improved surface properties, lower band-gap energy, as

well as the reduced electron-hole recombination rate.

As reported, ZnO has the same band-gap energy of the anatase (3.2 eV) of TiO,, but
the conduction band of ZnO is situated at higher energy than that of the anatase
(Chorfi et al. 2012, Ding et al. 2011). As shown in Figure 5.7, the photogenerated
electron in the conduction band of ZnO may jump to the conduction band of TiO..
Likewise, the valence band of anatase is of lower energy than that of ZnO. This may
lead to the hole-transfer from the valance band of anatase to the valance band of ZnO.
Similarly, the rutile structure of TiO, has lower conduction band (0.2 eV) energy than
that of the anatase structure (Karunakaran et al. 2011, Tsukamoto et al. 2012). The
electron-hole pair transfer also occurs between anatase and rutile. Meanwhile, due to
the difference in the energy band positions, there exists a synergetic relationship
between ZnO, anatase and rutile to reduce the overall band-gap energy. Under
irradiation, the electrons and holes are generated on the anatase surface. The generated

electrons can jump from anatase to rutile, while the holes transfer from anatase to
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ZnO. These coupled mechanisms among the three semiconductors can decrease the
recombination rate of electrons and holes, thereby increasing the lifetime of the
electron-hole pairs for the photocatalytic reaction. Thus, the photocatalytic activity of
TiO,/Zn0O nanofibers was improved in these tests. Also, high calcination temperature
was found not to be beneficial to the photocatalytic activity because at high
rutile-to-anatase ratio the abundant rutile became the new center of recombination
(Carp et al. 2004). Concurrently, the surface area and thus the photocatalytic activity
were reduced due to the increase in grain sizes. Thus, a balance between reducing
recombination versus reducing surface area from the increasing grain size by
increasing the rutile ratio lead to an optimal anatase/rutile ratio (48:52) with
nanofibers calcined at 650<C for which photocatalytic activity of TiO,/ZnO

nanofibers was maximized.
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Figure 5.6 The relative variations of the NO removal against irradiation time in the

presence of TiO,/ZnO nanofibers calcined at different temperatures together with P25
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nanoparticles. Inset shows the relationship between the reaction rate constants of

photocatalytic oxidation of NO and the calcination temperatures.

Charge Seperation

INCREASED

Figure 5.7 Proposed schematic illustration of the photocatalytic mechanism of

TiO,/ZnO nanofibers.
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5.4 Summary

The TiO,/ZnO nanofibers have been fabricated via nozzle-less electrospinning
followed by calcination at various temperatures. XRD analysis reveals that the
nanofibers are composed of ZnO, anatase and rutile with different anatase/rutile ratio
when treated at different calcinating temperatures. The optimal combination of these
three semiconductors can (a) reduce the band-gap energy when compared with TiO,
nanofibers alone and (b) enhance charge separation on photo-excitation, thus reducing
electron-hole recombination, thereby increase photocatalytic activity. Meanwhile, the
grain size of the nanocrystallites making up the nanofibers also increases as the
temperature is increased resulting in less surface area for photocatalytic reaction.
Balancing these trade-off effects lead to the highest photocatalytic efficiency for the

optimal TiO,/ZnO nanofibers prepared with calcination temperature of 650 <C.
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Chapter 6

Fabrication and Photocatalytic Activity of

T10,/Zn0O/Bi1,0O3 Nanofibers:

6.1 Overview

Numerous efforts have been made to develop highly effective photocatalysts for
pollutant treatment. As the most studied photocatalyst, titanium dioxide suffers the
low sunlight responsive which retards it’s widely usage in industry. Thus, designing,
fabricating, and tailoring the physicochemical and optical properties of titanium

dioxide is indispensible to utilize a large fraction of the solar spectrum.

In the number of approaches, formation of semiconductor heterojunction structures is
an effective way to enhance the photogenerated electron/hole separation efficiency
and the photocatalytic performance. The vectorial charge transfer from one
semiconductor to another with suitable band edge positions that is thermodynamically
favorable can increase the lifetime of the charge carriers thus promoting the interfacial
charge transfer and catalytic efficiency. To further increase the photocatalytic
performance of the previous TiO,/ZnO composite nanofibers, to fabricate TiO,
composite with narrow band gap semiconductors is valid to produce visible light

responsive photocatalysts.
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Among various narrow band gap semiconductors such as CdS, WO3 and Fe,03, Bi,0O3
has been widely investigated for its small band gap (2.8 eV). Bi,O3 has proved to be
an efficient photocatalyst under visible light irradiation. The intrinsic polarizability
induced by the Bi 6s® lone pairs of electron is helpful for the separation of the
photogenerated electron—hole pairs and the transfer of the charge carriers. Previously
there are some results on the heterostructured photocatalysts, such as TiO,/Bi,Oz(Bian
et al. 2008, Zhao et al. 2012) and ZnO/Bi,0O3(Balachandran and Swaminathan 2012).
Bi,O3/TiO, composite photocatalyst can be easily activated by visible light owing to
the photosensitization by Bi,Os. Since the valence band of Bi,Os is lower than that of
TiO,, the Bi,O3/TiO, heterojunctions are formed in the composite, which promote the
photo-generated holes in Bi,O3 to be transferred to the upper lying valence bands of
TiO,. Consequently, the valence band holes and hydroxyl radicals produced via
oxidation of adsorbed H,O or HO can degrade organic dyes with Bi,Os/ TiO,
composite nanoparticles under visible light irradiation (Bian et al. 2008).
Swaminathan et al. (Balachandran and Swaminathan 2012) have also studied the
heterostructured Bi,O3/Zn0O, which has increased UV absorption when compared with
ZnO. The enhanced photocatalytic activity of Bi,O3/ZnO is attributed to the low
recombination rates of photoinduced electron—hole pairs, caused by the transfer of

electrons and holes between ZnO and Bi,Os.

Therefore, in this study, TiO,/ZnO/Bi,O3; composite nanofibers are fabricated through
electrospinning and the photocatalytic efficiency is tested on the oxidation of nitrogen
monoxide. In addition, a novel kinetic model using fluid mechanics approach is

applied to illustrate the behavior of the photocatalytic reaction.
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6.2 Characterization of TiO,/ZnO/Bi,O; composite

nanofibers

6.2.1 Thermal Behavior of the as-spun fibers

The TGA-DSC curve is shown in Figure 6.1. It shows that both the TGA and DSC are
stable after 600 °C, which indicates all the organic compounds are gone after 600 °C.

Thus, the calcination temperature of these composite nanofibers was determined to be

650 °C.
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Figure 6.1 TGA-DSC curve of the as spun fibers.
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6.2.2 Morphology of the fibers

The morphology of the nanofibers is analyzed by SEM and TEM. The SEM picture
shown in Figure 6.2 presented the fiber with different Bi concentration (0.1%, 0.2%,
0.3% and 0.4% in a, b, c d, respectively) in the precursor solution after calcination.
Fine fibers are distributed in layers randomly. When the Bi concentrations are 0.1%
and 0.2%, the fibers are smooth and even. When raise the Bi concentration to 0.3%
and 0.4%, there form some branch-like nanofibers, which is due to the differences in
the coefficients of thermal expansion among these three semiconductors. The
coefficients of thermal expansion of TiO,, ZnO, and Bi,O3 are 9x10° K1, 4.75x10°
K? and 18x10° K™, respectively (Yashima et al. 2005, Madhavan et al. 2013).
Under a higher bismuth concentration, the composite fibers are broken up into short
rods because of sharp thermal shock and shrinkage in the initial stage. When the
temperature exceeds the softening point of PVP, these short rods will shrink. At higher
temperature, all rods begin to melt partly or fully and then bond mutually to form
branch-like fibers (Lommens et al. 2005, Du et al. 2013). The average diameter of the
fibers is around 90 nm, which agrees with the TEM picture shown in Figure 6.3c. The
TEM pictures also reveal the internal structure of the composite nanofibers, which are
piled up of the nanocrystals. This kind of structure will provide some nanoholes in
between, thus is favorable for the photocatalytic reaction. The EDS test points out the
existence of Ti, Zn and Bi, and the HRTEM displays the lattice spacing of 3.52 A,
2.81 A, and 3.31 A, which are corresponding to the crystal structure of anatase, zincite

and bismuth oxide, respectively.
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Figure 6.2 SEM images of TZB nanofibers after calcination with different bismuth
(1) nitrate pentahydrate concentrations in precursor solutions: a. 0.1%; b. 0.2%; c.

0.3%; d. 0.4%.
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Figure 6.3 a SEM picture of the fibers after calcination; b EDS test result of the
location shown in a; ¢ TEM image of the prepared nanofibers; d HRTEM image of the

fibers.
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6.2.3 Crystal structure of the nanofibers

The XRD pattern of calcinated nanofibers and commercial TiO, nanoparticles are
shown in Figure 6.4. It reveals that there are anatase (JCPDS card No. 21-1272), rutile
(JCPDS card No0.21-1276), zincite (JCPDS card No0.65-682) and bismuth oxide
(JCPDS card No. 41-1449) in the composite, which agrees with the HRTEM image in

Figure 6.3.
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Figure 6.4 XRD patterns of the calcinated nanofibers and commercial TiO,

nanoparticles.
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6.2.4 UV-visible absorption and reflectance spectra

The diffuse reflectance UV-Vis spectra of both TZB nanofibers and commercial TiO,
nanoparticles were compared in Figure 6.5. From the absorption spectra between 200
and 700 nm, the absorption edge of TZB nanofibers has been shifted to the visible
region. The result shows that the absorbance in the UV range can be significantly
improved, and part of the visible range can be also utilized. The steep shape of the
spectra is characteristic of a band gap transition and cannot be attributed to the

transition from the impurity level.

Using the Kubelka-Munk equation, the band gap of TZB nanofibers with Bi
concentration 0.1%, 0.2%, 0.3% and 0.4% together with TiO, nanoparticles were
determined to be 2.74 eV, 2.51 eV 2.81 eV, 2.85 eV and 3.12 eV, respectively. The
decrease in band gap energy of TZB nanofibers as compared to TiO, nanoparticles
can be attributed to the synergistic effect among anatase, rutile, ZnO, and Bi,O3. As
seen in Fig 6.3d, ZnO and Bi,0O3 dispersed on the surface of TiO, involved charge
transfer between anatase and rutile due to the difference in their energy band positions
during illumination (see Figure 6.6). The TZB has an interesting energy diagram as
shown which favors movement of electron and holes which facilitate generation of

radicals with the vapor in air producing both oxygen and hydroxyl radicals.
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Figure 6.5 The UV-Vis absorption spectra of TZB and commercial TiO, nanoparticles
between 200 and 800 nm. The insert shows the UV-Vis diffuse reflectance spectra of

from the Kubelka—Munk function versus the energy of light.
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Figure 6.6 Energy diagram of the composite TZB photocatalyst.

6.2.5 Electrochemical impedance spectra

As shown in Figure 6.7, the typical electrochemical impedance spectra are present as
Nyquist plots, and it is observed that, under dark condition, electrons transfer from
conductive substrates (FTO glass) to the TZB film, and then diffuse through the film
to the counter electrode. During the process of transmission, the electrons will be
recombined in the electrolyte. The recombination process is the main reaction of the
interface under the dark state, which is detrimental for the photocatalytic process, thus
the impedance is the bigger the better in dark condition. While in the illumination case,
the semicircle in the plot varies with different Bi concentrations. The 0.2% has the
shortest semicircle, which indicated the lowest in the solid state interface layer
resistance and the charge transfer resistance on the surface (Adachi et al. 2011, Hao et

al. 2011, Tsao et al. 2011). Overall, both the electron accepting and transporting
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properties of 0.2% Bi nanofibers in the composite can contribute to the suppression of

charge recombination, and thereby a higher rate in the photocatalysis would be

achieved.
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Figure 6.7 EIS changes of TZB nanofibers films with different bismuth (I11) nitrate

pentahydrate concentrations in dark/light conditions.
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6.3 Photocatalytic efficiency on the conversion of nitrogen

monoxide

Figure 6.8 shows the NO removal rate against irradiation time in the presence of
different TZB nanofibers (prepared under different bismuth (111) nitrate pentahydrate)
and P25 TiO; nanoparticles under simulated solar-light irradiation with single-pass
flow through the reactor. After 30 min simulated solar-light irradiation, 37.5%, 67.2%,
20.5% and 17.1% of NO gas was oxidized by the TZB nanofibers prepared with Bi
concentration of 0.1%, 0.2%, 0.3% and 0.4%, respectively; and 8.5% of P25
nanoparticles. Moreover, the NO removal rate increased rapidly in the first 5 min and
ultimately reached the highest value and maintain for at least 30 min of TZB
nanofibers. For the TiO, nanoparticles, however, the highest NO conversion 8.5% was
achieved at around 15 min and then decreased slowly with the irradiation time to 6%
at 30 min, which was ascribed to the accumulation of HNO3 on the particles surface
resulting in deactivation of photocatalysts. In general, the 0.2% TZB composite
nanofibers held the highest photocatalytic efficiency on the conversion of NO which
can be explained by the highest solar light utilization, lowest band-gap energy, as well

as the lowest electron—hole recombination rate.
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Figure 6.8 The relative variations of the NO removal against irradiation time in the

presence of TZB nanofibers prepared with different Bi concentrations together with

P25 nanoparticles.
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6.4 Kinetic model

In this part, a new kinetic model is proposed by Prof. Leung to explain the behavior of
experimental data. In essence there are two time scales, one corresponding to the flow
retention time tg, i.e. time for which the pollutant gas stays on average in the "box
reactor”; and the other time scale corresponding to the time frame for which
physical/chemical process(es) take place in the reactor. For the latter, it is assumed
that some time t is required to realize the maximum pollutants conversion, or
maximum sink capacity of pollutants. The typical time of the limiting process
(physical/chemical) is assumed to be of order of this time scale t. These two

time-scales tg and t interact in a complicated way dictating the final outcome.

Kinetic time constant:

The time-limiting kinetics (or time to realize the maximum photo-oxidation capacity,

I.e. sink capacity) can be attributed to:

(a) Physical diffusion of pollutant gas and water vapor into the pores of the catalyst,

(b) Adsorption of pollutant gas and water vapor onto the reactive site of the catalyst,

and

(c) The chemical reaction due to generation of the oxygen and hydroxyl radicals,
valence band holes, and the chain of chemical reactions of these radicals and holes

with the pollutant gas converting it ultimately to harmless substances.

It is possible that the above three mechanisms may be limiting at various times during

the reaction for which multiple time constants apply at various stages rather than
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having only one time constant being the dominant (i.e. longest time) for the entire
process. This will be apparent later as t is an assumed value in the model and it is
determined from matching the experimental result with the model based on an

assumed t.

Co @ t=0
Ct —

o UQCa—» 7 RN o —U.Q,Ct—>

Figure 6.9 Box model with physical/chemical process controlling the Kinetics.

From Figure 6.9, it can be written

LA%—? = AU (C, —C)—-S*tanh(t/7)

where (6.1, b)
1a,

tanh(t/7) = =P (2t/7)

l+exp(-2t/7)

Eq. 6.1 b is an assumed form of the sink behavior and has a property such that at large

t>>1, tanh(t/t) approaches unity realizing the full oxidation capacity for pollutants.

Dividing both sides of Eq. 6.1 a by C,AU, where C, is the initial concentration of
pollutant in the box, A is the cross sectional area of the box, and U is the through-flow
velocity as determined from U=Q/A with Q being the volumetric feed rate. With the

definition of the following dimensionless variables:
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C'=C/C,

t'=Ut/L =t/t,

T'=1lt,

§'=S*/C,AU (6.2a-d)

Notez’ is the ratio of kinetic to retention time. When this ratio is much larger than

unity, kinetics time is longer compared to the flow retention time in the reactor.
Based on Egs. 6.2 a-d, Eq. 6.1 a can be rewritten as,

9 _ (€.~ — s'tanh(t'/ ')

dt’ (6.3a)

Initial Condition:

=0, C=S-1
CO

(6.4a)
At "large" time:
t'/r'>>1
% —0 and tanh(t'/7')=1
C,-C,'-S'=0
S'=C,'-C,'=1-C,' (6.5b)

Cs' is the steady-state concentration. The first order differential equation Eqg. 6.3 a can

be integrated by the 4th-order Runge-Kutta algorithm. First, rewrite Eq. 6.3 a as

dC' i e ey e
oo = [.C)=(C,—C") ~S'tanh(t/ ) (6.3b)

Using the Runge-Kutta algorithm,
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k = f(tu C-I):l—C'—S' 1—eXp(—2t'/r')
o 1rexp(-2t/7)

K, = f(t +At/2,C ' +k At/2) = 1—(C'+k1At/2)—S'[l_eXp(_z[t +At/2)/7 )}

1+exp(-2[t'+At/2]/7")
1-exp(-2[t'+At/ 2]/ ")
1+exp(-2[t'+At/ 2]/ 7")

ky = f(t'+At/2,C,'"+k,At/2) = 1—(C'+k,At/2) - S'[

, , , | 1-exp(=2[t'+At]/ ")
k, = f(t.'+At,C '+k,At) =1—(C'+k,At)—S
o= TEAL G A =1-(CroA) L+ exp(-2[t'+At]/ ")

Cia = C, + £ Atlk, +k, + 2K, + 2k, ] (6.5a-¢)

The subscript "i" means the i" time step. The integration over time becomes a

marching process starting from the initial condition at i=0.
Instantaneous Zero Kinetic Model

At times, the physical and chemical process governing the kinetics may happen so fast

when compared to the flow retention time that
1<<tg=L/U or t'=1U/L<<1
In this case, T'—0 for which tanh(t'/t")—1, and Eq. 7.3 a reduces to

aC e, —cy-s
dt (6.3¢)

Integrating Eq. 6.3 ¢ with the initial condition Eq. 6.4 a,

r'<<l

C'=C,+(1-C,)exp(-1) (6.6)

Note that Eq. 6.6 does not have the kinetic time t as it becomes redundant. Surely, as

t>>1, C'>Cs' as it should in Eg. 6.6. It turns out that as ©'<0.1, the "full-blown"
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kinetic model, Eq. 6.3 b, falls back to the instantaneous kinetic model. As such, Eq.

6.6 is also referred as the zero kinetic model, with t'=0.

When comparing the zero kinetic models with some test data showing slow kinetics, it
Is evident that the zero kinetic models, based on strictly flow retention time, cannot
explain the slow kinetics of the test measurements, see Figure 6.10 (compare the
dotted curve with the test data). In other words, the flow retention time is not
controlling the conversion of NO gas, but the kinetics of physical/chemical process is.
Figure 6.10 shows a better match between the kinetic model, using appropriate t
values, with experimental measurements at various Bi concentrations. The Kinetic
time t is determined to be, respectively, 1.5tg, 0.6tgr, 1.2tz, and 1.4tgx for Bi
concentration of 0.1%, 0.2%, 0.3%, and 0.4%. In dimensional term, t varies from 54s
to 135s (given tg=L/U=V/Q=1.5 min=90s). This is the time scale to fully realize the
maximum rate of photocatalytic oxidation. In Figure 6.11, the NO removal and Kinetic
time constants are plotted for different bismuth (IIl) nitrate pentahydrate
concentrations. The 0.2% Bi not only has the maximum NO removal amount, but also
possesses the fastest kinetics for the maximum removal; and these two parameters are
inversely related. In addition, these results are also consistent with the highest light
absorbance (Figure 6.5), highest electron-hole separation efficiency (i.e. least
electron-hole recombination and highest impedance, see ordinate-scale in Figure 6.6),
and highest charge carrier transport properties (see abscissa-scale in Figure 6.6) for

Bi=0.2, 0.1, 0.3 and 0.4%, respectively.
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Figure 6.9 Kinetic model for the performance of TZB photocatalysts.
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Figure 6.10 Plot of NO removal and kinetic time constants with different bismuth (111)

nitrate pentahydrate concentrations.
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6.5 Photocatalytic oxidation on the degradation of o-xylene

Taking into account photocatalytic theory and the synergistic effect among the four

semiconductors, o-xylene was chosen as a representative volatile organic compounds

(VOCs) pollutant to investigate the photocatalytic degradation process by TZB

nanofibers and P25 TiO, nanoparticles (50 mg in each set of test) on full spectrum

illumination. For 10 min illumination, the removal of o-xylene by commercial TiO,

nanoparticles is very low (5.25%). In contrast, the removal by TZB nanofibers is up to

100%, which can be seen from Figure 6.12.
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Figure 6.11 The relative variations of the o-xylene concentration against irradiation

time in the presence of TZB nanofibers. Inset shows the benchmark test between TZB

nanofibers and P25 nanoparticles with 10-min illumination.

139



In order to gain a deep insight into the o-xylene degradation by TZB nanofibers, the
intermediates were identified and the evolution of major intermediates was
investigated in each process. Nine intermediates (Compound 2 to 10) were identified
according to different retention times in the GC spectrum during o-xylene degradation.
The evolution profiles of o-xylene intermediates in the photocatalytic degradation

process of TZB nanofibers are plotted in Figure 6.13.
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Figure 6.12 The evolution profiles of o-xylene intermediates in the photocatalytic

degradation process of TZB nanofibers.

The information on the intermediates including the mass of deprotonated ion ([M-H]")
of the daughter compounds, the proposed molecular structure, and the proposed

fragments are summarized in Table 6.1.
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Table 6.1 Identified degradation products and their main fragments determined by

GC-MS.
) Molecular ion
Compound F_{etentu_)n Mole_cular and main Structural formula
time (min) weight f
ragments
CH,
oxylene  26.818 106 HO0 Lot (:E
CH,
OH
108, 90, 77,
2 29.016 108 63 51 30, 27 ©i
CH,
OH
110, 92, 81,
3 23.925 110 63, 53 39, 27
OH
0
108, 80, 73,
4 21.142 108 50,54 41
0
CH,
91. 85, 73, 65,
5 22764 92 21,8673, 69 ©/
78. 77, 63, 52,
0 0
7 13.542 104 103, 57, 4533 M
HO OH
0
OH
8 10.239 90 89 61 HO)H(
0
@)
9 5.031 60 60, 451’543’ 29, )j\
’ OH
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46 46, 45, 29,17,

10 3.963 19

Based on the intermediate products identified in the present system, the possible
pathway for the photocatalytic degradation of o-xylene can be described as indicated
in Figure 6.14. The decomposition of o-xylene was initiated by the attack of *OH on
the methyl group of the benzene ring, leading to the generation of compounds 2 and 3
at the first step. When the *OH further oxidizes the methyl group and the hydroxyl
group on the benzene ring, compounds 4, 5 and 6 are formed, respectively. The
emergence of compound 10 was accompanied by the oxidation of methyl group at the
beginning of the reaction. Compounds 7, 8, 9 and 10 are generated from the open-ring
reaction. The final mineralization of these compounds lead to the formation of CO,

and H,O, which are too small in size to be detected in this set of experiment.
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Figure 6.13 Proposed photocatalytic degradation pathway of o-xylene in the present

system.
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6.6 Summary

TiO,/Zn0O/Bi,03 composite nanofibers containing various Bi concentrations were
synthesized by a sol-gel assist electrospinning method, followed by a heat treatment
procedure at 650 °C. The detailed morphology was characterized by SEM and TEM
measurements. The as-synthesized composite nanofibers exhibited much higher
photocatalytic activity for the oxidation of NO under simulated solar irradiation than
commercial TiO, nanoparticles. The interlayers among these semiconductors were
found to effectively separate photogenerated electron/hole pairs, as confirmed by the
DRS and EIS measurements. The enhanced photocatalytic activity of TZB is
attributed to the difference in the energy band positions of anatase, rutile, zincite and
bismuth oxide. The particular energy diagram results in the lower band gap energy
level and recombination rate due to greater charge separation. These composite
nanofibers have increased absorption in both UV and visible range when compared
with TiO, nanoparticles. Moreover, the photocatalytic performances are more stable
of TZB nanofibers than that of TiO, nanoparticles, which get deactivated easily. The
degradation of o-xylene is also studied by GC/MS and a possible pathway is proposed

arising from the intermediates information.

The effective TiO,/Zn0O/Bi,03 nanofibers can offer the perspective of developing a
new generation of efficient photocatalytic material, which benefit environmental

remediation and purification processes.
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Chapter 7

Conclusions and Recommendations for

Future Research

7.1 Conclusions

In this study, inorganic nanofibers have been successfully prepared via a sol-gel
assisted nozzle-less electrospinning process followed by heat treatment. Nanofibers
made from titanium dioxide have proven to perform better in photocatalytic oxidation
than its counterpart taking form of nanoparticles. Furthermore, composite nanofibers
from several specific semiconductors, such as titanium, zinc and bismuth oxides can
further boost the photocatalytic performance to a much higher level due to synergistic
effects. Finally, the composite nanofibers have been applied to photocatalytic
degradation of RhB dye in liquid suspension, NO gas conversion, and degradation of

o-xylene in air.

Nanofibers with fiber diameter 80-120 nm show much higher photocatalytic
efficiency than those of the smaller size commercial nanoparticles (such as P25, size
25-38 nm) despite they have comparable specific surface areas. This is due to the
nanofibers being packed with much smaller crystallites with size of 10 nm. The
nanopores between the crystallites enhance physical contact between the target
molecules and the surface of the catalyst, and the improved adsorption further favors

photocatalytic reactions.
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The performance of composite nanofibers is much better when compared to pure TiO;
nanofibers. In TiO,/ZnO nanofibers, the amount of Zn content is found to play an
important role on the photocatalytic activity. The optimal concentration of ZnAc in
the precursor solution is determined to be 0.30 wt.% (6.0 wt.% TIP) and 0.10 wt.%
(3.0 wt.% TIP). This optimum is obtained by balancing the competing effects between
the unfavorable increased in specific surface areas due to addition of zinc and the

favorable increase in surface oxygen vacancies.

We have studied the effect of photocatalyst dosage and the light intensity in the
degradation of RhB in aqueous suspension. An optimal catalyst loading of 2 g L™
TiO,/Zn0O has been determined to yield the most efficient degradation. This catalyst
loading balances the favorable increased active sites of the catalyst in suspension
versus the unfavorable increasing opacity from agglomeration of catalyst under higher
catalyst loading. The degradation rate of RhB due to photocatalytic oxidation increase
with increasing light intensity, which is due to the addition of photon dosage that

induces more electron-hole pairs generation.

The role of illumination area, humidity and the residence time in the photocatalytic
oxidation (PCO) of TiO,/ZnO nanofibers on the conversion of NO has been
investigated. With increasing irradiation area of the photocatalyst, the NO removal
increases due to enhance light harvesting and permeability. With increasing humidity
PCO also increases due to generating of free radicals for triggering the reaction.
However, excessive water molecules can occupy and block the active sites of the
catalyst. Balacing these two factors, an optimal relative humidity of 50% has been
found for efficient removal of NO. NO removal increases with increasing residence

time as there is longer contact time between NO and the photogenerated hydroxyl
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radicals.

The effect of anatase/rutile ratio on photocatalytic activity has been investigated.
TiO2/ZnO nanofibers have been fabricated by calcination at different temperatures
changing the anatase/rutile ratio. XRD analysis reveals that the nanofibers are
composed of ZnO, anatase and rutile with different anatase/rutile ratio when
calcinated at different temperatures. The grain size of the nanocrystallites making up
the nanofibers is found to increase with temperature resulting in less surface area for
photocatalytic reaction. Upon balancing these trade-off, it has been determined that
the optimal calcination temperature for preparation of TiO,/ZnO nanofibers leading to
the highest photocatalytic efficiency is 650<C. The optimal combination of these three
semiconductors anatase/rutile/zinc oxide can (a) reduce the band gap energy when
compared with pure TiO, nanofibers facilitating more electron-hole pair for generating
radicals for PCO activities and (b) enhance charge separation upon photoexcitation
reducing electron-hole recombination. Thus, the optimal concentration results in much

enhanced photocatalytic activity.

One additional semiconductor, Bi,Os3, is incorporated in the composite nanofibers to
demonstrate the possible synergistic effect in composite photocatalysts.
TiO,/Zn0O/Bi,03 (TZB) nanofibers containing various Bi concentrations are
synthesized. The as-synthesized composite nanofibers exhibit much higher
photocatalytic activity for the oxidation of NO under simulated solar irradiation than
commercial TiO, nanoparticles. The interlayers among these semiconductors are
found to effectively separate photogenerated electron/hole pairs, as confirmed by the
DRS and EIS measurements. The enhanced photocatalytic activity of TZB is

attributed to the difference in the energy band positions of anatase, rutile, zincite and
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bismuth oxide. The composite nanofibers have increased absorption in both UV and
visible range when compared with TiO, nanoparticles. Moreover, the photocatalytic
performance is more stable for TZB nanofibers than that of TiO, nanoparticles, which
can be easily deactivated. The optimal bismuth concentration in the composite
nanofibers corresponds to the case with best electron/hole pair separation, maximum
absorption in UV and visible wavelength, fastest Kkinetics, and maximum
photocatalytic activities. The degradation of o-xylene is also studied by GC/MS.
Similar conclusion on PCO of o-xylene can be drawn when comparing TZB
nanofibers with TiO, nanoparticles. Furthermore, a possible pathway is proposed
arising from the intermediate products being formed before the final degradation of

0-Xylene to carbon dioxide and water vapor.

To conclude, the experimental results in the present study demonstrate that the
composite nanofibers can offer a promising prospect of developing a novel, efficient
photocatalyst that would greatly benefit environmental remediation and purification

process.

7.2 Recommendations for future research

7.2.1 p-n semiconductors composite nanofibers

Semiconductors can be divided into two categories, n-type semiconductors, in which
there is an excess of electrons, and p-type semiconductors, in which there is a

deficiency of electrons.

While titanium dioxide, zinc oxide, and bismuth oxide are all n-type semiconductors,
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it has been known that p-n heterojunction-type photocatalysts not only can expand
semiconductor responding wavelength range though sensitization effect, but also
restrain charge carrier recombination through the built-in electric field effect, thus

greatly improve the photocatalytic performance of the material.

P-type semiconductor, such as CuO (1.2 eV), Cu,0 (2.0 eV), and CdTe (1.4eV) can
also be used in the above mentioned principle where a p-type semiconductor say P1
can be used with energy level higher than zinc oxide so that it can trigger transfer of
electron to zinc and zinc to Ti, and from Ti to Bi. Vice versa, the holes are readily
transferred from the n-type Zn to the p-type P1, which kicks off a series of hole
transfer from Bi to Ti, and from Ti to Zn, and Zn to P1. Similar logic applies for
having a second p-type semiconductor P2, with energy level even higher than P1. The

energy cascade is shown in Figure 7.1.

_e‘F_-_
A

Figure 7.1 Energy cascade of TZB-P1-P2 photocatalyst.
The additional of p-type semiconductor, with proper energy level, can further improve

the catalyst capability.
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7.2.2 Carbon nanotube (CNT)/ TiO, composite nanofibers

7.2.2.1 Overview

The photocatalytic activity of wide band gap semiconductors has been the subject of
numerous studies due to their ability to simultaneously harvest solar energy and drive
chemical reactions via photoexcited charge carriers and activated electronic states.
Among these materials, TiO, is particularly noteworthy because of its robust
performance, nontoxicity and chemical stability. Numerous photocatalytic
applications for TiO, have been proposed including liquid and gas phase organic
contaminant degradation and water photolysis. A popular pathway for enhancing
photocatalytic activity is to form carbon nanotube (CNT)-TiO, composite
photocatalysts (Zhang et al. 2010, Woan et al. 2009, Lee et al. 2012). CNT has been
used as template or scaffold for the hybrid assembly of nanoparticles by keeping their
morphology and structure even at high nanoparticle loadings. Thus, composites
containing CNT are believed to provide many applications and exhibit cooperative or

synergetic effects between TiO, and carbon phases.

7.2.2.2 Preliminary results

7.2.2.2.1 CNT/TiO, nanotubes

TiO, nanofibers with multi-wall carbon nanotube (MWCNT) are fabricated through
electrospinning. Figure 7.2 represents the SEM picture of the nanostructure before and
after heat treatment. It shows that before calcination, there are continuous, smooth and
uniform nanofibers. However, after calcination, there are truncated nanofibers, in
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other words, nanorods. This is due to the differences in the thermal expansion
coefficiency between TiO, and MWCNT. During heating, the thermal expansion
differs between TiO, and CNT; leading to the difference in the fiber elongation, thus
cause the truncation in fibers when cooling down, resulting in nanotubes. The TEM
images of pure CNT and CNT/TiO;are shown in Figure 7.3. In the latter, it is noted
that the CNT diameters are around 7 nm, and they are buried inside the TiO,
nanocrystals. As such, the CNT can function as an electron/hole transfer ‘highway’,

thereby increasing the photocatalytic efficiency.

Figure 7.2 The SEM picture of CNT/TiO, nanofibers before (a) and after (b)

calcination.

Figure 7.3 The TEM picture of MWCNT (a) and CNT/TiO, nanotubes (b).

Figure 7.4 shows the NO removal rate against irradiation time in the present of
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different CNT/TiO; nanotubes (prepared under different CNT concentration) and P25
TiO, nanoparticles under simulated solar-light irradiation with single-pass flow
through the reactor. After 30 min irradiation, 15.0%, 13.2%, 15.1% and 16.2% of NO
was oxidized by the CNT/TiO, prepared with CNT concentration of 0, 0.1%, 0.2%
and 0.4%, respectively; and 6% of P25 nanoparticles. Moreover, the removal of NO
by TiO, nanofibers increase ultimately to a stable value at around 10 min, but the
removals of NO by CNT/TiO, increase rapidly to a highest value around 30% and
then decrease to around 15%. Similar performance also can be noticed on TiO,
nanoparticles. The performances vary from morphology, and the detail mechanism

needs to be investigated in the future.
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Figure 7.4 The NO removal rate against irradiation time in the present of different
CNT/TiO, nanotubes and P25 TiO, nanoparticles under simulated solar-light

irradiation with single-pass flow through the reactor.
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7.2.2.2.2 CNT/TZB nanofibers

The SEM picture and TEM picture of CNT/TZB nanofibers are shown in Figure 7.5.
After calcination, the precursor nanofibers remain as nanofibers. This is because the
thermal expansions for these four materials do not vary greatly as compared to pure
TiO; and CNT, so that the nanofibers morphology remains unchanged. CNT is also

inside the TZB nanofibers, similar as the structure of CNT/TiO, nanotubes.

X13,000 _Ajim 10'30-SEl

Figure 7.5 The SEM picture of CNT/TZB nanofibers before and after calcination (a

and b), and the TEM images in different magnifications (c and d).

Figure 7.6 shows the NO removal rate against irradiation time in the present of TZB
nanofibers, CNT/TZB nanofibers and P25 TiO, nanoparticles under simulated
solar-light irradiation with single-pass flow through the reactor. It reveals that the
TZB has the higher NO removal, but need longer time to reach to the highest removal

rate than that of the CNT/TZB nanofibers. Figure 7.7 shows fast kinetics with the
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CNT/TZB nanofibers. Despite the ultimate conversion is not that high, the kinetics for
the CNT/TZB nanofibers are much more superior. This phenomenon needs to be

deliberated in the future research.
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Figure 7.6 The NO removal rate against irradiation time in the present of TZB
nanofibers, CNT/TZB nanofibers, and P25 TiO, nanoparticles under simulated

solar-light irradiation with single-pass flow through the reactor.

Up to now, the successful applications of TiO, composite nanofibers under solar light
for water treatment and air purification have been carried out. Future research should
be focused on further increase the photocatalytic activity and the mechanism and

Kinetics behind the photocatalytic performance.
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Figure 7.7 The plot of test data and box model data of CNT/TZB nanofibers and TZB

nanofibers.
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Appendix The absolute energy positions of conduction and valence bands of selected

semiconductors (Xu and Schoonen 2000).

ECB (VS. EVB (VS. ECB (VS. EVB (VS.
Semiconductor Eg(eV) Semiconductor Eg(eV)
NHE) NHE) NHE) NHE)

Ag,0O 1.2eV 0.19 1.39 AITiO; 3.6eV -0.86 2.74
BaTiO3 3.3eV 0.08 3.38 Bi,03 2.8eV 0.33 3.13
Cdo 2.2eV 0.11 231 CdFe;04 2.3eV 0.18 2.48
Cey03 2.4eV -0.5 1.9 CoO 2.6eV -0.11 2.49
CoTiO3 2.25eV 0.14 2.39 Cry03 3.5eV -0.57 2.93
CuO 1.7eV 0.46 2.16 Cu,0O 2.2eV -0.28 1.92
CuTiO3 2.9%eV -0.18 281 FeO 2.4eV -0.17 2.23
Fe 03 2.2eV 0.28 248 Fes04 0.1eV 1.23 1.33
FeOOH 2.6eV 0.58 3.18 FeTiO; 2.8eV -0.21 2.59
Ga,03 4.8eV -1.55 3.25 HgO 1.9eV 0.63 2.53
Hg>Nb,O- 1.8eV 0.81 2.61 Hg,Ta,O7 1.8eV 0.84 2.64
In,03 2.8eV -0.62 2.18 KNbO; 3.3eV -0.86 2.44
KTaOs3 3.5eV -0.93 2.57 La,03 5.5eV -1.97 3.53
LaTi, Oy 4eV -0.6 3.4 LiNbO3 3.5eV -0.73 2.77
LiTaO3 4eV -0.95 3.05 MgTiO3 3.7eV -0.75 2.95
MnO 3.6eV -1.01 2.59 MnO, 0.25eV 1.33 1.58
MnTiO3 3.1eV -0.46 2.64 Nb,Os 3.4eV 0.09 3.49

Nd,O3 4.7eV -1.63 3.07 NiO 3.5eV -0.5 3
NiTiO3 2.18eV 0.2 2.38 PbO 2.8eV -0.48 2.32
PbFe;,019 2.3eV 0.2 2.5 PdO leV 0.79 1.79
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ECB (VS. EVB (VS. ECB (VS. EVB (VS.
Semiconductor  Eg(eV) Semiconductor Eg(eV)
NHE) NHE) NHE) NHE)

Pr,03 3.9eV -1.26 2.64 Sb,04 3eV 0.32 3.32
Sm,03 4.4eV -1.43 2.97 SnO 4.2eV -0.91 3.29
SnO, 3.5eV 0 3.5 SrTiO3 3.4eV -1.26 2.14
Tay0s 4eV -0.17 3.83 Th,03 3.8eV -1.06 2.74
TiO, 3.2eV -0.29 291 TI,0;3 1.6eV 0.05 1.65
V205 2.8eV 0.2 3 WOs; 2.7eV 0.74 3.44
Yb,03 4.9eV -1.48 3.42 YFeOs3 2.6eV -0.2 2.4
Zn0 3.2eV -0.31 2.89 ZnTiO; 3.06eV -0.23 2.83
ZrO, S5eV -1.09 3.91 AQ,S 0.92eV 0 0.92
AgAsS; 1.95eV 0.01 1.96 AgShs, 1.72eV 0.01 1.73
AS;S;3 2.5eV 0.08 2.58 Cds 2.4eV -0.52 1.88
CeySs 2.1eV -0.91 1.19 CoS OeV 0.67 0.67
CoS; OeV 0.99 0.99 CoAsS 0.5eV 0.46 0.96
CuS OeV 0.77 0.77 Cu,S 1.1eV -0.06 1.04
CuS; OeV 1.07 1.07 CuzAsS, 1.28eV 0.25 1.53
CuFeS; 0.35eV 0.47 0.82 CusFeS, leV 0.05 1.05
CulnS; 1.5eV -0.44 1.06 CulnsSg 1.26eV -0.41 0.85
Dy,Ss3 2.85eV -1.14 1.71 FeS 0.1eV 0.47 0.57
FeS; 0.95eV 0.42 1.37 FesS4 OeV 0.68 0.68
RuS; 1.38eV 0.39 1.77 Sh,S3 1.72eV 0.22 1.94
Sm;,S;3 2.6eV -1.11 1.49 SnS 1.01eV 0.16 1.17
SnS; 2.1eV -0.06 2.04 ThyS3 2.5eV -0.99 1.51

157



ECB (VS. EVB (VS. ECB (VS. EVB (VS.
Semiconductor  Eg(eV) Semiconductor Eg(eV)
NHE) NHE) NHE) NHE)
TiS; 0.7eV 0.26 0.96 TIASS; 1.8eV -0.34 1.46
WS, 1.35eV 0.36 1.71 ZnS 3.6eV -1.04 2.56
Zns; 2.7eV -0.29 241 ZnzIn,Se 2.81eV -0.91 1.9
ZrS, 1.82eV -0.21 1.61
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