












































Electron-hole recombination: e+ h've (W'1r) — g + heat (11)
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Figure 3: Photocatalytic process over a TiO, semiconductor

The ultimate aim of these photocatalytic processes, are to have reactions between an oxidant and
an activated electron to produce a reduced product and to have reactions between a reductant and
generated holes to produce an oxidized product, while minimizing the recombination of holes.
During the process, electrons that are generated could either reduce the dye or react with electron
acceptors adsorbed on the surface of Ti(lll) or that are dissolved in water, thereby forming
superoxide radical anion O, * (Konstantinou and Albanis 2004). The photogenerated holes can
oxidize the organic compound to form R* or react with OH/H,O to form OH’ radicals. So
together with some very reactive oxidants, they have said to be responsible for the heterogeneous
TiO, photocatalytic degradation of organics like dyes. The final OH radical that is a very strong
oxidizing agent, could oxidize most azo dyes rendering them into mineral end products. The
relevant reactions according to this, occurring at the surface of the semiconductor photocatalyst,

can be shown as follows (Konstantinou and Albanis 2004):
T|02+hV(UV) - T|02 (e-CB + h+VB ) (12)
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TiO, (h+VB) + H,0 — TiO, + H™ + OH’

TiO, (h*vs) + OH — TiO, +OH'
TiOz (e'cg) + 02— TiO, +0;°
0; "+ H'— HO;

Dye + OH’ — degradation products
Dye + h*yg — oxidation products

Dye + e'cg — reduction products

Where hv is the energy of the incident light the photon energy which excites the electron.

1.4 Titania versus other photocatalysts

(13)
(14)
(15)
(16)
(17)
(18)

(19)

Although there are numerous number of photocatalysts available which include metal oxides,

zeolites, metal chalcogenides and many more, Titanium Dioxide has been the most widely used

photocatalyst since many years. The reason is that Titania almost acts as an ideal photocatalyst

having the following attributes which make it one of the best (Carp, Huisman et al. 2004):

e Photo-stability even in water

e Inert nature (chemically and biologically)

e Cost effective

e Ability to react with water to generate hydroxyl ions on absorbing light, due to its band

gap position

TiO, exists in three phases and they are anatase, rutile and brookite. Since brookite is unstable

above temperatures of 150°C, the most commonly used phases in photocatalysis are anatase and

rutile. The Figure 4 below shows an anatase crystal structure and a rutile crystal structure.
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Figure 4: Crystal structures of TiO, : (a) rutile unit cell (b)
anatase unit cell Source : (Banerjee 2011)

The anatase structure of TiO, has some free electrons in its crystal structure and so it
happens to be n type semiconductor. It has also been reported that the anatase form provides the
best combination of photoactivity and photostability (Colmenares, Luque et al. 2009, Park, Lee
et al. 2009). The anatase (band gap 3.2eV) and rutile (band gap 3.0eV) structures however
absorb only in the UV region of the entire spectrum. Rutile phase still works for wavelengths
closer to the visible region. Photocatalysis with TiO, works in the wavelength range of 300-
388nm, while the anatase is said to be active at a wavelength corresponding to 388nm
(Colmenares, Luque et al. 2009). The solar radiations contain not only UV rays (10nm-400nm)
but also made up of visible (400-800nm) and infrared rays (700nm-1mm) and so it becomes hard
to get TiO, to work efficiently under solar light due to its band gap that is activated upon
wavelengths of the UV range only. This lack of photocatalytic activity of TiO, under visible
light, causes severe limitations for its use (Kisch and Macyk 2002, Yamashita, Takeuchi et al.
2004, Kitano, Matsuoka et al. 2007). The reason behind its inactivity is that the anatase phase of
titania has a large band gap i.e. 3.2eV, which corresponds to the start of the absorption band at
about 350nm. This onset of the absorption band is not adequate to bring about efficient solar
activity since only 5% of the solar radiation is actually absorbed by TiO,

semiconductor(Colmenares, Luque et al. 2009).
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1.5 Modified TiO, for visible light photocatalysis

In the past, researchers have developed two strategies to bring about visible light
photocatalysis using TiO, as a photocatalyst. The first one is by incorporating an organic dye as
a photosensitizer and the second is by doping TiO, with metallic/non-metallic elements (Pichat,
Guillard et al. 1993, Choi, Termin et al. 1994, Abe, Sayama et al. 2004, Yamashita, Takeuchi et
al. 2004, Bacsa, Kiwi et al. 2005, Colmenares, Aramendia et al. 2006, Jin, Zhang et al. 2006,
Rengaraj and Li 2006, Chen, Huang et al. 2007, Jin, Zhang et al. 2007)

In the first strategy, the degradation of the dye is minimized by a quenching process of the
dye’s oxidation state with a suitable electrolyte, all done under no air or oxygen
conditions.(Pichat, Guillard et al. 1993, He, Zhao et al. 1997, Bauer, Boschloo et al. 2002, Abe,
Sayama et al. 2004, Jin, Zhang et al. 2006, Jin, Zhang et al. 2007)

The second strategy, has utilized metallic or non-metallic elements to dope titania and
make it responsive in the visible range (Karakitsou and Verykios 1993, Pichat, Guillard et al.
1993, Abe, Sayama et al. 2004, Yamashita, Takeuchi et al. 2004, Bacsa, Kiwi et al. 2005, Jin,
Zhang et al. 2006, Jin, Zhang et al. 2007). This doping introduces either occupied orbitals (which
leads to negative doping) or unoccupied orbitals (which leads to positive doping) in the band gap

area of the semiconductor, thereby reducing the band gap.

In the past, Titania has been doped with various metals like Pt, Au, V, Cr, Mn, Cu, Fe and
Ni causing a large shift in its absorbance band, moving into the visible region. For example,
titania photocatalyst has shown to be more efficient by doping with noble metals like Pt
nanoparticles (Kudo and Miseki 2009). Although there has been a shift in absorbance, there have
been controversies on an increase and a decrease in photo-catalytic activity on metal doping that
has been reported (Ge and Xu 2006, Lin, Tseng et al. 2006, Aramendia, Colmenares et al. 2007,
Kryukova, Zenkovets et al. 2007). These controversies mainly stem from the doping procedures
and the undefined nature of the final material. In most cases, the controversies arise from the way
in which the metal has been introduced into the material and also the concentration of the metal
(dopant). Thus it has been observed that there is an optimal value or level for doping TiO, which
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in many cases is between 3-7 at.wt% to reach maximum efficiency and any increase from that
level would cause a decrease in the photocatalytic activity of the catalyst (Fu, Vary et al. 2005,
Okato, Sakano et al. 2005, Chen, Huang et al. 2007, Bensaha and Bensouyad 2012).

1.6 Doping with copper

Although doping with nobel metals like Pt, have attracted great attention and been very
promising to photooxidation activities, its high cost and indefinite sustainability, have made
researchers look for other dopants that would be an ideal pick for long term solutions (Chong, Jin
et al. 2010). Transition metals like Copper are available at low costs and seem to be a good
choice in employing it as a dopant with TiO, to increase its photocatalytic activity. There have
been few investigations done on the doping of copper with titania (Tseng, Wu et al. 2004, Park,
Kim et al. 2006, Xu, Liang et al. 2008) resulting in enhanced photocatalytic activity, hydrogen
generation (Teleki, Bjelobrk et al. 2008) and carbon dioxide reduction (Sakata, Yamamoto et al.
1998, Li, Wang et al. 2010)

1.7 Methods for doping

Over the past several years, lot of research had been done on using TiO, and modified
forms of TiO, as photocatalysts in the degradation of industrial pollutants like dyes. To list a few
in 2001 Gong et al. synthesized porous titanium dioxide nanotubes by the anodic oxidation
process, which had tubes that ranged from 25nm to 60nm in diameter, having a morphology that
was open at the top and closed at the bottom. This served important applications in biomedical
and catalytic areas (Gong, Grimes et al. 2001). Das et al. fabricated nanotubes of TiO, by the
anodization process and after they studied the cell-material interaction, it was concluded that
these nanotubes served better in the medical field than polished Ti-controlled surface (Das, Bose
et al. 2009). Kanjwal et al. fabricated TiO, photocatalysts with silver nanoparticles and achieved

a strong degradation (Kanjwal, Barakat et al. 2010). Li et al. prepared porous TiO, nanofibers by
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an alkali-dissolution method which increased the surface to volume ratio, and thus the efficiency
of the photocatalyst (Li, Sun et al. 2011). Slimen et al. used sol-gel method to prepare TiO,
activated carbon composites which showed better dye degradation than the degussa P25 titanium
oxide (Slimen, Houas et al. 2011). It was shown by Meng and others, that synthesizing TiO,
nanorods on the surface of TiO, nanofibers exhibits better photocatalytic activity than just pure
TiO, nanofibers (Meng, Shin et al. 2011). All these above mentioned techniques showed a
pathway to a good photocatalyst. However, there was complexity involved in all of these

preparation techniques and most had high costs of production.

Helaili et al. in 2009 have shown that a modification to the optical property of TiO, was
brought about by the Copper doped TiO, nanoparticles, and this has caused the composite
material to show activity in the visible region of solar radiations, thus ultimately enhancing the
degradation of organic pollutants (Helaili, Bessekhouad et al. 2009). However, the photocatalytic
nanoparticles combine to form aggregates which become attractive sites for the photogenerated
electrons and holes, leading to recombination reactions which hinders photocatalysis (Choi, Kim
et al. 2010). Aggregates of nanoparticles also have a negative effect on the reusability aspect of a
photocatalyst (Pan, Dou et al. 2010). Considering these effects of nanoparticles, research has
advanced and synthesized nanotubes of CuO which had TiO, nanoparticles decorated on it which
was shown to be exhibiting a highly active photocatalysts to decolorize methylene orange dye
(Wu, Zhu et al. 2011). Nevertheless, it was noticed that this morphology of the TiO,
nanoparticles on the CuO nanotube did not serve well for dye degradation, as the nanoparticles
of TiO, occupied significant surface area of the CuO nanotubes, as well as formed agglomerates
which resulted in low surface area of the nanotube for dye adsorption (Wu, Zhu et al. 2011). The
agglomeration does not seem to benefit in any way, as it also causes a less uniform structure,
decreasing the contact between CuO nanotubes and TiO, nanoparticle (Wu, Zhu et al. 2011).

Hence, it has been a challenge to eliminate this phenomenon of agglomeration.

To eliminate all of the above mentioned difficulties, photocatalysts were designed to have
nanofibrous morphology which was achieved by an electrospinning processing method. The key
features of the synthesized photocatalysts were: nanofibers for high surface area, anatase phase
of titania for better photocatalytic activity, copper doping to reduce the band gap and

electrospinning processing method to eliminate agglomeration and produce fibrous mats.
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1.8 Electrospinning

Electrospinning was first observed in 1897 by Rayleigh, studied in detail by Zeleny in
1914 (Zeleny 1914) and patented by Formhals in 1934. Taylor in 1969, laid the groundwork for
electrospinning by his work on the electrically driven jets in the electrospinning process (Taylor
1969). The electrospinning technique seems to have regained its importance in the 1980’s at a
time when nanotechnology was a field of immense interest for scientists. By using the
electrospinning process it was possible to fabricate ultrathin fibers that ranged from a few

microns to nanometers (Huang, Zhang et al. 2003) thus finding applications in nanotechnology.
The Process:

The electrospinning process is a unique process of spinning, where electrostatic forces
produced from a high voltage supply, are applied to a polymer solution, forming jets that lead to
ultrafine fibers. These fibers have diameters that are a few micrometers to nanometers in size,
and a very large surface area, thus making it a better technique than conventional spinning
methods that are based on melt and solution spinning. Due to the high surface area of fibers
which are in the submicron scale, these fibers find numerous applications ranging from
composites, sensor materials, catalysts, filtration to tissue scaffolds. Many other processes like
the pesticide sprayers and electrostatic precipitators have a similar working principle to the
electrospinning process. These are based on strong mutual charge repulsions that overcome

weaker forces of surface tension in a polymer solution (Chew, Wen et al. 2006).

With the expansion of the electrospinning technique, researchers have designed and
developed well refined techniques that electrospin complex fibrous structures efficiently
(Kidoaki, Kwon et al. 2005, Stankus, Guan et al. 2006). However, there are two standard
methods or setups for electrospinning: Vertical Setup as shown in Figure 5(a) and the Horizontal

Setup as shown in Figure 5(b).
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Figure 5: (a) Vertical setup and (b) Horizontal setup of the
electrospinning process ; Source: (Bhardwaj and Kundu 2010)

There are three main components in the electrospinning setup: high voltage supply
capable of generating a DC voltage in the range of a few tens of kV, spinneret or the needle
from which the polymer enters the electric field, and a collector plate which is to collect the
fibers during the process. All of these are also seen in the above figures of the vertical and
horizontal setup. Once a polymer solution is prepared, it is loaded into the syringe and fixed to a
flowmeter which controls the flow of the solution in the syringe. One end of the high voltage is
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connected to the needle of the syringe and the other end is connected to the collector which is
grounded. Thus we have a set-up which looks like the Figures 5(a) and 5(b) above. To start the
electrospinning process, we turn on the flowmeter and then the voltmeter, thus producing an
electric field in between the spinneret and the collector. Once the polymer solution pops out of
the spinneret/needle, it is now held by its surface tension at the tip of the needle, subject to an
electric field. This electric field induces an electric charge on the surface of the polymer and by
increasing the intensity of the electric field, the repulsive electric forces overcome the surface
tension forces and the semi-spherical surface of the polymer at the tip of the needle, elongates
into a conical shape, which is the Taylor cone (Huang, Zhang et al. 2003). At a critical value of
the electric field, a charged jet of solution is ejected from the tip of the Taylor cone causing an
unstable whipping action of the jet in the space between the collector plate and the spinneret
(YYarin, Koombhongse et al. 2001). During this travel of the jet in the space between the collector
plate and the spinneret, the solvent in the jet evaporates, leaving behind the polymer fibers which
randomly lay on the collector forming continuous fibers (Taylor 1969, Yarin, Koombhongse et
al. 2001, Adomaviciute and Milasius 2007).

1.8.1 Parameters that effect electrospinning

There are various parameters that affect the electrospinning process and they can be
broadly classified into two main groups: Solution parameters and Process parameters. By
varying each of these parameters, we can achieve fibers of desired diameter and morphology
(Chong, Phan et al. 2007), that are important factors which affect the efficiency of catalysts. The
two groups of parameters are explained below:

1) Solution Parameters:
1a) Concentration

The concentration of a solution alters the diameter and morphology of fibers in such a

manner that with a low concentration a mixture of beads and fibers are formed and with an
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increase in concentration the spherical beads get elongated and spindle like fibers being uniform
with larger diameters are obtained which are due to higher viscosity resistance (Deitzel,
Kleinmeyer et al. 2001, Ryu, Kim et al. 2003, McKee, Wilkes et al. 2004). Since at lower
concentration beads are formed and at higher concentrations (due to instability of the flow of the
solution from the tip of the needle), larger fibers are formed there should be an optimum
concentration at which continuous fibers are obtained (Sukigara, Gandhi et al. 2003). Ki et al.
and Jun et al., have shown that there is a power law relation between concentration and fiber
diameter for gelatin electrospinning, in which an increase in concentration of the solution
increases fiber diameter (Jun, Hou et al. 2003, Ki, Baek et al. 2005). It is shown that surface
tension and viscosity of the solution also play a vital role in deciding the range of concentrations

for obtaining continuous fibers in the electrospinning process (Deitzel, Kleinmeyer et al. 2001).
1b) Viscosity

Viscosity plays an important role in electrospinning as it contributes to a large extent in
determining the fiber diameter and morphology. At very low viscosity there is no continuous
formation of fibers and with high viscosity there are problems in the ejection of jets during
spinning, thus this calls to find out an optimum value for viscosity. There have been reports on
the maximum range of viscosity for electrospinning to be from 1 to 215 poise (Baumgarten 1971,
Doshi and Reneker 1995, Buchko, Chen et al. 1999, Deitzel, Kosik et al. 2002). However, there
is a polymer specific optimum viscosity value for electrospinning. For example, it has been
reported that PEO (polyethylene oxide) has an optimum viscosity range of 1 to 20 poise between
which uniform nanofibers can be obtained (Fong, Chun et al. 1999). Viscosity, molecular weight
and polymer concentration are parameters correlated to each other and their relationships with
each have been studied using various polymers like PVA (Ding, Kim et al. 2002, Zhang, Yuan et
al. 2005) , PEO (Son, Youk et al. 2004) and PLGA (Kim, Jeong et al. 2005). At very high
viscosities, the polymer solutions have long stress relaxation times which tend to prevent the
fracture of an ejected jet from the tip of the needle during electrospinning. When the viscosity of
a polymer solution is low, there are problems of beaded fibers being formed, and when the
solution concentration reaches a critical point, continuous fibers are obtained whose morphology

is dependent on the concentration of the solution (Doshi and Reneker 1995).
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1c) Molecular Weight:

Researchers have found out that the effects of molecular weight of a solution are
extended to the rheological and electrical properties besides having an effect on the morphology
and size of the fibers (Haghi and Akbari 2007). It has been noticed that solutions with low
molecular weight, have difficulties in forming fibers and have a tendency to form beads.
Solutions that are high in molecular weight are generally preferred for electrospinning, but again
problems of large diameter of fibers are encountered. Studies have shown the effect of molecular
weight on morphology of fibers where it is seen that as the molecular weight is increased the
bead formation is decreased (Gupta, Elkins et al. 2005). It has been studied that polymers with
high molecular weights are not absolutely necessary if intermolecular interactions can be a
substituent to interchain connectivity obtained through chain entanglements. Based on this study
non-woven membranes have been produced by electrospinning oligomer-sized phospholipids
from lecithin solutions (McKee, Wilkes et al. 2004, Burger, Hsiao et al. 2006).

1d) Surface Tension:

It has been shown that surface tension of a solution can determine the upper and lower
boundaries for electrospinning, keeping all other parameters constant (Fong and Reneker 1999,
Zhang, Yuan et al. 2005). Surface tension depends on the solvents being used as different
solvents cause different surface tensions. In general, solutions with low surface tensions
eliminate the problem of bead formation and solutions with high surface tensions cause
difficulties in electrospinning as there exists instability in formation of jets and formation of
sprayed droplets (Hohman, Shin et al. 2001). Lower surface tensions are preferred as it also helps

electrospinning with lower electric fields (Haghi and Akbari 2007).
1e) Conductivity:

The conductivity of a solution mainly depends on the type of polymer used, the solvent
and the availability of ionisable salts. Most polymers are conductive having charged ions that are
influential towards the formation of jets. It has been observed that with low solution
conductivities, there is not enough electrical force to pull and elongate the jet to form uniform
fibers and this may produce beads. With an increase in the electrical conductivity of the solution,

fibers with significantly lower diameters can be formed. It has been studied that the radius of the
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jet varies inversely to the cube root of the electrical conductivity of the solution (Huang,
Nagapudi et al. 2001, Zong, Kim et al. 2002, Jiang, Fang et al. 2004, Mit-uppatham, Nithitanakul
et al. 2004). Researchers have studied and demonstrated the effect of adding ionic salts (NaCl,
NaH,PO, and KH,PO,) on the conductivity of solutions. It was shown that by adding these salts,
the conductivity of solutions increased leading to uniform formation of fibers with much smaller

diameters and elimination of bead formation(Zong, Kim et al. 2002).

2) Process Parameters:
2a) Voltage

The voltage applied to the solution for electrospinning, is an important parameter since
this initiates the electrospinning by forming a jet. Jet formation to form fibers, occur only after a
certain threshold voltage is reached and this applied voltage also induces necessary charges on
the solution besides the electric field, that all contribute to the initiation of the electrospinning
process. There have been some conflicts over the years on the theory of the effects of voltage on
the morphology or size of fibers. When researchers like Zhang et al., and Demir et al., have
shown that higher voltages lead to larger fiber diameters because of more polymer ejection,
others have argued that with higher voltages there would be smaller fiber diameters because an
increased voltage, increases the electric field and that in turn increases the electrostatic repulsive
forces on the jet which leads to thinner fibers (Demir, Yilgor et al. 2002, Zhang, Yuan et al.
2005). However in most solutions it is observed that with higher voltages there are stronger
columbic forces in the jet which contribute to the high stretching of jets and also causes
evaporation of solvent from the fibers, thus forming fibers of reduced diameters. Larrondo and
Manley have shown that by doubling the applied voltage, the fiber diameter has reduces by
almost half its size (Larrondo and Manley 1981). Thus we can conclude from all the research
that voltage plays a significant role in electrospinning as it affects the fiber diameter, but it also

varies with the solution concentration and the working distance (Yordem, Papila et al. 2008).
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2b) Flow rate:

The flow rate or feed rate which is normally controlled by a flowmeter and is another significant
parameter in the electrospinning process as it determines the velocity or rate of solution ejection
from the needle. It has been reported that lower flow rates are desirable since it then provides
enough time for solvent evaporation (Yuan, Zhang et al. 2004). Experiments on Polystyrene
solutions have shown that with increase in flow rate, the fiber and pore diameter also increases
and also showing a slight change in morphology. Many reports show how the fiber diameter and
morphology are affected by varying the flow rate of a solution (Megelski, Stephens et al. 2002,
Zong, Kim et al. 2002). Studies show that high flow rates lead to bead formation which is
because of insufficient drying time from the tip of the needle and the collector (Wannatong,
Sirivat et al. 2004, Kim, Jeong et al. 2005).

2¢) Working Distance:

The distance between the tip of the needle and the collector is the working distance and
this does have an effect on electrospun fibers. Like most parameters, there is an optimum
distance that should be used in order to provide sufficient time for drying of the solvent from the
tip of the needle to the collector to form good fibers. It has been observed that with either too
small or too large working distances, both lead to beaded fibers (Lee, Choi et al. 2004, Geng,
Kwon et al. 2005, Ki, Baek et al. 2005). Electrospinning with silk like polymers have shown to
have formed flat fibers when the working distance was kept small and when the distance was
increased round fibers were noticed (Buchko, Chen et al. 1999). Whereas for polysulfone,
smaller working distance has worked the best (Pham, Sharma et al. 2006). Since dryness of a
solvent used to form a solution for electrospinning is an important parameter, the distance
between the tip of the needle and the collector should be kept at an optimum, to allow enough
time for the evaporation of solvent to form nanofibers (Jalili, Hosseini et al. 2005).

3) Ambient parameters

Apart from the two main categories that is solution parameters and the processing
parameters, ambient parameters like humidity and temperature also affect the electrospinning
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process and must be taken into account. Experiments were conducted to check the effect of
temperature of a polymer solution on the size and morphology of fibers formed from a
polyamide-6 solution. It was seen that as the temperature of the solution increased, the diameter
of the electrospun fibers decreased and this reduction in size was attributed to the viscosity of the
solution which decreased due to the increase in temperature (Mit-uppatham, Nithitanakul et al.
2004). Humidity variations and their effects on electrospun fibers have been reported and it was
shown that with high humidity levels, the fibers were seen to have small pores on their surfaces
and with further increase in humidity, these pores were seen to coalesce (Casper, Stephens et al.
2004). At conditions of very low humidity, it was observed that there was rapid evaporation of
the solvent, as a volatile solvent dries faster in this condition. Thus, it is important to control the
humidity and temperature of a solution besides the solution and processing parameters, as these

also contribute to the size and morphology of fibers.

1.9 Methylene blue

Methylene blue dye was discovered by Caro in 1878 (El Qada, Allen et al. 2006) and has
been most commonly used as a model dye for adsorption of organic dyes from aqueous solution
(Chandrasekhar and Pramada 2006). It is a heterocyclic aromatic chemical compound have a

molecular formula : C16H1sN3SCI (Jian-xiao, Ying et al. 2011). The structure of methylene blue

0L
H_:.C\.N 5 I,':I..-CHz

CHs Cr CHs

is as shown below:

Figure 6: Crystal structure of methylene blue
Source: (Jian-xiao, Ying et al. 2011)
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Methylene blue dye is widely employed in industries such as food industries, textile
industries, chemical industries and also being used in the medical field (Gillman 2006, Gillman
2008). As in the textile industry, MB is used for dying cottons, coloring of paper, hair colorants,
dying wool, silk, and so on. In the chemical field it is used as peroxide generator, an oxidation-
reduction indicator to cyanide, a stain in bacteriology and as a veterinarian antiseptic. It has also
been used widely to treat diseases such as cancer(Schirmer, Coulibaly et al. 2003),

psoriasis(Salah, Samy et al. 2009), malaria(Meissner, Mandi et al. 2006), etc.

Despite its various applications, methylene blue is considered as harmful since it causes
certain problems like vomiting, increased heart rate, shock, tissue necrosis, quadriplegia,
cyanosis and jaundice (Zendehdel, Barati et al. 2010). It poses a threat to the environment, as it is
a common dye which is found in effluents that contaminant water. Therefore, it becomes
important to remove it from the wastewaters, thereby degrading it into inorganic compounds.
One is the methods to achieve this is by adding a photocatalyst (Houas, Lachheb et al. 2001,
Tang, Zou et al. 2003, Kwon, Shin et al. 2004, Lin, Huang et al. 2006) which breaks up the MB
structure, thus degrading it into harmless products. Titania, a commonly used photocatalyst,
completely mineralizes MB by using oxygen from air. TiO; also photo-oxidizes acid blue dye
which is used in textile industries according to:

CieH1sN3SCI  +  25.502 > 16CO2 + 6H20 + 3HNOs + H2SO04
Source:(Salem and El-Maazawi 2000)

1.10 Industrial standards to measure methylene blue degradation

The 1SO industrial standards to measure the photocatalytic degradation of methylene blue
solution uses a sample plate(10cm?, with active coating) preconditioned by exposing it to UVA
light for a certain amount of time, onto which a glass cylinder (3-4.7cm diameter) is fixed. Into
this system a conditioning solution of 35ml methylene blue solution 2x10™° M MB" is poured and
left in the dark for 12 hours. In case the [MB™] is lesser than 10"°M after 12 hours, then the step
is repeated using a fresh MB solution. If this is not the case, then the 35ml solution is covered
with a UV transparent glass side and irradiated with UVA light (1.0 mW/cm?) agitating the
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solution every 20 minutes. The solution was irradiated for 3 hours, at a reaction temperature of

23 + 20C. A blank solution (in dark) was also run simultaneously (Mills, Hill et al. 2012).

The entire industrial set up was not followed in this research since we encountered delays
in receiving the UV glass slides and glass cylinders. Also when several experiments had to be
conducted, keeping the solution for 12 hours in the dark was time consuming, So previous
literature research work was followed.
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CHAPTER 2: MATERIALS USED

In this thesis, pure titanium dioxide, copper doped titanium dioxide and copper doped
degussa P25 titanium dioxide were synthesized. The chemicals used for preparation are listed
below in the Table 2.

Table 2: Properties of chemicals used in the synthesis of photocatalyst

Chemical Name Chemical Molar  Mass | Company Density
Formula (g/mol) (g/cm®)
Titanium(1V) Ti[OCH(CHz),]4 | 284.22 Alfa Aesar 0.937
Isopropoxide (97% purity)
Polyvinylpyrrolidone | (CsHgNO)n 2.5 Sigma-aldrich 1.2
Titanium(lIV) Oxide | TiO, 79.86 Sigma-aldrich 4.23
Copper(ll)  Nitrate | Cu(NO3)2.3H,0 | 241.60 Sigma-aldrich 3.05
Trihydrate
Ethyl Alcohol CH3CH,0OH 46.06 Pharmo-Aaper | 0.789
Acetone CH3COCHs3; 58.08 Pharmo-Aaper | 0.791
Acetic Acid CH3;COOH 60.05 Pharmo-Aaper | 1.05
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CHAPTER 3: METHODS OF PREPARATION

The photocatalysts prepared and tested in this thesis, could be broadly grouped into three

sections:

1) Synthesis of :
a) Pure titania fibers
b) Copper doped titania fibers
c) Copper doped degussa P25 TiO;

2) Characterization

3) Photocatalytic activity tests

For the preparation of the three synthesized photocatalysts in this thesis, three general steps were
followed: the first was to prepare the sol-gel solution for electrospinning, second was to
electrospin the solution to form fibers and third was the heat treatment of collected fibers.

3.1 Preparation of pure titania photocatalyst

First a 7.5ml of PVP solution containing 5% PVP was prepared. This was done so by
adding 0.45g of PVP in 7.12ml Ethanol and this mixture was ultrasonicated for about an hour or
till it dissolved and became a one phase solution. Then, in a glove box filled with Nitrogen,
1.6ml of Titanium Isopropoxide (TIP) was added to a mixture of 3ml Acetone and 3ml Ethanol.
This mixture was left undisturbed for about 15 minutes in the glove box. This solution was then
removed from the box and poured into the 7.5ml polymer solution and this final mixture was
ultrasonicated for about 1 hour till a transparent homogeneous light yellow solution was
achieved. This prepared yellow solution was called the spinning solution.
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Though there are several other polymers used, PVP was chosen since it easily dissolves
in water and in alcohol and most importantly even though it has a very high average molecular
weight of 1300000, it is compatible with Titanium Isopropoxide, a Titania precursor. Acetic
Acid was added along with the solvent Ethanol, so it would stabilize the solution when TIP was

added and get the hydrolysis of the sol-gel precursor under control.

Once the spinning solution was ready, it was immediately transferred into a 10ml plastic
syringe having a blunt 22 gauge stainless steel needle. This syringe with the solution was fixed to
a Kd Scientific flowmeter that was functioned to operate at a flowrate of 0.030ml/minute. A
collector which was a 20cm? glass plate covered with aluminum foil, sprayed with Teflon (to
help smoothly peel off the collected fibers from the foil after electrospinning), was kept at a
distance of 10cm from the tip of the needle. In order to apply an electric field which is required
for the electrospinning process, a Gamma High Voltage Research DC Voltmeter capable of
producing voltages up to 30kV was used. The emitting electrode of the voltmeter was connected
to the needle and the grounding electrode was connected to the collector plate. Once all this was
set-up, the flowmeter was started and immediately the voltmeter was turned on in order to start
the electrospinning process to produce nanofibers. According to the humidity conditions at the
time of the experiment, the voltage that was to be applied between the needle and the collector
was varied between 12kV and 15kV.

The electrospinning process went on for about 6 hours and during the process, the set up
was constantly monitored to check if the solution was spinning rightly or if it stopped
electrospinning due to a clogged needle. In that case, the voltage was turned off and the needle

was cleaned and fixed back into the syringe to resume the electrospinning process.

Once the entire solution in the syringe was electrospun, the fibers were peeled off from the
collector plate and placed in a tube furnace for heat treatment. Since the fibers cannot be directly
put into the glass tube of the furnace, it was put in aluminum foil which was rolled in the shape
of a tube so when this rolled foil with the as-spun fibers was kept in the tube furnace, there
would be enough room for air to travel through the rolled foil and thus being available for the
annealing of the fibers. The furnace was functioned so that it operated to raise its temperature

from 25°C (room temperature) to 450°C in 90 minutes, stayed at 450°C for 30 minutes that was
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its dwell temperature and then dropped to 25°C in 90 minutes. The annealed fibers —the

photocatalysts, were taken out from the furnace and ready to be tested for their efficiencies.

3.2 Preparation of copper doped titania photocatalyst

In the case of doping titania with copper, 5 atom weight percent of copper with respect to
titanium, was decided to be used for doping after a literature review of the doping levels and
their effects. So, the procedure was to make a 4ml, 10% PVP solution by adding 0.48g of PVP in
3.6ml Ethanol. Ultrasonicate this solution for an hour till all the PVP dissolves and a one phase
solution is seen. In a separate vial, add 0.084g of CuNO3 to 2ml Acetic Acid and ultrasonicate it
for 10-15 minutes till all the CuNOj crystals dissolve. In a nitrogen glove box, add 2ml of
Titanium Isopropoxide to this above solution of CuNOg3-Acetic Acid. Leave this undisturbed for
about 15 minutes. Take it out of the glove box and then ultrasonicate this TIP-CuNOs-Acid
mixture for 30 minutes. Then pour this above homogeneous solution into the initially prepared
PVP solution and ultrasonicate this for one and half hours till a homogeneous greenish-blue sol

is seen. Immediately transfer this spinning solution into a syringe and start electrospinning.

All the details of the electrospinning process are the same as explained above for
Preparation of Pure Titania. A 22 gauge needle was used and the process parameters were kept
so that the flowrate was 0.045ml/minute, working distance of 15cm and voltage was between
17kV and 20kV.

The as spun fibers were heat treated in the same way as the pure titania fibers that is in the
tube furnace at 450°C for 30 minutes. The photocatalysts were then checked for their activity

with methylene blue dye solution under UV and visible light.
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3.3 Preparation of copper doped degussa P25 TiO, photocatalyst

It was chosen to dope degussa P 25 with 5 atom weight percent copper so we could have
a comparison of this with the 5 atom weight percent copper doped titania from TIP. In order to
make the preparations for this, a 7ml PVP solution was prepared by adding 0.48g of PVP in
6.6ml Ethanol. Ultrasonicate this solution for an hour till all the PVP dissolves and a one phase
solution is seen. In a separate vial, add 0.152g of CuNO3 to a solution of (2ml Acetic Acid and
3ml Acetone), ultrasonicate it for 10-15 minutes till all the CuNO3 crystals dissolve. Then add 1g
of degussa P 25 TiO; to this above CuNOj3 solution and ultrasonicate for 30 minutes till all the
particles are dissolved. Now pour the initially prepared PVP solution into the above TiO, -
CuNO; solution and ultrasonicate for one and half hours. Immediately transfer this spinning

solution into a syringe and start electrospinning.

All the details of the electrospinning process are the same as explained for the
Preparation of Pure Titania. The process parameters were kept so that the flowrate was
0.045ml/minute, working distance of 15cm and voltage was between 17kV and 20kV, using a 20

gauge needle, since the spinning solution was more viscous.

The as spun fibers were heat treated in the same way as the pure titania fibers that is in
the tube furnace at 450°C for 30 minutes. The photocatalysts were then checked for their activity
with methylene blue dye solution under UV and visible light.

Thus, three photocatalysts were synthesized by the materials and methods discussed
above and then characterized using the SEM, TEM and XRD instruments. Finally they were
tested for their photocatalytic activity with methylene blue solution under UV light and visible
light, along with the degussa P25 photocatalyst, to check which of the synthesized photocatalysts

would work better that the commercially available degussa.
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CHAPTER 4: CHARACTERIZATION TECHNIQUES

41 SEM

It is important to analyze, observe and understand materials at a microscopic level. The
scanning electron microscope is one of the many instruments that serve this purpose. The beam
of electrons is scanned in a raster scan pattern and the electron beam’s location is combined with
the detected signal, to produce an image. The electrons of the beam interact with the atoms of the
sample material, producing signals containing information of the sample’s topography,
composition and properties like electrical conductivity and more. With the Scanning electron
microscope, resolutions higher that 1 nanometer can be achieved. Due to its narrow electron
beam, images with high depth of field can be taken, which are very helpful in understanding the
structure of the material.

The type of signal used for detection of all the images taken in this work was the back
scattered electrons (BSE). These are electrons reflected from the sample by elastic scattering.
BSE are related strongly to the atomic numbers of elements. BSE are the best signals to be used
in order to obtain information on the distribution of various elements of the sample. When an
electron beam strikes an atom of the sample (removing an inner shell electron and refilling this
by a higher energy electron), it produces a characteristic X- ray. These X-rays are used to detect
the elements of the samples and the abundance of it, thus giving us an EDAX (Energy Dispersive

X-Ray Analysis) image.

All the samples were coated with a thin layer of gold, an electrically conductive material,
since it increases the signal to noise ratio for samples of low atomic number, thus producing
images with good contrast. A very tiny quantity of sample is required for the SEM analysis. The
gold coated samples were mounted rigidly on a sample holder by the help of thin carbon tapes to

hold the samples in position.
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A LEO 1550 Schottkey Field Emission Scanning Electron Microscope was used to analyze
the nanomaterial photocatalysts. The analysis was done in order to get information on the size of
the nanofibers and morphology of the materials. A working distance of 8mm, EHT of 20 kV and

back scattered signal was used for all the images.

4.2 EDS

The Energy Dispersive X-Ray Spectroscopy is a quantitative analysis technique that
measures line intensities of X-rays produced upon the electron irradiation of the material and
which are characteristic of its composition (i.e. provides elemental analysis). X-rays that are
emitted by a sample upon bombardment by a beam of electrons are made use of to obtain
localized chemical information. Almost all the elements listed in the periodic table can be
identified by this principle. This is used to determine the concentration of the elements present in
the sample by identifying lines in the spectrum. This is a straight forward methodology since it

deals with X ray spectra.

Images or maps of the distribution of elements are produced when a beam is scanned in a
television like raster, displaying the intensities of the selected x-ray lines. It can be thought of as
a pixel by pixel imaging based on the chemical elements of the sample. The collected electrons
that form the image carry information about the surface topology or mean atomic number

differences depending on the mode selected.

43 TEM

The Transmission Electron Microscopy is a characterization method in which a beam of
electrons pass through a sample. While it passes through, the beam interacts with the components
of the sample and the electrons transmitted through the sample form the image. The image is
then magnified and focused onto an imaging screen. TEM images are formed with very high
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resolutions and provide information on the internal composition of the sample. It provides
characteristic details such as particle shape, crystallization, stress, morphology and even
magnetic domains. TEM imaging is used for identifying dislocations, grain boundaries, very
small precipitates and other structural defects in solids. TEM is used as a powerful imaging

method when atom distributions in nanocrystals coated or containing polymers are to be imaged.

The TEM used in this work was JEOL 1400, and a copper grid was used for the sample

preparation. The BF mode was used to study the images.

4.4 XRD

X-Ray Diffraction is an analytical technique that helps to examine the phase of a
crystalline material and also provides information on the dimensions of unit cells. Since 95% of
the materials are crystalline, XRD becomes a very useful and common chemical analysis for

characterization of samples.

When an X-ray hits the specimen or the crystalline phase, it interacts with it and produces
a diffraction pattern. Every crystalline phase produces a diffraction pattern and the same
substance produces the same diffraction pattern every single time. For a mixture of phases in a
sample, each phase produces its pattern independently of each other (Hull 1919). Thus, the

diffraction patterns are like finger prints for each phase.

For the sample preparation, the samples are powdered finely and put into a sample holder
which is then fitted into the X-ray Diffractometer. The machine is then turned on using the
generator button and the current and voltage are increased slowly to reach a value of 30mA and
40KV respectively. The X-plot software is set up so that it records patterns starting from 20° to
80° in steps of 1° per minute. When a scan starts, the shutter is opened allowing X-rays of a fixed
wavelength to interact with the sample producing diffraction patterns and the intensity of the
reflected radiation is recorded using a goniometer. The areas under the peaks reflect the amount
of that phase present in the sample.
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There have been 25000 organic and 50000 inorganic single component crystal phases with
their distinct diffraction patterns that have been collected over the years and stored as standards.
The prime purpose of diffraction is to help identify unknown components in a sample by a search
and match procedure using XRD cards that contain information of materials.

A Philips X-Ray Diffractometer was used to characterize the photocatalysts and the
software XPlot version 1.38 was used for plotting data along with PC-1710 version 2.0 for

acquisition.

Photocatalytic test

Photocatalytic experiments were carried out for pure titania nanofibers, copper doped
titania nanofibers, degussa P25 TiO, nanoparticles and copper doped degussa TiO,
nanoparticles. Each of these were studied for their photocatalytic efficiencies under UV light and
under visible light separately. A solution of methylene blue was analyzed for its degradation by
activity of these catalysts on illumination of light.

In a typical experiment, 0.018g of the catalyst was added to a 4ml methylene blue dye
solution of 50ppm concentration (0.2mg of methylene blue dye in 20 ml water). This was kept in
the dark for 1 hour to obtain an adsorption-desorption equilibrium. Before the solution was kept
under the UV or visible light, about 2ml of the sample was pipetted out to make an absorbance
measurement which was recorded as 0 minutes absorbance. A Newport Ultraviolet light source
with a 60W light bulb was used as the source for UV light and visible light (by using a 400nm
filter in the same set up). The solution was then kept under the UV or visible light for 3 hours.
Every hour 2ml of the solution was taken out to measure its absorbance value with the
spectrophotometer. Care was taken to only pipette out the solution and not the catalyst particles
while taking measurements. The degradation of methylene blue was evaluated by studying the
changes in the absorbance value at a wavelength of 665nm, for every measurement made in the

spectrasuite software.
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4.5 UV-Vis spectroscopy

Ultraviolet-visible absorption spectroscopy is used to determine or measure the weakening
in a beam of light after it passes through a sample. The light used for this purpose emits light
intensities consistent in the UV region that is 190nm to 380nm and also in the visible range of
380nm to 800nm. When light passes through a sample the absorbance of it is directly related to
the perceived color of the chemicals involved in that sample. In that area of the spectrum,
molecules undergo electronic transitions. When sample molecules have energies that match the
energy of light passed through it a certain amount gets absorbed due to electron jump to a higher
energy level. The wavelength of absorption and the intensity of absorption at each wavelength
are recorded by an optical spectrometer. The result is a plot of absorbance (A) against

wavelength.

UV-Vis spectroscopy works on the principle that a molecule having © electrons or the n-
electrons (non-bonding electrons), can absorb energies that are in the ultraviolet and visible
range and become excited promoting these electrons to higher anti-bonding molecular orbitals.

The easier an electron gets excited, longer will be the wavelength of absorbed light.

45.1 UV-Vis spectrometer

The instrument used for UV-Vis spectroscopy is the UV-Vis spectrophotometer. The
function of this spectrophotometer is to record and compare the intensity of light that passes
through a sample (1) and the intensity of light before passing through the sample (lo). The ratio of
I/lp is called transmittance (T), usually expressed as a percentage. The relationship between

absorbance (A) and transmittance (T) is given by:

A= - log (%T/100%)
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The essential parts of a spectrophotometer are: a light source to generate UV or visible
light, a diffraction grating or a prism to split the different wavelengths of light, a sample holder
to hold the sample during measurement and a detector to sense the absorbed or reflected light. A

typical set-up is shown in the figure below:

Monochromator Detector

V Exit slit
Dispersion
DOMKES h device

Entrance

slit

Sample

Figure 7: UV-Vis spectrophotometer (Source:(Owen 1996))

The spectrophotometer used in this project was Ocean Optics model HR 4000, which
used a halogen and deuterium lamp for visible and ultraviolet light generation respectively and
the software used to analyze the data was SpectraSuite. The absorbance mode was selected for
all the sample measurements. Initial readings for an experiment required a light and dark
reference spectrum to be recorded which was done using distilled water as the reference sample.
After this reading was made, the actual sample was put in the sample holder and measured for its

absorbance.
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CHAPTER 5: RESULTS AND DISCUSSIONS

5.1 Color and flexibility of fibers

Pure titanium dioxide nanofibers and copper doped titanium dioxide fibers were
synthesized using the electrospinning method as explained in the previous chapters. There is a
difference in texture between the as-spun fibers (fibers from electrospinning without any
processing, example: heat treatment) and the heat treated fibers. The heat treated fibers of pure

titania and copper doped titania are shown in the Figure 8 below:

Figure 8:Heat treated fibers of pure titania and copper doped titania

The as-spun fibers of copper doped titania are whitish-blue in color (due to the blue color CuNO3
spinning solution) and the heat treated ones are greenish-yellow in color. These differences in
color before and after heat treatment of both the synthesized catalysts can be attributed to the loss
in polymer content by heat treating the as-spun fibers to 450°C. Also it was observed that the as-
spun fibers are more flexible than the annealed fibers, and this can be attributed to the formation

of crystalline phase on heat treatment of the fibers and loss in polymer content.

37



5.2 Characterization with the SEM and EDAX

To study and analyze the differences in the morphology of fibers before and after
annealing, SEM images were taken. Figure 9(a) shows the SEM images of as-spun pure titania
and Figure 9(b) shows pure titania after heat treatment. Both the images were taken under the

same conditions of working distance, signal, EHT and a magnification of 100,000 times.
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Figure 9: (a) As-spun fibers of pure titania; (b) Heat treated fibers of pure titania

The differences in morphology and size of fibers can be observed in both these images.
The as-spun fibers have diameters in the range of 200-250nm which are larger than the heat
treated fibers which have diameters in the range of 100-150nm. This decrease in size of the
fibers after heat treatment is because of the loss of polymer during heating. The as-spun fibers
contain a good amount of polymer in them since the spinning solution was prepared by a good
amount of polymer solution. The polymer used in this work was PVP which has a melting point
of 150°C and as we heat treat the fibers to 450°C, most of the PVP melts away during this
annealing process and this points out to the decrease in size of the annealed fibers.

Another noted morphological difference is the smoothness of fibers in the as-spun fiber
image. These seem to have well defined and smooth outline of fibers contrary to the annealed
fibers that seem to have rougher outlines or edges. This difference in morphology can be

attributed to the formation of crystal phase during heat treatment.
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EDAX analysis was done on both the fibers to analyze the carbon content before
annealing the fibers and after annealing. Since the amount of polymer is a direct measure of the
carbon content, it was necessary to run EDAX on the fibers. The EDAX of as-spun fibers and
heat treated fibers are shown in Figure 10 and Figure 11 below:
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Figure 10: EDAX of as-spun pure titania fibers
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Figure 11: EDAX of heat treated pure titania fibers
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It can be observed that the carbon peak is high in the as-spun EDAX image and much
lower in the heat treated fibers EDAX image.

The SEM images of copper doped titania fibers before heat treatment and after heat
treatment are shown in the Figure 12 (a) and (b) below.
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Figure 12: SEM images of (a) As-spun copper doped fibers; (b) Heat treated copper doped
titania fibers

We can see that the as-spun fibers are slightly larger in diameter than the heat treated
fibers. Also the thin translucent areas in both the images above are mostly the polymer fibers and
it can be observed from the SEM images that there is more polymer in the fibers before heat
treatment. Since a measure of carbon content is directly related to the polymer content, it was
essential to carry out EDAX analysis so it would support the claim of polymer loss. The Figure
13 below show the EDAX of copper doped Titania fibers before annealing and Figure 14 shows
the EDAX of it after annealing.
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Figure 13: EDAX of as-spun copper doped titania fiber
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Figure 14: EDAX of heat treated copper doped titania fibers

It can be observed that the polymer content shown by the carbon peak in the Figure 13 is much
higher than the carbon peak of the Figure 14, after heat treatment. Therefore the difference in
carbon content analyzed in the EDAX images for as-spun fibers and heat treated fibers support

our reason that there is a loss of polymer content due to decrease in fiber diameter.

SEM images of the three synthesized photocatalysts that is pure titania, copper doped
titania and copper doped degussa P25, annealed at 450°C for 30 minutes, each with a low and

high magnification is shown in Figure 15, Figure 16 and Figure 17 below.
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Figure 15: SEM images of pure titania nanofibers annealed at 450°C at a magnification of
(a)30K X and (b)100K X

The annealed pure titania nanofibers have small diameters in the range of 50-150nm. It is
essential to have nano sized fibers since the efficiency of a photocatalyst is affected by the size
of its fibers. Smaller the fiber or particle size, higher is the surface area and this is an important

factor for a good catalyst and is has been achieved for pure titania catalyst.
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Figure 16: SEM images of copper doped titania annealed at 450°C at a magnification of
(@) 3 KX and (b) 100 KX
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The Figurel6(a) is the SEM image of the copper doped titania fibers which have a morphology
that looks concave or as if two fibers are stuck together. This morphology of fibers is presumably
caused due to the formation and collapse of jets during electrospinning (Arinstein and Zussman
2007). The volatility of a solvent plays an important role in the formation of fibers since by
evaporation of the solvent and solidification of jets, fibers are formed. The only solvent used in
the preparation of the spinning solution for this catalyst is acetic acid. Acetic acid has a high
volatility rate causing the evaporation from the surface of the jet to occur rapidly forming fibers
while the inside of the fibers are not. This could possibly lead to the formation of hollow fibers
which collapse to form the concave morphology. The size of these fibers are in the range of 400-
600nm much larger than the pure titania fibers. There were experimental difficulties while
electrospinning this solution since the spinning sol was more viscous and the jet constantly
solidified at the tip of the needle. This led to solidification of solution in the needle and hence
blockage of the needle, which had to be cleaned to proceed with electrospinning. Therefore in
order to overcome these difficulties we had to choose process parameters that allowed us to
electrospin without much difficulty while still keeping in mind the need to reduce fiber
diameters. This led to choosing process parameters that gave us fibers in range of 400-600nm,

but still effective as a photocatalyst.
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Figure 17: SEM images of copper doped degussa P25 annealed at 450°C at a magnification of ()
3 KX and (b) 100 KX
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The above Figure 17 shows the SEM images of copper doped degussa TiO;
photocatalyst. These are nanoparticles and not fibers, since in the preparation of spinning
solution degussa TiO, powder was used. Electrospinning was the processing method chosen for
even this catalyst since we were able to achieve a very fine smooth powder on heat treatment of
the electrospun material. This fine powder was not obtained when the solution was directly heat
treated without elctrospinning and the product obtained from this direct heat treatment were hard
crystals around 3mm in size which gave an unsatisfactory response for photocatalytic activity
tests. From the SEM image above of the copper doped degussa TiOy, it can be inferred that they
are very tiny particles in the nanometer range and thus have high surface area which could be a
reason to enhance photocatalytic activity. The EDAX image of this photocatalyst is shown

below:
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Figure 18: EDAX of copper doped degussa annealed at 450°C

5.3 Characterization using TEM

The samples with nanofibers were characterized using the TEM. Figure 19 shows the TEM

image of pure titania nanofibers at two different magnifications.
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Figure 19: TEM images of pure titania nanofibers annealed at 450°C at different
magnifications

It is observed from the TEM images that this photocatalysts has a polycrystalline nature with

fibers in the range of 100nm.

The TEM image of copper doped titania is show in Figure 20 below:

Figure 20: TEM images of copper doped titania fibers annealed at 450°C
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The TEM images above clearly show light and dark areas unlike the image for pure titania which
had a uniform color for all its crystals. It can be inferred from the difference in colors that there
are two different elements present. It appears as if darker particles are embedded in a sea of
lighter particles. This provides evidence of the presence of a dopant used and in this case copper
has been used as a dopant with Titania. Also the image represents a uniform distribution of
copper particles. To confirm and verify the presence of copper particles, EDS mapping was

performed.

5.4 Characterization using EDS mapping

The EDS mapping was performed on an SEM image of heat treated copper doped titania
sample to show the distribution of all the elements present in that sample. Since this sample has
Titania to be the main element present in high concentration, it is seen from the red image of
Figure 21 that titania element is present everywhere in the sample. The green and blue images
show the distribution of copper element and since the doping of copper is 5% with respect to
titania it is seen to be in much lesser quantity then titania element. Thus it can be stated that the
copper dopant is evenly distributed on the fibers not concentrated in areas. The distribution of

oxygen and carbon elements are also shown by the pink and orange images.
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Figure 21: EDS mapping of the annealed copped doped titania showing the distribution of
its elements

5.5 Characterization using XRD

It was important to analyze the phases of the photocatalyst prepared since it is said that the

anatase phase of titanium dioxide works best as a photocatalyst. For this purpose, the heat treated
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samples were studied using the XRD. The XRD results of pure titania photocatalysts annealed at

450°C are shown below in Figure 22:
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Figure 22: XRD of pure titania annealed at 450°C for 30 minutes

The XRD above shows that the sample under analysis is completely in the anatase phase, seen by
the green peaks. The pink peaks in the graph correspond to aluminum metal which is detected
since the sample holder is made of aluminum. Thus, the pure titania photocatalyst synthesized in

this work consists of the anatase phase.

Figure 23 below shows the XRD results of copper doped titania fibers annealed at 450°C
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Figure 23: XRD of copper doped titania annealed at 450°C for 30 minutes

Again we see that this catalyst also is made up of the anatase phase of titania (green peaks).
Since this sample is the copper doped titania, tenorite peaks (blue peaks) has been shown but
since the concentration of copper is very low, this XRD has not detected it. However, the
presence of copper is shown in the EDAX results for the same sample. Here again the aluminum

of the sample holder has been detected (pinks peaks).

Figure 24 below shows the XRD for copper doped degussa TiO, photocatalyst, annealed
at 450°C. Since degussa is made up of about 75% anatase and 25% rutile, the XRD shows the
same. Here again since copper concentration is very low, it is not detected in this XRD but is
shown in the EDAX results. The green lines correspond to the anatase and the pink lines are the

rutile phase.

49



' TR ANATAR
l T3 12/8 NUTHE, 8YN

ntensity (Counts) X 100

| l | | | ¢ I

[ \ [ (1 | /| |
(11 / [ w [ 1) I ‘
| ‘} I ‘1 " I J. ’l ‘ { I' "J; l l‘ “'-.v

\\’ L | \
/ \J [V | A T ~l \ /| \/ f11\A J {1\ J .
SN "J‘ S A 1\—'__4’ L -:' A e T\ o 1‘-\4‘ 41 \.A\/‘ i }"""w—

20.00 30.00 40.00 5000 6000 70 00
2- | heia Angle (deg)

Figure 24: XRD of degussa P25 showing anatase and rutile phases

5.6 Effect of annealing temperature

The temperature chosen to anneal the electrospun samples was 450°C since the aim was to
remove all the polymer from the as-spun material and to synthesize an anatase photocatalyst.
Anatase phase of Titania has been reported to have a greater efficiency as a photocatalyst than
the rutile phase (Sclafani and Herrmann 1996, Wang and Ying 1999). Anatase phase is generally
noted to be formed in the range of 400-500°C and by further increase in temperature anatase to

rutile transition occurs.

To show the anatase to rutile transition, the as-spun pure Titania samples were heat treated
at 550°C for 30 minutes. These samples were then analyzed with the XRD. Figure 25 shows the
XRD for this sample which has peaks that correspond to anatase and rutile phase. This is not the
case when the sample was heat treated at 450°C where the XRD showed only anatase peaks as in
figure 26.
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Figure 25: XRD of pure titania annealed at 550°C for 30 minutes
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Figure 26: XRD of pure titania annealed at 450°C for 30 minutes
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5.7 UV-Vis spectroscopic analysis

The photocatalysts synthesized along with the commercial degussa P25 TiO, were tested
by checking for the degradation of methylene blue first under UV light and then under Visible
Light (by using a 400nm cut off filter). The absorbance value was taken at a wavelength of

665nm for every measurement.

For each test, 0.018g of the catalyst was added to a 4ml, 50ppm solution of methylene
blue. This was then kept in the dark for one hour so that the catalyst and the methylene blue
establish an adsorption desorption equilibrium. After an hour, an absorbance measurement was
taken to record the value for 0 minutes and then the solution was kept directly under UV light or
the visible light (by inserting a 400nm cut off filter to the lamp setup) to check for the photo-
catalytic effect of the synthesized catalysts and degussa TiO,, by checking the degradation of
methylene blue solution. Four plots, each for a different time have been plotted in the same graph

using absorbance values against wavelength. The peak absorbance for all these plots is at 665nm.

5.7.1 Absorbance graphs for UV-light degradation

The Figure 27 below shows the graph of methylene blue solution subjected to degradation under
UV light by using the synthesized pure titania photocatalyst. The analysis of this plot shows that
the absorbance value was about 1.7 before the UV illumination and gradually decreased and
became 0.09 at the end of three hours. The dye degradation percentage calculated at the end of

three hours is 94%.
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Figure 27: Graph of absorbance versus wavelength (nm) for pure titania
under UV light

The Figure 28 shows the degradation of methylene blue dye solution with copper doped
titania photocatalyst under UV light illumination. It can be seen that the degradation at 180
minutes is lesser than that for pure titania (Figure 27). The final degradation of the dye in 180

minutes is 82%.
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Figure 28: Graph of absorbance versus wavelength (nm) for copper doped
titania under UV light
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The Figure 29 shows the degradation of methylene blue dye solution with commercial
available degussa P25 titanium dioxide under UV light illumination. It can be seen that the
degradation at 180 minutes is even lesser than copper doped titania (Figure 28). The final

degradation of the dye in 180 minutes is calculated to be 60%

Degradation of degussa P25 TiO, under UV light
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Figure 29: Graph of absorbance versus wavelength (nm) for degussa P25 under
UV light

The Figure 30 shows the degradation of methylene blue dye solution with copper doped
degussa P25 under UV light illumination. It can be seen that the degradation at 180 minutes is

better than commercial degussa (Figure 29). The final degradation of the dye in 180 minutes is

calculated to be 78%.
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Figure 30: Graph of absorbance versus wavelength (nm) for copper doped degussa
under UV light

The Table 3 below displays the degradation percentage for the four catalysts at a time of 180

minutes.

Table 3: Degradation percentage of catalysts under UV light at 180 minutes

Pure titania Copper doped Degussa P25 TiO, | Copper doped
nanofibers | Titania nanofibers degussa
Irradiation 180 180 180 180
Time(minutes)
Percentage 94% 82% 60% 78%
degradation
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5.7.2 Absorbance graphs for visible light degradation

For analysis of dye degradation under visible light irradiation, the same procedures used

for UV light were followed.

Figure 31 shows the degradation results of methylene blue dye with pure titania photocatalyst
under visible light. It can be seen that the absorbance value at the start of the experiment that is at
0 minutes is around 1.8 and in 3 hours of Visible light exposure, the absorbance value has

dropped to 1.08. The percentage degradation in 180 minutes is calculated to be 40%.
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Figure 31: Graph of absorbance versus wavelength (nm) for pure titania under visible
light

The Figure 32 shows the degradation of methylene blue dye solution with copper doped
titania under visible light illumination. It can be seen that the degradation at 180 minutes has
much better results than pure titania photocatalyst (Figure 31). The final degradation of the dye

in 180 minutes is calculated to be 97%.
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Figure 32: Graph of absorbance versus wavelength (nm) for copper doped
titania under visible light

The Figure 33 shows the degradation of methylene blue dye solution with commercial
degussa P25 titanium dioxide under visible light illumination. It is studied from the graph that
hardly any degradation of the dye has occurred with this catalyst under visible light unlike under
UV light degradation where it showed a clear degradation percentage. The dye solution has

degraded to only about 11% in 3 hours under visible light.
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Figure 33: Graph of absorbance versus wavelength (nm) for degussa P25 under
visible light
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The Figure 34 shows the degradation of methylene blue dye solution with copper doped
degussa P25 titanium dioxide under visible light illumination. As seen from the four plots which
are obtained at different time intervals, there is no decrease in absorbance value after 180
minutes. The value of absorbance at 0 minutes is 1.37 and after 180 minutes is 1.32. Therefore

there has been only 4% degradation.
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Figure 34: Graph of absorbance versus wavelength (nm) for copper doped
degussa P25 under visible light

A table displaying the degradation percentage of all the four catalysts under visible light

irradiation at 180 minutes is shown in Table 4 below:

Table 4: Degradation percentage of the four catalysts under visible light at 180mintes

Pure titania | Copper doped | Degussa P25 | Copper
nanofibers titania TiO, doped
nanofibers degussa
Irradiation 180 180 180 180
Time(minutes)
Percentage 40% 97% 11% 4%
degradation
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5.7.3 Comparative analysis of degradation under UV light

In order to get a clearer picture of the degradation for all the four catalysts with respect to
each other under UV light, Figure 35 was plotted. The X-axis has the absolute value of
absorbance obtained by dividing the absorbance value at time C by the absorbance value at time

Co= 0 minutes. These absolute absorbance values were plotted against time for each catalyst.

Thus the comparative degradation graph under UV light is shown in Figure 35:

UV light degradation
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Figure 35: Graph of the degradation of the four catalysts under UV irradiation

5.7.4 Comparative analysis of degradation under visible light

In order to get a clearer picture of the degradation for all the four catalysts with respect to
each other under visible light, Figure 36 was plotted. The X-axis has the absolute value of
absorbance obtained by dividing the absorbance value at time C by the absorbance value at time
Co= 0 minutes. These absolute absorbance values were plotted against time for each catalyst.
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Thus the comparative degradation graph under visible light is shown in Figure 36:
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Figure 36: Graph of the degradation of the four catalysts under visible light irradiation

Therefore, from the above graph it is evident that there is a large increase in the
degradation percentage (97%) by using copper doped titania photocatalysts upon visible light

irradiation.

To the best of my knowledge, there are no reports in the literature on the electrospinning
method for copper doped titania photocatalyst except that Lee et al.,, have very
recently(March,2013) prepared copper doped titania photocatalyst synthesized by the
electrospinning method but have not studied the visible light degradation in detail (Lee, Bai et al.
2013). It is for the first time that a visible light active copper doped titania having a degradation
percentage of 97% has been prepared by the elctrospinning method, tested with methylene blue
solution. Thus, it can be said that copper doped titania photocatalysts effective under sunlight

have been synthesized with a high degradation rate.
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CHAPTER 6: CONCLUSIONS

Thus, the photocatalytic activities of all the synthesized catalysts have been demonstrated
under UV light and under visible light. Characterization methods were used to understand and
study the morphology of the nanocomposites. The UV-Vis spectroscopy results display that the
degradation of MB solution was the best with the synthesized pure titania photocatalysts
showing 94% degradation when irradiated under UV light while the commercial titanium dioxide

(degussa P25) showed only 60% degradation for the same irradiation time.

A strongly effective visible light photocatalyst was synthesized in this work with the UV-
Vis spectroscopy results exhibiting 97% degradation under visible light by using the copper
doped titania photocatalyst. Under the same conditions, the commercial titanium dioxide
(degussa P25) showed a weak 11% degradation. Thus, the theory behind the doping of titania
with copper to produce a better catalyst goes in hand with the experimental results obtained in

this work.

Therefore factors such as concentration of dopant, nanofiber morphology and the anatase
phase of crystals along with doping which was incorporated to reduce the bang gap energy in
order to accelerate the formation of holes that combine with water to form —OH radicals, have all
contributed to producing an efficient copper doped titania photocatalyst highly active under the

visible light spectrum having a great potential in wastewater treatment.

Our future work would aim at increasing the concentration of dopant, trying to synthesize

single crystal nanofibers that are reusable and thus believed to make effective photocatalysts.
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