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Addendum

No. Examiner’s comments Responses

1 page v — correct “fee-base porphyrin” “fee-base” has been replaced with “free-
base”

2 page 2 — The paragraph on energy is not required. Photocatalysis is an | This is examiner’s opinion. We think it

area of its own that doesn’'t need to be linked to renewable energy, nor is | is relevant.
this thesis focused on renewable energy.

3 page 3 — “The higher photocatalytic efficiency of anatase is attributed to the | The statement has been revised with
fact that its conduction band potential is 0.2 eV more negative than that of | more relevant reasoning. “The higher
rutile.Ref13” Is this statement correct? Please check this manuscript again | photocatalytic efficiency of anatase is
and see if this statement can be referenced as such. Note that a | attributed to the fact that anatase has
comparison between photocatalytic activity of rutile and anatase of the | higher oxygen exchange ability as
same size and surface area has shown rutile to be more efficient than | compared to rutile”.
anatase.

4 page 4 - “As mentioned above, photocatalysis involves continuous | The statement has been revised:
photoelectro-chemical and electro-chemical reactions which involve | “photocatalysis involves continuous
generation of electrons and holes” — it is no clear where this has been | photoelectro-chemical and electro-
mentioned above. chemical reactions which involve

generation of electrons and holes.”

5 page 6 — Figure 1.3 caption requires more detail, as do many of the | This is examiner's opinion and we feel
captions in chapter 1. In all cases the caption should be all the reader | this is not necessary. Where needed,
needs to read to understand the figure, reading through the text should not | each diagram is referenced to the
be required. In regards to the figures — while a reference is given, shouldn’t | original work.
copyright have been obtained (and noted) to use these figures in the
thesis?

6 page 12 — There is discrepancy between the text and figure. The text states | The statement has been revised: “55%
complete photo-decomposition was obtained after 4 hours, whereas the | photodecomposition of Neolan Blue 2G
figure shows C/Cy to be > 0.4. Just because the graph/experiment ends at | was obtained after 4 hours of visible-
4 hours does not mean that complete decomposition has occurred. (Note | light irradiation on 0.25% Fe-TiO;
this is also an issue raised in the results and discussion chapters.) coated cotton samples.”

7 page 13 — Figure 1.9 — the presence of the stain is not apparent on the | Presence of TiO, makes the stain more
pristine cellulosic fabrics, but the presence of TiO, makes the stain more | prominent as compared to pristine
prominent. Why is this the case? because  TiO,-coated cotton is

hydrophobic, so the stain occupies a
small area on the surface and colour of
the stain appears more intense. (J.
Mater. Chem., 2006, 16, 4567)

8 page 14 — Fig 1.10 Text associated with this figure - “The cotton fabric | The statement has been revised: “The
coated from N/TiO, sol showed considerable photoactivity by degrading | cotton fabric coated from N/TiO, sol
methyl orange under visible-light irradiation for 120 minutes” would suggest | showed considerable  photoactivity
total degradation of the methyl orange at 120 minutes, not the ~0.3 C/CO | (70%) by degrading methyl orange
seen in the graph. under visible-light irradiation for 120

minutes.

9 page 30 — check reference to Figure 1.24 (which occurs before reference to | Examiner missed the reference earlier
Figure 1.23) as this doesn’t correlate to the actual Figure 1.24. in the section.

10 page 45 — C and C, should be defined C is the concentration of methylene blue
after irradiation at different time
intervals, whereas, C, is the
concentration of methylene blue before
irradiation. The corresponding
explanation is a part of already
published work (chapter 2).

11 page 45 — it is claimed that complete degradation of MB occurs in 110 min, | The instrument is not sensitive enough
which is not what the graph indicates. Why is it that Figures 5 and 8 are | to measure absorbance values below
plotted down to 0.1C/C, and not 0? Please check the claim of “complete | 0.1 accurately, therefore we have
degradation” in all the results chapters. considered 0.1C/C, as a complete

degradation approximately, for all of the
results in the chapters.

12 page 45 — it is not clear how the % degradation values are determined — | % degradation values are calculated
“our results showed 38%, 67%,99% and 79% degradation...” from the graph curves for different

concentrations given in figure 5.

13 page 56 — there are new peaks (apart from anatase) in the XRD patterns | We believe that these peaks stem from
on the TiO; coated cotton (Figure 2b). What is this due to? either impurities or background noise.

14 page 56 — why would there be strong association between FeTCPP | The highest value of Stern-Volmer rate

molecules and TiO, compared with CoTCPP and ZnTCPP. This should be
explained.

constant (Ksv), observed for FeTCPP
could account for the strong association
between FeTCPP molecules and TiO;
as compared to CoTCPP and ZnTCPP.




This has already been explained in the
section.

15 page 60 — why is there a shift in the XRD peak positions between d) and e) | We believe it could be due to a doping
effect or some type of bonding with
TiO,.

16 page 65 — why would petroleum ether washing increase the absorbance of | For the normalized spectra, there is no

the FeTCPP sample? increase in the absorbance of FeTCPP
sample.

17 page 71 Figure 1 — the scale bars in this image are difficult to read, as are | The scale bars values are; a, b & ¢ =
the a), b), c) etc. labelling within the image. magnification (5000), thickness (1um),

WD (10 mm), 15.0 kv SEl, d, e & f =
magnification (100,000), thickness (100
nm), WD (10 mm), 15.0 kv SEI

18 page 71 — “the degradation rate of MB for TCPP is twice as fast as that of | We have calculated from the slope that
CuTCPP” — this is not what the slope of the graphs would indicate. degradation rate of MB for TCPP is

faster than CuTCPP on the order of 2x.

19 page 71 Figure 5 — the caption should note half of each square was | The caption cannot be amended in the
masked. already published work.

20 page 73 — when CuTCPP leached in petroleum ether this was claimed that | The exact reason for leaching in
it could be due to the weak interactions between carboxylate groups of dye | different media is unknown at this stage.
and TiO,, affected by the change in the polarity of medium. On page 58 | The statement cannot be modified
when FeTCPP leached in detergent and water this was attributed to weak | further, as the section is a part of
interactions between the dye carboxylate groups and TiO, due to the | published work.
change of pH and polarity of the medium. Why would the CuTCPP leach in
petroleum ether while the FeTCPP leached in detergent and water and can
the leaching in both cases be put down to the same reason?

21 page 76 — labels are given in the spectrum but not explained in the caption. | Further explanation of the labels can be
obtained from the reference cited in the
section.

22 page 83 — how does small angle X-ray diffraction give crystallinity? The word “small” has been replaced
with “low” in the sentence.

23 page 85 — why does surface roughness introduce hydrophobicity — this | The statement is referenced in the

needs to be explained. introduction of the chapter 5.

24 page 85 Figure 6 — why is the time required for photodegradation so much | In the solid phase, usually the reaction

longer than the previous chapters? is slow as compared to that in the
aqueous phase due to the nature of the
radicals formed.

25 page 91 — the first phrase “In the field of renewable energy resources” is | The statement has been modified.

irrelevant as the photocatalytic degradation of organics is being studied,
not, say, the photocatalytic production of H,.
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Thesis Abstract:

The primary motivation of the research work presented in this thesis is to develop
dye-sensitised textiles capable of showing self-cleaning properties in daylight and
indoor light environments. The photocatalytic degradation of organic contaminants
by means of photoactive materials is one of the most effective and environmental-
friendly methods for reducing the environmental pollution. Among the photoactive
materials, anatase titanium dioxide is extensively investigated for a wide range of
applications such as air purification, water treatment and self-cleaning surfaces. With
high consumer demand for hygienic and contamination-free coatings, self-cleaning
textiles based on anatase titanium dioxide photocatalysis have been of particular
interest. However, the photocatalytic activity of anatase titanium dioxide is limited to
ultraviolet region of the solar spectrum. To utilise the major portion of the solar
spectrum, visible-light active photocatalytic systems are required in fabricating self-

cleaning coatings.

Chapter 1 introduces the topic by giving an account on the chemistry behind the
photocatalytic effect, dye-sensitisation, the use of porphyrins and examples of self-
cleaning textiles that are state-of-the-art in the field. The chapter finishes by
discussing the lotus effect and stating the thesis aims. By using meso-tetra(4-
carboxyphenyl)porphyrin (TCPP) for sensitisation of TiO,, visible-light driven self-
cleaning cotton has successfully been developed, that exhibited superior
photocatalytic self-cleaning properties to that of titanium dioxide or the dye in
isolation (Chapter 2). A complete degradation of methylene blue was achieved under
visible-light irradiation for 110 min. In addition, decolourisation of coffee and red wine

stains was observed under visible-light irradiation for 16 h.

Chapter 3 and 4 investigate the use of metal complexes of TCPP (Fe, Co, Zn & Cu)
as means of optimising the performance of our system on pristine cotton. In view of
the practical applications of self-cleaning textiles, the stability of a photocatalyst is an
important constraint. The results shown in this thesis indicate that meso-tetra(4-
carboxyphenyl)-porphyrinato copper(Il) (CuTCPP) showed enhanced photostability
as compared to the high performing free-base porphyrin (TCPP).
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To enhance the performance of these new materials further, the concept of lotus
effect has been combined within the visible-light photocatalysis to prepare better
self-cleaning textiles (Chapter 5). The dual functional textiles exhibited a
superhydrophobic effect, in addition to the photodegradation of organic contaminants
by visible-light photocatalysis. Superhydrophobic and photocatalytic self-cleaning
textiles offer great potential for indoor and outdoor self-cleaning applications.
Chapter 6 briefly summarises the thesis and adds future perspectives to this

research.



Abbreviations and Acronyms

Abbreviations and Acronyms Name

CB Conduction band

CoTCPP meso-tetra(4-carboxyphenyl)porphyrinato cobalt(ll)
CuTCPP meso-tetra(4-carboxyphenyl)porphyrinato copper(ll)
DMF Dimethylformamide

DSSC Dye-sensitised solar cells

FeTCPP meso-tetra(4-carboxyphenyl)porphyrinato iron(lll)
HOMO Highest occupied molecular orbital

IPCE Incident photon to electron conversion efficiency
Isc Short-circuit photocurrent

LUMO Lowest unoccupied molecular orbital

MB Methylene blue

MTCPP Metal complex of meso-tetra(4-carboxyphenyl)porphyrin
NHE Normal hydrogen electrode

NMR Nuclear magnetic resonance

NiTPP 5,10,15, 20-Tetraphenyl-21H,23H-porphine nickel(ll)
4-NP 4-nitrophenol

OTMS Trimethoxy(octadecyl)silane

Pp Porphyrin

TCPP meso-tetra(4-carboxyphenyl)porphyrin

TEA Triethylamine

TPP Tetraphenylporphyrin

TMeOPP meso-tetra(4-methoxyphenyl)porphyrin

TSPP meso-tetra(4-sulfonatophenyl)porphyrin

VB Valence band

Voc Open-circuit photovoltage

WCA Water contact angle

ZnTPP 5,10,15, 20-Tetraphenyl-21H,23H-porphine zinc(I1)
ZnTCPP meso-tetra(4-carboxyphenyl)porphyrinato zinc(Il)
n solar- to-electric energy conversion efficiency

n° Quantum efficiency

A max Wavelength at maximum absorbance
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CHAPTER 1: INTRODUCTION

1.1 Self-cleaning textiles

With high consumer demand for hygienic and contamination free materials, interest
in developing self-cleaning coatings has grown rapidly in recent years.1 Self-cleaning
coatings have become an important labour-saving device because of the number of
possible applications, such as self-cleaning paints,® glass-windows,> cement,* anti-
fogging ° and anti-biofouling surfaces.® In fact, the concept of self-cleaning surfaces
has now been applied to textiles and is considered an important advance in smart

clothing.’

Based on the nature of the self-cleaning mechanism, self-cleaning textiles are
classified into two categories: hydrophobic and hydrophilic. In its extreme, the former
is known as the ‘lotus effect’, and can be achieved by mimicking the natural features
of lotus leaves.® On these leaves, water attains the shape of spherical droplets, as
the surface is superhydrophobic and readily rolls off thereby, carrying away any dirt
particles. Hydrophilic self-cleaning, also known as the ‘photocatalytic effect’, is
obtained by photoactive materials which chemically break down the adsorbed
contaminants through photooxidation and photoreduction processes in the presence

of light and moisture.’
1.2 Photocatalytic effect of titanium dioxide

Conventional methods of producing energy from fossil fuels have not only depleted
fuel reserves but have also increased environmental pollution as a result of
excessive fuel combustion. Keeping in view the high energy demand under these
conditions, and making the environment safe at the same time, a field of alternate
renewable energy resources is being developed. Amongst these resources, the use
of solar light for electricity generation and environmental purification processes are
of particular interest and extensive research has been carried out to fabricate

photoactive materials to develop energy transducing systems.1°
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Chapter 1: Introduction

Titanium dioxide being a photoactive material, has gained much attention for its role
in solar energy conversion. Moreover, it is being widely used in paints, cosmetics
and food stuffs. In the simplest terms, TiO; is a photoactive semiconducting material.
It exists in three allotropic forms: rutile, anatase and brookite (Figure 1.1).11 Among
these, rutile and anatase are commonly used in photocatalysis. However, anatase
has always shown a much higher photocatalytic activity than rutile in all types of
reaction media and in the presence of O, as an oxidising species.'? For example,
anatase exhibited three times faster rate of reaction for photocatalytic oxidation of
cyclohexanone, as compared to that of rutile.” The higher photocatalytic efficiency
of anatase is attributed to the fact that anatase has higher oxygen exchange ability
as compared to rutile.” In addition, anatase has a relatively lower electron-hole

recombination rate as compared to rutile. '

N
oy

Anatase Rutile Brookite

Figure 1.1: Crystalline forms of TiO,.""

Heterogeneous photocatalysis is generally considered as a catalytic photochemical
reaction that, in the case of TiO,, takes place on the surface of the semiconducting
materials." Photocatalysis involves two reactions occurring simultaneously. The first
is the oxidation from photogenerated holes and second is the reduction from
photogenerated electrons. This can be seen by the photocatalaytic reduction of gold
chloride (AuCl3) to metallic gold and silver nitrate (AgNO3) to metallic silver on
various oxides such as CeO,, Ta,0s, Nb,Os and TiO, upon illumination.™



Chapter 1: Introduction

1.3 Practical applications of TiO, photocatalysis

Goodever and Kitchner studied the photocatalytic decomposition of chlorazol sky
blue on titania powder and proposed that titanium dioxide acts as a catalyst to
accelerate the photochemical oxidation of the dye.16 Kato and Masho studied the
photocatalytic activities of different TiO, powders to oxidise hydrocarbons and
alcohols and found that anatase was more active than rutile.”” In 1972, Fujishima
and Honda discovered the ability of TiO; to generate hydrogen and oxygen by water
splitting.® The first reported use of TiO, for the purification of water by photocatalytic
decomposition of pollutants converted cyanide and sulphite to cyanate and sulphate,

respectively, by photocatalytic oxidation.™

Since 1972, photocatalysis has continued to expand in both selective'® and
unselective® oxidations of organic compounds for water and air purification. In such
systems, powerful UV light is required. In water purification systems, removal of
TiO, powders suspended in water proved to be difficult and cost ineffective. This
criterion also limits application to situations where UV radiation is dominant.
Furthermore, it became apparent in early 1990s that the amount of UV light present
in natural sunlight or artificial light was insufficient to oxidise large quantities of
organic contaminants. As a result, efforts turned to applications in which a relatively
small number of UV photons could be used to carry out the reactions at TiO,
surfaces. This initiated the development of self-cleaning, self-sterilising solid
surfaces.?’ Under such conditions, it was necessary to develop ways to coat various
materials with TiO, films. These materials include self-cleaning glass, windows,

ceramics, tiles, metals and textiles, as shown in Figure 1.2.
1.4 Mechanism of photocatalysis

In a heterogeneous photocatalytic system, semiconductor particles are in close
contact with gaseous or liquid reaction media. Photocatalysis involves continuous
photoelectrochemical and electrochemical reactions which involve generation of
electrons and holes. Semiconductors like TiO, have a filled valence band and an

empty conduction band.
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Figure 1.2: Applications of TiO, photocatalysis.

The energy difference between the lowest energy level of the conduction band and
the highest energy level of the valence band is called the band gap energy (Eg). For
TiO; (anatase), E4 is 3.2 eV. When TiO; is irradiated with photons of energy; UV light
(A < 385 nm), greater than its band gap energy, then an electron (e’) promotes from
valence band to the conduction band, leaving a hole (h*) behind (Figure 1.3). These
photo-excited electron hole pairs diffuse to the surface of the catalyst and take part

in a series of oxidation-reduction reactions at the interface.

On TiO,, oxidation reactions might involve oxygen evolution, hydroxyl radical
production or organic oxidation, whereas reduction reactions might involve reduction
of oxygen to superoxide radical anion, hydrogen peroxide or water.'® The radicals
formed are usually reactive, reacting instantaneously with organic contaminants
present in the vicinity. This reaction leads to degradation of the contaminants into

relatively simple compounds e.g. CO, and H,O (Figure 1.3).



Chapter 1: Introduction

Q; 0, 2H*
g Photoreduction
- / » H,0,

cB

Sl Organics

— Q( Photooxidation
oo & O

]) )
C{) —
H,0 CO,

Figure 1.3: Mechanism of TiO, photocatalysis.

1.5 TiO,; a semiconductor of choice

The conduction band potential of the semiconductor and redox potentials of the
adsorbing species on the surface of the semiconductor are key parameters which
determine the ability of a semiconductor to undergo photo-induced electron transfer.
For an efficient photocatalysis, the redox potential should lie within the band gap of
the semiconductor photocatalyst to allow evolution of hydrogen and oxygen from
water and for the formation of radicals such as ‘OH, O, and H,0,.?> An energy

band diagram for some common semiconductors is given in Figure 1.4.

In addition, the catalysts should remain stable in air and water-rich environments to
increase versatility and pragmatic applications. Semiconductors with narrow band
gaps such as Fe;O3 (2.3 eV), GaP (2.23 eV) and GaAs (1.4 eV) are unstable in
aqueous media and therefore not suitable for most photocatalytic applications.?® An
efficient photocatayst for degradation of organic pollutants is ZnO (3.2 eV) but
unfortunately it undergoes photocorrosion in acidic aqueous conditions.?* Titanium
dioxide having the same band gap of 3.2 eV, has been preferred to other
semiconductors because of its high oxidising ability, high chemical stability, low cost

and non-toxic nature.?®
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Figure 1.4: Band gap energies of various semiconductors.?

1.6 TiO,-based self-cleaning textiles

The discovery of the photocatalytic properties of titania has brought with it new
opportunities towards the concept of self-cleaning.” From the development of self-
cleaning glass, ceramics and metals, research has now been extended to fabrication
of self-cleaning textiles.?” Clothes that can clean themselves, without the use of

laundry detergent, can no longer be regarded as unrealistic.

Based on nano-crystalline TiO,, a number of self-cleaning textiles have successfully
been developed using cotton,?® wool®® and polyester.®® However, most of these
materials work only under exposure to UV irradiation or sunlight. In view of
commercial applications based on a low temperature sol-gel process (~60°C),
members of our group have developed a self-cleaning cotton.?® In this process, a
thin coating of anatase titania has been applied to cotton fabric using a conventional
dip-pad-dry-cure method. Titania-coated cotton fabric has shown significant self-
cleaning properties such as degradation of coffee and wine stains under UV

irradiation, as well as good anti-bacterial activity.28 In another example, aqueous
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dispersions of Degussa P-25 TiO, (70% anatase, 30% rutile) and silicone softeners
have also been applied to cotton fabrics and their photocatalytic activity has been
evaluated for decomposition of gaseous ammonia under UV irradiation.*’ Others
have successfully developed UV-active cellulose fibres by using a low temperature
sol-gel method (~100°C). The photocatalytic activity of fibres has been found to be

retained even after 20 washing cycles.*

As photocatalytic efficiency also depends upon the amount of catalyst present,
research efforts have also been focused on strategies to increase the quantity of
titania on textile surfaces. These include modification of textiles by physical or
chemical surface pre-treatments prior to coating with TiO.>*** For example, cotton

fabrics have been activated physically by RF, MW and UV plasma,®

inducing
negatively charged functional groups such as carboxylates (-COO’) and
peroxyanions (—OQO") on the textile surface. These functional groups have strong
affinity to bind with TiO, particles. Cotton fibres have shown to exhibit significant
photocatalytic efficiency for mineralisation of coffee, red wine, make up and grease
stains under daylight irradiation.®* Chemical spacers such as poly-carboxylic acids
have also been used on cotton textiles.** These spacers attach to the hydroxyl
groups of cellulose by forming esters. In such a system, TiO, particles bind to the

cotton surface by chemical means through spacers (Figure 1.5).

OC —Cspacer>—COOH
HO
4 (o) O
e) HOOC-Gaaea>-COOH  [~Q ,
1.0 - 0 T|02
HO HO
OH OH
n n

Figure 1.5: Esterification of cellulose with the carboxylic group of the spacer leads to an
attachment point to TiO,.**
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The self-cleaning performance of polyester fibres*® and wool-polyamide textiles®
obtained by plasma treatment under UV and daylight, respectively, have also been
studied. The layer by layer deposition of TiO2 nanoparticles on cationically modified
woven cotton fabrics, followed by treatment with anionic TiO2 colloid and cationic
TiO, colloid solution has been found to degrade red wine stains under UV

irradiation.3®

A self-cleaning wool capable of degrading organic pollutants under UV irradiation
has also been developed.?® In this case, surface modification of wool fabric was
carried out before treatment with a titania nanosol to enable strong bonding with the
anatase nanocrystals, since wool is a keratinous fibrous protein with sulphur
containing cysteine amino acid constituents. According to this work, and unlike
cotton, wool fibres contain less than 50% the amount of hydroxyl and carboxylic acid
groups. Therefore, surface modification was required in order to introduce surface
functional groups capable of having a strong affinity with titanium dioxide. In this
regard, acylation of fibres allowed enrichment of carboxylic acid groups in their

backbone chains (Figure 1.6).
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Figure 1.6: Succinylation of keratin.”
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Table 1.1 summarises the literature regarding self-cleaning textiles based on TiO,

photocatalysis.

Table 1.1: Self-cleaning textiles based on TiO, photocatalysis.

o8 ; Neolan blue 2G (8 h), 1.3
Cotton Anatase TiO; ;
Wine, coffee (20 h) 95
Polyester ) Neolan blue 2G (3 h), 1.3
i % Anatase TiO, )
fibres Coffee (12 h), Wine (5h) 95
2 ; Methylene blue (15 h), 45
Wool Anatase TiO; ;
Wine (20 h) 45
a1 Gaseous Ammonia
Cotton Degussa P-25 )
(50 min)
Cellulose ; Methylene blue (20 h)
L s Anatase TiO, 50
fibre
Polyester, Rutile/Anatase/  Coffee, make up, grease =0
wool ¥ SiO, (24 h)
Cotton ®  Ag/SiO./TiO, Wine (24 h) 50
Cotton *®  Au/SiO./TiO, Wine, Coffee (20 h) 95
Cotton *°  Fe/ TiO, Neolan Blue 2 G (4 h) 50

Methyl orange

Cotton *'  TEA/Ag/TIO, _
(120 min)

1.7 Limitations and possible solutions

Titanium dioxide is a benchmark for UV photocatalysis only. Anatase TiO», which is
the most photoactive phase of TiO,, only absorbs UV light at wavelengths shorter
than 380 nm.*? As a result of its wide band gap (3.2 eV), TiO, is inactive under
visible-light, being unable to utilise the major portion of the solar spectrum as
sunlight consists of 5% of UV light, 46% of visible light and 47% of infrared light

10
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(Figure 1.7).*® Therefore, visible-light active titanium dioxide photocatalytic systems

are needed for outdoor applications in daylight and indoor applications as well.**

Itraviolet infrared
Q?R’;‘a \ X-rays \u rayls \‘ ! ravs I radar M| TV lshonwave AM
0% 10" 1% -0t 10° 104~ 007 1 0010
- i Wavelength (meters)
BT Visible Light TN
=
400 500 600 700

Wavelength (nanometers)

Figure 1.7: The solar spectrum.*

1.8 Visible-light induced photocatalysis

To utilise visible-light for photocatalysis, several different approaches have been
reported in literature, such as band gap modification by doping with metals** or non-
metals,*® coupling TiO» with other semiconductors of a narrow band gap*’ and dye-

sensitisation.??
1.8.1 Band gap modification by transition metal doping

Transition metal ion doping such as Fe**, Cr**, Co?*, V** and Mo®" can enhance the
photocatalytic activity of TiO, towards visible light.*> *® Transition metal doping can
improve the visible-light photocatalytic efficiency of TiO, through different
mechanisms, which includes the introduction of new impurity states within the band
gap of TiO,, overlapping of the conduction band of TiO, with d orbitals of transition
metals and reduction in recombination rate by separation of electron hole pairs.??
However, a specific concentration range of metal is effective (~ 0.5 % w/w), as it

improves the trapping efficiency of electrons by prohibiting the electron-hole

11
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recombination during illumination.*® At higher concentrations, these ions act as

recombination centres leading to lower visible-light activity.

Among various transition metals used, Fe-doping is the most widely studied.*®
Doping of Fe through an ion-implantation technique has produced more pronounced
effect into the band edge of TiO, to visible light than Fe doping by the sol-gel
method.>° Vanadium-doping by means of the sol-gel method has also shown better
photocatalytic rates under Vvisible-light irradiation along with increased
hydrophilicity.®" Visible-light activities have been demonstrated for Pt-doped TiO,
against oxidative and reductive degradation of chlorinated organic compounds. In
such a system, the platinum introduces intra-gap impurity states, enabling valence
band electrons of TiO, to absorb visible-light.>? The photocatalytic degradation of
rhodamine 6G has also been investigated using Ag-doped TiO,.>® The silver ions

suppress the recombination by quick scavenging of the photogenerated electrons.

—&— Pure Ti()
1.0 J‘

—&—0.1% Fe-Ti0,
—h— 0.25% Fe-Ti0),_
0.9 7 0.5% Fe-Ti0),
—k— | Fe-Ti0,
—&— 2% Fe-TiO,
0.8+ X \ﬂ'— 3% Fe-Ti,
=
< 074 ‘Q\;ﬁbh
o = =t

quq“::"““‘“w-.-.
0.6 1 '
.l._\_\_\_\x \\.

Irradiation Time (h)

Figure 1.8: Photocatalytic degradation of Neolan Blue 2G in an aqueous solution as a function
of visible-light irradiation time for different substrates.*

55% photodecomposition of Neolan Blue 2G was obtained after 4 hours of visible-
light irradiation on 0.25% Fe-TiO, coated cotton samples (Figure1.8).*° In the case of
Au/SiO,/TiO, coated cotton, significant discolouration of coffee and red wine stains

was achieved after 24 hours of visible-light irradiation (Figure1.9).*°

12
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Figure 1.9: Degradation of red wine and coffee stains on control (pristine cellulosic fabrics),
TiO, and Au/TiO,/SiO,-coated fabrics before and after visible-light irradiation.*

1.8.2 Band gap modification by non-metal doping

Another promising approach to achieve visible-light activation is interstitial doping of
non-metal elements such as N, C, S, B and F into a TiO, matrix.*® ** Among them,
N-doping has been extensively investigated. N-doped TiO, has been prepared by
variety of methods which include physical methods such as magnetron sputtering,*°
implantation,®® high temperature sintering of TiO, under nitrogen atmosphere,®’
chemical methods such as sol-gel,®® hydrothermal treatment in the presence of a
precursor containing ammonia or organic amines.”® However, preparation routes
play an important role in determining the characteristics of the visible-light absorption
band of doped TiO,. For example, dopants can act as recombination centres, thus

decreasing the photocatalytic efficiency of TiO, under visible-light.®

Different mechanisms have been reported in the literature regarding visible-light
activity of TiO, by N-doping. There are suggestions that nitrogen doping results in
band gap narrowing by mixing O 2p states with N 2p states of substituted N atoms in
newly formed valence band.*® Contrary to this, others suggest the isolated N 2p
states are formed above the valence band maximum of TiO,, responsible for band
gap narrowing in N-doped TiO,.°" It has also been proposed that in doped TiO,,
nitrogen produces oxygen-deficient localised states, which induces visible-light
absorption.®? As compared to single non-metal atoms doping, co-doping with two
non-metal atoms such as N and S,°* N and C,** N and B,*® and N and F,®® have
shown more beneficial effects. Improvement in visible-light efficiency can be due to

synergistic effect of the two non-metals.?

13
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Long and co-workers have used triethylamine (TEA) in combination with Agl to
synthesise N-doped TiO; sols.*’ The cotton fabric coated from N/TiO; sol showed
considerable photoactivity (70 %) by degrading methyl orange under visible-light

irradiation for 120 minutes (Figure 1.10).
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Figure 1.10: Photocatalytic activities of (a) cotton, (b) TiO,/ cotton, (c) N/TiO, cotton and (d)
Ag/N/TiO, cotton.”’

1.8.3 Semiconductor coupling

Coupling semiconductors with narrow band gaps to TiO, represents another
promising approach that can be utilised to extend the photocatalytic response of

22 |n a coupled

TiO, in the visible region of the electromagnetic spectrum.
semiconductor system, a small band gap semiconductor absorbs visible-light and
thus acts as a photosensitiser for TiO,. The sensitised semiconductor injects
electrons into the conduction band of TiO,, which can move to the surface of TiO,

and produce reactive oxidative species.

Semiconductors like Bi;S3,*’ CdS,®” CdSe,®® V,05*° and CdO™® have been reported
to sensitise TiO, in the visible spectrum. Efficient electron transfer between
sensitiser and TiO, depends on the potential difference of their conduction bands.®
To work, the conduction and valence band potential of titania should be more
negative than that of sensitiser semiconductor. Conduction band potentials of some
semiconductors such as Bi,S3(-0.76 V), CdS (-0.95 V) and CdSe (-1.0 V) are more
negative than that of TiO, (-0.5 V) versus a normal hydrogen electrode (NHE).
Amongst the various semiconductors, CdSe quantum dots are particularly of interest
and have extensively been studied.®® For example, significant degradation of 4-

14
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chlorophenol has been observed by using CdSe quantum dots coupled with TiO,

under visible-light illumination.®®

Similar to the activation of TiO, by metal/non-metal doping, the amount of
semiconductor also affects the efficiency of a coupled system, since higher
concentrations of the sensitiser semiconductor can block the surface of the catalyst
and inhibit ensuing redox reactions. Furthermore, accumulation of charge carriers
may increase the probability of electron-hole recombination, which in turn reduces
photocatalytic efficiency of the coupled system. If holes are not engaged in furthering

redox reactions, they can photocorrode the sensitiser semiconductor.??
1.8.4 Dye-sensitisation

Photosensitisation of TiO, can also be achieved by visible-light absorbing dyes.
Specifically in the field of dye-sensitised solar cells (DSSC), research related to the
fabrication of suitable organic dyes is of great interest.”’ However, because of its
diverse applications, research regarding dye-sensitised applications in

photocatalysis has also been growing over the past decades.’

In this form of sensitisation, the dye is usually adsorbed on the TiO, surface through
electrostatic, hydrophobic or chemical interactions.?? Sensitisation usually occurs by
excitation of dye molecules under visible-light illumination and then subsequent
electron injection into the conduction band (CB) of TiO,. When visible-light falls on
the catalyst surface in the presence of dye, it is the dye molecule that first gets
excited promoting an electron from the ground state (HOMO) of dye molecule to the
excited state (LUMO). The energy level of the excited state (LUMO) lies higher than
the CB of TiO,, as shown in Figure 1.11. As the LUMO of the dye molecules has
more negative potential compared, to the CB potential of TiO,, electrons can be

easily injected into the CB of TiO; in a relaxation process.
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Figure 1.11: A mechanism of photocatalysis through dye-sensitisation.

1.9 Self-cleaning textiles based on dye-sensitised photocatalysis

Despite the aforementioned strategies for TiO, activation in the visible-region, very
few visible-light driven self-cleaning textiles have been developed (Table 1.1).
Visible-light self-cleaning textiles may be developed following a dye-sensitisation
approach. In this regard, there is a need to select particular dyes with specific

characteristics for success. These include:

e The dye should be photochemically stable. It should not be degraded by the

catalyst itself;

e The absorption properties of the dye should cover a broad spectral range
(390-800 nm);

e The dye should have a Ilow chance for recombination (less

photoluminescence);

e The dye should allow a high rate of electron injection to TiO, i.e. the dye
possesses functional groups capable of strong binding with TiO, to enhance
charge transfer;

e The dye should possess a high quantum yield;

16
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e The excited-state lifetime of the dye should be long enough lived to allow

efficient charge transfer to TiO,.

Various dyes have potential to be used for the photosensitisation of TiO, such as
ruthenium bipyridal complexes, coumarins, squarines, perylenes, porphyins and
phthalocyanines (Figure 1.12).” The dyes mentioned here are being used mainly for
dye-sensitised solar cells (DSSC). Ruthenium dyes have been found to give
maximum efficiency for sensitising TiO; in dye sensitised solar cells.”* However, due
to their limited availability and harmful impacts on the environment, cheaper and
safer alternate dyes are being investigated such as porphyrins” and
phthalocyanines.” Other dyes such as erthrosine B,”” rose bengal,”® eosin,” and

acid red,®® have been found to be efficient but unstable.
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Figure 1.12: Dyes potentially useful for the sensitisation of TiO..
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Despite having lower photosensitising efficiencies than ruthenium bipyridyl
complexes,81 porphyrins or their metal complexes can be better substitutes for
ruthenium dyes because of their strong absorption coefficient in the visible spectrum,
good chemical photostability,®? low cost of production and lower toxicity.”> Moreover,
they can be easily modified by addition of peripheral substituents and by metal

complexation.
1.10 Porphyrins

Plants collect solar energy by enhanced light absorption through porphyrin-based
chromophores (chlorophyll) (Figure 1.13). These chlorophyll chromophores act as a
light-harvesting antenna.®® They absorb incident light and then channel the excitation
energy to reaction centres, where light-induced charge separation takes place.
Inspired by their primary role in photosynthesis, these chlorophyll chromophores are

being mimicked by functionalised porphyrin-derivatives.84

Figure 1.13: Structure of a porphine, the parent porphyrin structure.

Porphyrins are macrocycles exhibiting high conjugation and extensive delocalisation.
Owing to their delocalised structure and very strong absorption at 400-450 nm (Soret
band) as well as absorption in the 500-700 nm (Q-bands),®® porphyrins have been
studied as promising candidates for their applications in molecular electronic and
photonic devices,® dye-sensitised solar cells " and for photocatalytic degradation

of organic compounds, when coupled with TiO,.%?

Porphyrins are able to complex with many of the metal ions listed in the periodic
table, resulting in four to six co-ordination metal complexes (Figure 1.14). Metal

complexes of porphyrins can absorb visible light with high absorptivity and thus can
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act as better photosensitisers in catalytic electron transfer reactions than metal free

porphyrins.®’
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Figure 1.14: Classification of metalloporphyrin complexes.88

Studies have been carried out in the past few years to investigate the effect of
porphyrins and metal porphyrins on visible-light sensitisation of TiO, powder. These
efforts include photodegradation of acid chrome blue K,® rhodamine b,% atrazine,®’
4-nitrophenol,®? methylene blue,”® 2,4-dichlorophenol®* and acid orange.”® More
recently, self-cleaning glasses based on mesoporous TiO; films impregnated with
meso-tetrakis(4-sulfonatophenyl)porphyrin have been developed for visible-light

indoor air oxidation.%®

Table 1.2 gives a summary of different porphyrin derivatives reported in the
literature, used for photocatalytic degradation of different organic dyes under visible-

light irradiation.

1.11 Photocatalytic efficiency of TiO, based on porphyrin
sensitisation

Apart from the influence of a particular dye on the photocatalytic efficiency of TiO,,
there are many other factors that can alter the photocatalytic efficiency of TiO..

Details of these factors are elaborated as following;
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a. Nature of functional groups

Research has been carried out to study the effect of different substituents within
porphyrin derivatives.* Comparison of the photochemical properties and
photosensitisation phenomenon for three free-base porphyrins with different
functional groups has also been reported.®®® These functional groups include
carboxylic acid, sulphonic acid and simple phenyl groups as shown in the Figure
1.15.

Table 1.2: Visible-light photocatalysis by porphyrin-sensitised TiO,.

Tpp Rhodamine B . 200 (W)
(30 min) ° Incand. Lamp
NiTPP, Methylene blue 95%, ,
93 3 (mW/cm?)
ZnTPP (6 h) 90%

o4  24-dichlorophenol )
NiTPP “h) 81%  0.16 (mW/cm®?)
TCPP® Acidchrome blue K A 200 (W)

(30 min) ° Incand. Lamp
o Atrazine
CuTCPP _ 82%
(60 min)
CuTCPPY Methylene blue . 200 (W)
(o]
(45 min) Incand. Lamp

98 Acetone )
TCPP (30 min) 25% 1 (mW/cm®)
min
% Acetaldehyde )
TSPP (120 min) 19% 0.02 (mW/cm*)
min
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R; R,
R,=R,=R;=R,;= COOH, TCPP;
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R,=R,=R;=R,=H, TPP

Figure 1.15: Structure of a porphyrin with different functional groups.gga
Results comparing spectral measurements and photochemical properties imply that
the binding state between the dye and semiconductor is an important factor for
photosensitisation of the semiconductor. Tetra-carboxylic acid porphyrins such as
TCPP have shown the highest incident photon-to-electron conversion efficiency
(IPCE) among different substituted porphyrin derivatives (Table 1.3).99"1 Strong
binding of a carboxylic acid group to titanium dioxide enhances the electron injection

efficiency.

Table 1.3: Comparison of UV-Vis and IV-characteristic properties of different porphyrins.®®

422 (S),
2700
523, 559, 596, 653 (Q)

422 (S),
290 630 0.04
521, 555, 596, 654 (Q)
418 (S),
340 320 0.006

518, 551, 592, 649 (Q)

S = Soret band of porphyrins, Q = four Q bands of porphyrins
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The ability of porphyrins with varying functional groups to inject electrons into the
conduction band of TiO, can be evaluated by comparing the energy difference
between the conduction band of TiO, and the oxidation potential values of the
porphyrins in their excited state. It can be clearly observed from Figure 1.16 that
TCPP exhibits more negative oxidation potential (-1.36 V) in the excited state as
compared to TSPP and TMeOPP. As a result, more efficient electron injection into
conduction band of TiO; is expected by TCPP.%®

-2
-1.36Y
’._-—N—' (-1.33 V) (-1.32V)
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- i ! : A
CB 2,32 eV} | R :
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_ _1 I—n :“ — Es/s*
Ti0, (0.96 V) (pogyv) (097V)
TCPP Tspp  TMeOPP
—2
VH_—:{
(2.9%)
W vs NHE

Figure 1.16: Energy level diagram describing the conduction and valence bands of TiO, and
energy levels of different porphyrins.*®

b. Nature of metal centre

The type of metal coordinated in the macrocyclic ring of the porphyrin is another
important factor in determining the photocatalytic efficiency of titanium dioxide. In
this regard, Mele and his co-workers have investigated the role of metal in the
macrocycle on the photocatalytic performance of TiO,.22 Porphyrin complexes with
three different metals: iron, manganese and copper were synthesised and then
impregnated with TiO,. These TiOJ/metal complexes samples were tested for the

photocatalytic degradation of 4-nitrophenol in aqueous solutions. TiO, impregnated
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with copper(Il) porphyrin showed the highest photoreactivity as shown in Table 1.4.
Only a slight beneficial effect was observed with iron(IIT) porphyrin, while the

presence of manganese(Ill) porphyrin appeared to be detrimental.

Table 1.4: Photocatalytic degradation of 4-nitrophenol (4-NP).%?

_ 6.65 606 0.95
5.55 1225 1.93
6.65 1162 1.83
8.35 1087 1.71
3.49 617 0.97
7.44 544 0.86
13.64 535 0.84
3.30

385 0.61
6.65

399 0.63
13.30

367 0.58

n° = The ratio of the number of moles of the reacted 4-NP to the number of moles of the
photons emitted by the UV lamp

c. Concentration of porphyrin dye

For titanium dioxide to have maximum rate of photocatalytic reaction, there has to be
an optimum concentration of the dye, impregnated into TiO,. Too high or too low
concentration is not suitable for achieving maximum photocatalysis. In this case a
copper(1l) porphyrin with a concentration of 5.55 uM g™ of TiO, has been reported to

show the highest rate of reaction (Table 1.4) in the degradation of 4-nitrophenol.
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d. Nature of the peripheral substituents

It has been further reported that photocatalytic activity of TiO is also influenced by
the spatial positioning of the substituents on the porphryin molecules.'® Two series
of meso-substituted porphyrins with 3-phenoxy-propoxyphenyl substituents at the
ortho and para-positions and their metal complexes [cobalt(ll), zinc(Il) and
copper(ll)] have been synthesised (Figure 1.17) and evaluated for their
photocatalytic degradation of 4-nitrophenol. Metal complexes with ortho-substituents

have shown the higher rate of reaction (Table 1.5).

M =Co, Zn, Cu
Ortho-substituent Para-substituent

Figure 1.17: Chemical structures of porphyrins with substituents at ortho and para-
positions.

24



Chapter 1: Introduction

Table 1.5: Photocatalytic degradation of 4-nitrophenol (4-NP).'®

- 0.16 5.1
Para 0.16 4.5
- Ortho 0.25 71
Para 0.40 7.6
- Ortho 0.55 10.2
Para 0.57 10.2
- Ortho 0.87 18.0
Para 9.67 91.9
- Ortho 10.80 95.1

1.12 Lotus-effect

The story of self-cleaning materials begins in nature with the Lotus flower, which is
considered sacred in India, China and Japan.™ It is venerated because of its
exceptional purity. Lotus plants grow in muddy water, but its leaves stand meters
above the water and are considered never dirty. Rain water washes dirt from the leaf
more readily than any other plant. This property of the lotus leaf (Figure 1.18) was
first recorded by Wilhelmm Barthlott in 1970."

The lotus leaf exhibits excellent properties of self-cleaning because of two features
on its surface; waxiness (due to the presence of water-repelling agents) and
microscopic bumps; which impart roughness to the surface (Figure 1.18)."% As a
result, the contact angle of a water droplet with the surface increases to such an
extent (>150°) that water attains the shape of a spherical droplet.® In doing so, it rolls
off the surface and can take away any soluble dirt particles with it. The result is that
the leaf surface stays neat and clean. This extreme water repellence is known as
superhydrophobicity and such behaviour is known as the “lotus effect” or

“superhydrophobic effect”.
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Figure 1.18: Leaf of the lotus flower illustrating the superhydrophobic effect.'®

Based on the self-cleaning properties of the lotus leaf, scientists have fabricated
artificial superhydrophobic surfaces.? In designing such surfaces, two important
factors are considered, surface energy and surface roughness.'® Hydrophobicity is
usually obtained with low surface energy materials such as organic silanes,
fluorinated silanes, alkyl amines and silicates.'® Despite this, a material of the
lowest surface energy gives a water contact angle (WCA) of 120°. To obtain a
superhydrophobic surface with WCA greater than 150°, surface roughness is also
required. The techniques being used to create superhydrophobic surfaces include

° self-assembly,'% 107

9

wet chemical reactions, sol-gel methods, layer-by-layer

M0 chemical

t.114

deposition,'® polymerisation reactions,™
111

electrochemical deposition,

vapour deposition,""" electro-spinning,'"? plasma-etching'™® and laser treatmen

The concept of superhydrophobic textiles was introduced in 1945, when alkyl silanes
were used as low surface energy materials to hydrophobise fabrics.'”® The silane
reacts with moisture in the fibrous material, allowing hydrolysis and condensation to
form a hydrophobic layer. This method has also been applied to polyester fabric to
impart superhydrophobic properties.’® Moreover, fluorinated organic compounds
have been used to induce superhydrophobic character as a result of their extremely
low surface energies. Plasma coating of a perfluorocarbon has also been applied to
cotton to impart hydrophobic properties to the fabric.""” Thin films of teflon were
deposited onto cellulose fabrics by pulsed laser deposition that conveyed additional

roughness to cellulose fabrics at nano-meter scale.”*
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Though useful in demonstrating hydrophobicity, fluorinated compounds have toxic
effects on the environment and health when in contact with skin for prolonged
times.""® Hence, research efforts have been aimed at fabricating superhydrophobic
textiles based on non-fluorinated organic compounds. To this end, a transparent
superhydrophobic silica coating film on cotton has been prepared at low
temperature.118 The coating was produced by co-hydrolysis and polycondensation of
a hexadecyltrimethoxysilane, tetraethoxyorthosilicate and 3-glycidyl oxypropyltri-
methoxysilane mixtures. The presence of glycidyl groups allowed the formation of a
strong bond between the coating and the surface of the cotton fibres. This gave the

surface an increased durability.

To increase the surface roughness extra-substrate nanostructures have also been

o % and nanowires.””" A simple and

applied such as nanoparticles,”'® nanorods,?
robust method for preparing superhydrophobic films with a dual-size hierarchical
structure from raspberry shaped particles has been reported and summarised in
Figure 1.19.""%" Amine-functionalised silica particles were deposited on epoxy films,
followed by hydrophobisation with mono-epoxy-functionalised polydimethylsiloxane.
The advancing WCA on these superhydrophobic hybrid films was about 165° and

the roll-off angle of a 10 yL droplet was 3°.

Epey film

Surface hydrophobization

|

Superhydrophobic surface

119b

Figure 1.19: Superhydrophobic films based on raspberry-like particles.
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Durable superhydrophobic textiles with a WCA of 170° have also been fabricated.'?

Amino-functionalised silica nanoparticles were attached to cotton fibres modified with
epoxy groups, followed by hydrophobisation with 1H,1H,2H,2H-perfluorodecyltri-
chlorosilane (PFTDS) and stearic acid (Figure 1.20).

M2 NH, NH; NH, NH,
OH OH OH OH OH 0 0:] uq ol o HNAGNH;: A A , A
| | | | | CEpichlorohydrin NH. |
—— 1 - B —=
Cotton textiles Amine-functionalized SiO,

Hydrophobization with stearic acid,
1H,1H,2H,2H-Perfluorodecyltrichlorosilane
respectively, or their combination

Figure 1.20: Schematic presentation of the preparation of superhydrophobic surfaces on
cotton substrate.'?

In this process, strong covalent bonds were formed between amino groups of the
SiO, particles and the epoxy groups on cotton substrate. More layers of silica were
deposited on the cotton by the same mechanism. Liu et al. reported the fabrication of
“artificial lotus leaf structures” on cotton textiles using carbon nanotubes (CNT).'%
Polybutylacrylate (PBA) grafted carbon-nanotubes were used as building blocks to
biomimic the surface microstructures of lotus leaves at the nanoscale level. Cotton
fibores covered with poly(butylacrylate)-modified CNTs showed a high level of

roughness inducing superhydrophobic character to fibres (Figure 1.21).
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Figure 1.21: Water repellent test on (a) pristine cotton fabric, (b) carbon nanotube-coated
cotton fabric and (c) PBA-g-CNT coated cotton fabric.'®

In addition to using silica, other nanocrystalline oxides have also been used to create
rough surface textiles such as TiO,,'® Zn0,'*" and Ce0,."* By adopting a simple
sol-gel method, bi-functional cotton textiles exhibiting superhydrophobicity and UV-
shielding properties have been fabricated using CeO, sol coating, followed by
modification with dodecafluoroheptyl-propyl-trimethoxysilane (DFTMS) (Figure
1.22).1%4

OH [+]

VAV AN
Ii H I-_! H
T/ ., *T/ water droplet
I L i icotton fiber] CeQ, layer Ce0: modified with DFTMS
modification R EAAED
[ | — | ———| j—>|
colton substrate superhydrophobic
surface
-
modification process cotion

CaO;I
OCH3 OH

I ) hydrolysis | self-assembly |
CigF1zHs—Si— OCHy ——— CygF42Hq —?i— QOH—— CypFy gH;—Sli— 8]

OCH3 OH

o

Figure 1.22: Fabrication of superhydrophobic surface on cotton substrate.'**
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1.13 Textiles with dual self-cleaning applications; superhydrophobic

and photocatalytic properties

There are limited examples of self-cleaning materials in the literature that work on
both principles; superhydrophobic and photocatalytic self-cleaning mechanisms.'?®
An Indium hydroxide [In(OH)s] nanocube film using a simple amino acid-assisted
hydrothermal process has been fabricated that showed a WCA of 150°.7%°¢ At the
same time, these films displayed photocatalytic properties showing 93 %

degradation of rhodamine b under UV irradiation for 16 hours.

Superhydrophobic photocatalytic surfaces have been developed by incorporating
titania nanoparticles into a polydimethylsiloxane (PDMS) polymer matrix by aerosol
assisted chemical vapour deposition method (AACVD) (Figure1.24)."" The films
exhibiting a WCA of 162°, showed complete degradation of resazurin dye under UV
light (Figure 1.23).

Absorbance

A

500
Wavelength (nm)

Figure 1.23: (Left) SEM image of a polymer film with embedded anatase TiO, nanoparticles,
(Right) UV-Vis spectra of superhydrophobic polymer films exposed to a resazurin dye under
UV-irradiation.'**

The development of dual function self-cleaning textiles can have many advantages.
Extreme water repellence can keep away water soluble impurities on one hand,
while the accumulation of organic impurities can be prevented by photocatalysis on
the other hand. So far, only one paper in the literature has reported on bi-functional
self-cleaning textiles. Zhang et al. have functionalised cotton fabrics with titania

nanoparticles and dodecafluoroheptyl-propyl-trimethoxy silane (DFTMS)."?*9 The
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cotton fabrics showed excellent water repellent properties with a WCA of 162° and

photocatalytic degradation of rhodamine b, as well under UV light (Figure 1.24).

Figure 1.24: Discolouration of rhodamine b on the treated fabrics exposed to UV radiation for
different periods of time: (a) 0; (b) 5; (c) 10; (d)15 min, in reference to blank cotton fabric (e).1259

1.14 Research objectives

The main aim of this research is to develop “visible-light activated superhydrophobic
self-cleaning textiles”, exhibiting efficient self-cleaning properties based on visible-
light TiO, photocatalysis and the lotus-effect cleaning phenomena. The specific

objectives of this research project are given below:
Objective |

To study the visible-light activation of titanium dioxide by a dye-sensitisation
approach using porphyrins and its application to fabrics in order to develop self-
cleaning fabrics, capable of self-cleaning in daylight and indoor light environments.
The dye explored for Vvisible-light activation of TiO, will be meso-tetra(4-
carboxyphenyl)porphyrin (TCPP) (Figure 1.25). The synthesis and application of
metal complexes of meso-tetra(4-carboxyphenyl)porphyrin to TiO,-coated cotton will

also be explored focusing on Fe, Co, Zn and Cu.
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COOH

®
Hooc—{"_%) m (v /)~COOH
S

COOH

M= 2H, Fe, Co, Zn, Cu

Figure 1.25: meso-tetrakis(4-carboxyphenyl) porphyrin (TCPP).

Our research will explore methylene blue as the stain dye for quantitative evaluation
of self-cleaning properties in the experiments (Figure 1.26). This is so as to be able

to compare our results with known literature results for improvement.

N
)
~4+
H3c.N,[ Is]: lN,CH3

Hgd C]— ‘CHS

Figure 1.26: Chemical structure of methylene blue.

Objective Il

To develop self-cleaning fabrics by combining two self-cleaning phenomena i.e. the
lotus-effect utilising a superhydrophobic approach and titanium dioxide based self-

cleaning process making use of the hydrophilic approach.

For hydrophobisation, we will explore the use of trimethoxy(octadecyl)silane (OTMS)

(Figure 1.27) in concert to our porphyrin systems.

OCH,
H3C(H2C)1¢H,C — Si — OCH;
|
OCH,

Figure 1.27: Chemical structure of trimethoxy(octadecyl) silane (OTMS).

32



Chapter 1: Introduction

1.15 References

1. Parkin, I. P.; Palgrave, R. G. J. Mater. Chem. 2005, 15, 1689-1695.
2. Reisch, M. S. "Essential Minerals" Chem. Eng. News Archive 2003, 81 (13), p13.

3. Reisch, M. "Cleaning Glass: A Thing Of The Past?" Chem. Eng. News Archive
2001, 79 (27), p 8.

4. Chen, H.; Nanayakkara, C. E.; Grassian, V. H. Chem. Rev. 2012, 112, 5919-5948.

5. Gao, X,; Yan, X;; Yao, X.; Xu, L.; Zhang, K.; Zhang, J.; Yang, B.; Jiang, L. Adv.
Mat. 2007, 19, 2213-2217.

6. Genzer, J.; Efimenko, K. Biofouling 2006, 22, 339-360.

7. Tung, W. S.; Daoud, W. A. J. Mater. Chem. 2011, 21, 7858-78609.

8. Bhushan, B. Langmuir 2012, 28, 1698-1714.

9. Fujishima. A.; Honda, K. Nature 1972, 238, 37-38.

10. Fujishima, A.; Zhang, X.; Tryk, D. A. Surf. Sci. Rep. 2008, 63, 515-582.

11. Dambournet, D.; Belharouak, |.; Amine, K. Chem. Mater. 2009, 22, 1173-1179.
12. Sclafani, A.; Herrmann, J. M. J. Phys. Chem. 1996, 100, 13655-13661.

13. Li, G.; Richter, C. P.; Milot, R. L.; Cai, L.; Schmuttenmaer, C. A.; Crabtree, R. H.;
Brudvig, G. W.; Batista, V. S. Dalton Trans. 2009, 45, 10078-10085. DOI:
10.1039/b908686b.

14. Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W. Chem. Rev. 1995,
95, 69-96.

15. Renz, C. Helve. Chim. Acta 1932, 15, 1077-1084.

16. (a) Goodeve, C. F.; Kitchener, J. A. Trans. Faraday Soc. 1938, 34, 902-908. (b)
Goodeve, C. F.; Kitchener, J. A. Trans. Faraday Soc. 1938, 34, 570-579.

17. Kato, S.; Mashio, F.; Zasshi, K. K. J. Chem. Soc. Japan, Indust. Chem. Sect.
1964, 67, 1136-1140.

18. Frank, S. N.; Bard, A. J. J. Phys. Chem. 1977, 81, 1484-1488.
19. Fox, M. A,; Dulay, M. T. Chem. Rev. 1993, 93, 341-357.
20. Mills, A.; Davies, R. H.; Worsley, D. Chem. Soc. Rev. 1993, 22, 417-425.

21. (a) Matsubara, H.; Takada, M.; Koyoma, S.; Hashimoto, K.; Fujishima, A. Chem.
Lett. 1995, 24, 767-768. (b) Linsebigler, A. L.; Lu, G.; Yates, J. T. Chem. Rev. 1995,
95, 735-758.

22. Rehman, S.; Ullah, R.; Butt, A. M.; Gohar, N. D. J. Hazard. Mater. 2009, 170,
560-569.

23. Bak, T.; Nowotny, J.; Rekas, M.; Sorrell, C. C. Int. J. Hydrogen Energ. 2002, 27,
991-1022.

24. Fouad, O. A;; Ismail, A. A.; Zaki, Z. |.; Mohamed, R. M. Appl. Catal. B: Environ.
2006, 62, 144-149.

33



Chapter 1: Introduction

25. Fujishima, A.; Rao, T. N.; Tryk, D. A. J. Photochem. Photobiol. C: Photochem.
Rev. 2000, 1, 1-21.

26. Benedix, R.; Dehn. F., Quaas, J.; Orgass, M. Leipzig Annual Civil Engineering
Report, University of Leipzig, Lacer No. 5. 2000, p 157-168.

27. Roach, P.; Shirtcliffe, N. J.; Newton, M. |. Soft Matter 2008, 4, 224-240.

28. Qi, K.; Daoud, W. A_; Xin, J. H.; Mak, C. L.; Tang, W.; Cheung, W. P. J. Mater.
Chem. 2006, 16, 4567-4574.

29. Daoud, W. A,; Leung, S. K.; Tung, W. S.; Xin, J. H.; Cheuk, K.; Qi, K. Chem.
Mater. 2008, 20, 1242-1244.

30. Qi, K.; Xin, J. H.; Daoud, W. A.; Mak, C. L. Int. J. Appl. Ceram. Technol. 2007, 4,
554-563.

31. Dong, Y. C.; Zhang, L. W.; Liu, R. H.; Zhu, T. F. J. Appl. Polym. Sci 2006, 99,
286-291.

32. Uddin, M. J.; Cesano, F.; Bonino, F.; Bordiga, S.; Spoto, G.; Scarano, D
Zecchina, A. J. Photochem. Photobiol. A: Chem. 2007, 189, 286-294.

33. Bozzi, A.; Yuranova, T.; Guasaquillo, |.; Laub, D.; Kiwi, J. J. Photochem.
Photobiol. A: Chem. 2005, 174, 156-164.

34. Meilert, K. T.; Laub, D.; Kiwi, J. J. Mol. Catal. A: Chem. 2005, 237, 101-108.
35. Yuranova, T.; Laub, D.; Kiwi, J. Catal. Today 2007, 122, 109-117.
36. Ugur, S. S.; Sariisik, M.; Aktas, A. H. Nanotechnology 2010, 21, 325603 (8p).

37. Bozzi, A.; Yuranova, T.; Kiwi, J. J. Photochem. Photobiol. A: Chem. 2005, 172,
27-34.

38. Kiwi, J.; Pulgarin, C. Catal. Today 2010, 151, 2-7.

39. Wang, R.; Wang, X.; Xin, J. H. ACS Appl. Mater. Interfaces 2009, 2, 82-85.
40. Qi, K.; Fei, B.; Xin, J. H. Thin Solid Films 2011, 519, 2438-2444.

41. Wu, D.; Long, M. ACS Appl. Mater. Interfaces 2011, 3, 4770-4774.

42. Miyauchi, M.; Nakajima, A.; Watanabe, T.; Hashimoto, K. Chem. Mater. 2002,
14, 2812-2816.

43. http://www.ewellnessglobal.com/apps/blog/entries/show/26752124-light-are-we-
suffering-from-malilumination.

44. Fujishima, A.; Zhang, X. C. R. Chimie, 2006, 9, 750-760.
45. Choi, W.; Termin, A.; Hoffmann, M. R. J. Phys. Chem. 1994, 98, 13669-13679.

46. Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Science 2001, 293, 269-
271.

47. Bessekhouad, Y.; Robert, D.; Weber, J. V. J. Photochem. Photobiol. A: Chem.
2004, 163, 569-580.

48. (a) Nagaveni, K.; Hegde, M. S.; Madras, G. J. Phys. Chem. B 2004, 108, 20204-
20212. (b) Zhu, J.; Deng, Z.; Chen, F.; Zhang, J.; Chen, H.; Anpo, M.; Huang, J.;
Zhang, L. Appl. Catal. B: Environ. 2006, 62, 329-335. (c) Di Paola, A.; Marci, G.;

34



Chapter 1: Introduction

Palmisano, L.; Schiavello, M.; Uosaki, K.; lkeda, S.; Ohtani, B. J. Phys. Chem. B
2001, 706, 637-645.

49. (a) Vijayan, P.; Mahendiran, C.; Suresh, C.; Shanthi, K. Catal. Today 2009, 141,
220-224. (b) Khan, R.; Kim, S. W.; Kim, T.-J.; Nam, C.-M. Mater. Chem. Phys. 2008,
112, 167-172. (c) Adan, C.; Bahamonde, A.; Fernandez-Garcia, M.; Martinez-Arias,
A. Appl. Catal. B: Environ. 2007, 72, 11-17. (d) Hung, W.-C.; Fu, S.-H.; Tseng, J.-J.;
Chu, H.; Ko, T.-H. Chemosphere 2007, 66, 2142-2151.

50. (a) Bouras, P.; Stathatos, E.; Lianos, P. Appl. Catal. B: Environ. 2007, 73, 51-59.
(b) Ambrus, Z.; Balazs, N.; Alapi, T.; Wittmann, G.; Sipos, P.; Dombi, A.; Mogyorosi,
K. Appl. Catal. B: Environ. 2008, 81, 27-37. (c) Yamashita, H.; Harada, M.; Misaka,
J.; Takeuchi, M.; Neppolian, B.; Anpo, M. Catal. Today 2003, 84, 191-196. (d) Yen,
C.-C.; Wang, D.-Y.; Shih, M.-H.; Chang, L.-S.; Shih, H. C. Appl. Surf. Sci. 2010, 256,
6865-6870.

51. Li, H.; Zhao, G.; Han, G.; Song, B. Surf. Coat. Technol. 2007, 201, 7615-7618.
52. Kim, S.; Hwang, S.-J.; Choi, W. J. Phys. Chem. B 2005, 109, 24260-24267 .

53. Seery, M. K.; George, R.; Floris, P.; Pillai, S. C. J. Photochem. Photobiol. A:
Chem. 2007, 189, 258-263.

54. (a) Sakthivel, S.; Kisch, H. Angew. Chem. Int. Ed. 2003, 42, 4908-4911. (b)
Ohno, T.; Akiyoshi, M.; Umebayashi, T.; Asai, K.; Mitsui, T.; Matsumura, M. Appl.
Catal. A: General 2004, 265, 115-121. (c¢) Zhao, W.; Ma, W.; Chen, C.; Zhao, J.;
Shuai, Z. J. Am. Chem. Soc. 2004, 126, 4782-4783. (d) Yu, J. C.; Yu, J.; Ho, W,;
Jiang, Z.; Zhang, L. Chem. Mater. 2002, 14, 3808-3816.

55. Kitano, M.; Funatsu, K.; Matsuoka, M.; Ueshima, M.; Anpo, M. J. Phys. Chem. B
2006, 110, 25266-25272.

56. Irie, H.; Washizuka, S.; Yoshino, N.; Hashimoto, K. Chem. Comm. 2003, 9,
1298-1299.

57. Nakamura, R.; Tanaka, T.; Nakato, Y. J. Phys. Chem. B 2004, 108, 10617-
10620.

58. Qiao, M.; Chen, Q.; Wu, S.; Shen, J. J. Sol-Gel Sci.Technol. 2010, 55, 377-384.

59. (a) Wu, D.; Long, M.; Cai, W.; Chen, C.; Wu, Y. J. Alloys Compd. 2010, 502,
289-294. (b) Sakthivel, S.; Janczarek, M.; Kisch, H. J. Phys. Chem. B 2004, 108,
19384-19387.

60. Liu, G.; Wang, L.; Yang, H. G.; Cheng, H.-M.; Lu, G. Q. J. Mat. Chem. 2010, 20,
831-843.

61. Irie, H.; Watanabe, Y.; Hashimoto, K. J. Phys. Chem. B 2003, 107, 5483-5486.

62. lhara, T.; Miyoshi, M.; Iriyama, Y.; Matsumoto, O.; Sugihara, S. Appl. Catal. B:
Environ. 2003, 42, 403-4009.

63. Sakai, Y. W.; Obata, K.; Hashimoto, K.; Irie, H. Vacuum 2008, 83, 683-687.
64. Zhang, S.; Song, L. Catal. Comm. 2009, 10, 1725-1729.

65. In, S.; Orlov, A.; Berg, R.; Garcia, F.; Pedrosa-Jimenez, S.; Tikhov, M. S,
Wright, D. S.; Lambert, R. M. J. Am. Chem. Soc. 2007, 129, 13790-13791.

35



Chapter 1: Introduction

66. Wu, Y.; Xing, M.; Tian, B.; Zhang, J.; Chen, F. Chem. Eng. J. 2010, 162, 710-
717.

67. Wu, L.; Yu, J. C,; Fu, X. J. Mol. Catal. A: Chem. 2006, 244, 25-32.

68. Ho, W.; Yu, J. C. J. Mol. Catal. A: Chem. 2006, 247, 268-274.

69. Liu, J.; Yang, R.; Li, S. Rare Metals 2006, 25, 636-642.

70. Kanjwal, M.; Barakat, N.; Sheikh, F.; Kim, H. J. Mater. Sci. 2010, 45, 1272-1279.

71. Wang, Q.; Campbell, W. M.; Bonfantani, E. E.; Jolley, K. W.; Officer, D. L.;
Walsh, P. J.; Gordon, K.; Humphry-Baker, R.; Nazeeruddin, M. K.; Gratzel, M. J.
Phys. Chem. B 2005, 109, 15397-15409.

72. Kim, W.; Tachikawa, T.; Majima, T.; Choi, W. J. Phys. Chem. C 2009, 113,
10603-10609.

73. (a) Mishra, A.; Fischer, M. K. R.; Bauerle, P. Angew. Chem. Int. Ed. 2009, 48,
2474-2499. (b) Li, L.-L.; Diau, E. W.-G. Chem. Soc. Rev. 2013, 42, 291-304.

74. Gratzel, M. J. Photochem. Photobiol. A: Chem. 2004, 164, 3-14.

75. Campbell, W. M.; Jolley, K. W.; Wagner, P.; Wagner, K.; Walsh, P. J.; Gordon,
K. C.; Schmidt-Mende, L.; Nazeeruddin, M. K.; Wang, Q.; Gratzel, M.; Officer, D. L.
J. Phys. Chem. C 2007, 111, 11760-11762.

76. Liu, M. O.; Tai, C.-h.; Sain, M.-z.; Hu, A. T.; Chou, F.-i. J. Photochem. Photobiol.
A: Chem. 2004, 165, 131-136.

77. Kamat, P. V.; Fox, M. A. Chem. Phys. Lett. 1983, 102, 379-384.
78. Ross, H.; Bendig, J.; Hecht, S. Sol. Energ. Mat. Sol. Cells 1994, 33, 475-481.

79. Abe, R.; Hara, K.; Sayama, K.; Domen, K.; Arakawa, H. J. Photochem.
Photobiol. A: Chem. 2000, 137, 63-69.

80. Moon, J.; Yun, C. Y.; Chung, K.-W.; Kang, M.-S.; Yi, J. Catal. Today 2003, 87,
77-86.

81. Tachibana, Y.; Haque, S. A.; Mercer, |. P.; Durrant, J. R.; Klug, D. R. J. Phys.
Chem. B 2000, 104, 1198-1205.

82. Mele, G.; Del Sole, R.; Vasapollo, G.; Garcia-Lopez, E.; Palmisano, L.; Jun, L.;
Slota, R.; Dyrda, G. Res. Chem. Intermed. 2007, 33, 433-448.

83. Anderson, J. M. Aust. J. Plant Physiol. 1999, 26.
84. Balaban, T. S. Acc. Chem. Res. 2005, 38, 612-623.
85. Anderson, H. L. Inorg. Chem. 1994, 33, 972-981.

86. (a) Lammi, R. K.; Wagner, R. W.; Ambroise, A.; Diers, J. R.; Bocian, D. F;
Holten, D.; Lindsey, J. S. J. Phys. Chem. B 2001, 105, 5341-5352. (b) Liu, Z. M
Yasseri, A. A; Lindsey, J. S.; Bocian, D. F. Science 2003, 302, 1543-1545.

87. (a) Anderson, S.; Anderson, H. L.; Sanders, J. K. M. Acc. Chem. Res. 1993, 26,
469-475. (b) Mele, G.; Del Sole, R.; Vasapollo, G.; Garcia-Lépez, E.; Palmisano, L.;
Schiavello, M. J. Catal. 2003, 217, 334-342.

88. Shiragami, T.; Matsumoto, J.; Inoue, H.; Yasuda, M. J. Photochem. Photobiol. C:
Photochem. Rev. 2005, 6, 227-248.

36



Chapter 1: Introduction

89. Li, D.; Dong, W.; Sun, S.; Shi, Z.; Feng, S. J. Phys. Chem. C 2008, 112, 14878-
14882.

90. Huang, H.; Gu, X.; Zhou, J.; Ji, K; Liu, H.; Feng, Y. Catal. Comm. 2009, 11, 58-
61.

91. Granados-Oliveros, G.; Paez-Mozo, E. A.; Ortega, F. M.; Ferronato, C,;
Chovelon, J.-M. Appl. Catal. B: Environ. 2009, 89, 448-454.

92. Duan, M.-y.; Li, J.; Mele, G.; Wang, C.; Lu, X.-f.; Vasapollo, G.; Zhang, F.-x. J.
Phys. Chem. C 2010, 114, 7857-7862.

93. Chang, M. Y.; Chang, C. Y.; Hsieh, Y. H.; Yao, K. S.; Cheng, T. C.; Ho, C. T.
Multi-Functional Materials and Structures, Pts 1 and 2, 2008, 47-50, 471-474.

94. Chang, M.-Y.; Hsieh, Y.-H.; Cheng, T.-C.; Yao, K.-S.; Wei, M.-C.; Chang, C.-Y.
Thin Solid Films 2009, 517, 3888-3891.

95. Kim, W.; Park, J.; Jo, H. J.; Kim, H.-J.; Choi, W. J. Phys. Chem. C 2007, 112,
491-499.

96. Ismail, A. A.; Bahnemann, D. W. ChemSusChem 2010, 3, 1057-1062.

97. Wan, J.; Wu, Z.; Wang, H.; Zheng, X. In Eco-Dyeing, Finishing and Green
Chemistry, 2012, 441, p 544-548.

98. Lin, C. H.; Chang, C. Y,; Chang, Y. J.; Lee, Y. C.; Hwa, M. Y.; Chang, Y. S.
Trans Tech Publications, Switzerland 2010, 123-125, 923-926.

99. (a) Ma, T.; Inoue, K.; Noma, H.; Yao, K.; Abe, E. J. Photochem. Photobiol. A:
Chem. 2002, 152, 207-212. (b) Kathiravan, A.; Renganathan, R. J. Colloid Interface
Sci. 2009, 331, 401-407.

100. Wang, C.; Yang, G.-m.; Li, J.; Mele, G.; Stota, R.; Broda, M. A.; Duan, M.-y.;
Vasapollo, G.; Zhang, X.; Zhang, F.-X. Dyes Pigm. 2009, 80, 321-328.

101. (a) Barthlott, W.; Neinhuis, C. Planta 1997, 202, 1-8. (b) Neinhuis, C.; Barthlott,
W. Ann. Bot. 1997, 79, 667-677.

102. http://lwww.adamrachwal.com/self-coating-super-hydrophobic-nano-surface/

103. Liu, Y.; Tang, J.; Wang, R.; Lu, H.; Li, L.; Kong, Y.; Qi, K.; Xin, J. H. J. Mater.
Chem. 2007, 17, 1071-1078.

104. Ma, M.; Hill, R. M. Curr. Opin. Colloid Interface Sci. 2006, 11, 193-202.

105. (a) Wang, S.; Feng, L.; Jiang, L. Adv. Mater. 2006, 18, 767-770. (b)
Zimmermann, J.; Reifler, F. A.; Fortunato, G.; Gerhardt, L.-C.; Seeger, S. Adv.
Funct. Mater. 2008, 18, 3662-3669.

106. Yin, S.; Wu, D.; Yang, J.; Lei, S.; Kuang, T.; Zhu, B. Appl. Surf. Sci. 2011, 257,
8481-8485.

107. (a) Tadanaga, K.; Kitamuro, K.; Matsuda, A.; Minami, T. J. Sol-Gel Sci.
Technol. 2003, 26, 705-708. (b) Nakajima, A.; Fujishima, A.; Hashimoto, K,;
Watanabe, T. Adv. Mater. 1999, 11, 1365-1368. (c) Lakshmi, R. V.; Bharathidasan,
T.; Basu, B. J. Appl. Surf. Sci. 2011, 257, 10421-10426.

108. (a) Zhang, L.; Chen, H.; Sun, J.; Shen, J. Chem. Mater. 2007, 19, 948-953. (b)
Zhao, Y.; Xu, Z.; Wang, X.; Lin, T. Langmuir 2012, 28, 6328-6335.

37



Chapter 1: Introduction

109. Ramirez, S. M.; Diaz, Y. J.; Sahagun, C. M.; Duff, M. W.; Lawal, O. B.; lacono,
S. T.; Mabry, J. M. Polym. Chem. 2013, 4, 2230-2234.

110. (a) Zhang, X.; Shi, F.; Yu, X,; Liu, H.; Fu, Y.; Wang, Z.; Jiang, L.; Li, X. J. Am.
Chem. Soc. 2004, 126, 3064-3065. (b) Jafari, R.; Menini, R.; Farzaneh, M. Appl.
Surf. Sci. 2010, 257, 1540-1543.

111. (a) Huang, L.; Lau, S. P.; Yang, H. Y.; Leong, E. S. P.; Yu, S. F.; Prawer, S. J.
Phys. Chem. B 2005, 109, 7746-7748. (b) Ishizaki, T.; Hieda, J.; Saito, N.; Takai, O.
Electrochim. Acta 2010, 55, 7094-7101.

112. (a) Acatay, K.; Simsek, E.; Ow-Yang, C.; Menceloglu, Y. Z. Angew. Chem., Int.
Ed. 2004, 43, 5210-5213. (b) Ma, M.; Hill, R. M.; Lowery, J. L.; Fridrikh, S. V;
Rutledge, G. C. Langmuir 2005, 21, 5549-5554.

113. Takke, V.; Behary, N.; Perwuelz, A.; Campagne, C. J. Appl. Polym. Sci. 2011,
122, 2621-2629.

114. Daoud, W. A.; Xin, J. H.; Zhang, Y. H.; Mak, C. L. Thin Solid Films 2006, 515,
835-837.

115. Parker, D. US pat. 1945, 2 386 259.
116. Gao, L.; McCarthy, T. J. Langmuir 2006, 22, 5998-6000.

117. Zhang, J.; France, P.; Radomyselskiy, A.; Datta, S.; Zhao, J.; van Ooij, W. J.
Appl. Polym.Sci. 2003, 88, 1473-1481.

118. Daoud, W. A.; Xin, J. H.; Tao, X. M. J. Am. Ceram. Soc. 2004, 87, 1782-1784.

119. (a) Ebert, D.; Bhushan, B. Langmuir 2012, 28, 11391-11399. (b) Ming, W.; Wu,
D.; van Benthem, R.; de With, G. Nano Lett. 2005, 5, 2298-2301. (c) Ling, X. Y;
Phang, I. Y.; Vancso, G. J.; Huskens, J.; Reinhoudt, D. N. Langmuir 2009, 25, 3260-
3263. (d) Deng, X.; Mammen, L.; Zhao, Y.; Lellig, P.; Mdllen, K.; Li, C.; Butt, H.-J.;
Vollmer, D. Adv. Mater. 2011, 23, 2962-2965. (e) Amigoni, S.; Taffin de Givenchy,
E.; Dufay, M.; Guittard, F. Langmuir 2009, 25, 11073-11077. (f) Xu, Q. F.; Wang, J.
N.; Sanderson, K. D. ACS Nano 2010, 4, 2201-2209.

120. (a) Guo, P.; Zheng, Y.; Wen, M.; Song, C.; Lin, Y.; Jiang, L. Adv. Mater. 2012,
24, 2642-2648. (b) Feng, X.; Feng, L.; Jin, M.; Zhai, J.; Jiang, L.; Zhu, D. J. Am.
Chem. Soc. 2003, 126, 62-63. (c) Feng, X.; Zhai, J.; Jiang, L. Angew. Chem. Int. Ed.
2005, 44, 5115-5118.

121. (a) Verplanck, N.; Galopin, E.; Camart, J.-C.; Thomy, V.; Coffinier, Y.;
Boukherroub, R. Nano Lett. 2007, 7, 813-817. (b) Coffinier, Y.; Janel, S.; Addad, A,;
Blossey, R.; Gengembre, L.; Payen, E.; Boukherroub, R. Langmuir 2007, 23, 1608-
1611.

122. Xue, C.-H.; Jia, S.-T.; Zhang, J.; Tian, L.-Q. Thin Solid Films 2009, 517, 4593-
4598.

123. (a) Xue, C.-H.; Jia, S.-T.; Chen, H.-Z.; Wang, M. Sci. Technol. Adv. Mater.
2008, 9 (035001), pp 5. (b) Shi, Y.; Wang, Y.; Feng, X.; Yue, G.; Yang, W. Appl.
Surf. Sci. 2012, 258, 8134-8138.

124. Duan, W.; Xie, A.; Shen, Y.; Wang, X.; Wang, F.; Zhang, Y.; Li, J. Ind. Eng.
Chem. Res. 2011, 50, 4441-4445.

38



Chapter 1: Introduction

125. (a) Macias-Montero, M.; Borras, A.; Saghi, Z.; Romero-Gomez, P.; Sanchez-
Valencia, J. R.; Gonzalez, J. C.; Barranco, A.; Midgley, P.; Cotrino, J.; Gonzalez-
Elipe, A. R. J. Mater. Chem. 2012, 22,1341-1346. (b) Watanabe, T.; Yoshida, N.
Chem. Rec. 2008, 8, 279-290. (c) Yoshida, N.; Takeuchi, M.; Okura, T.; Monma, H.;
Wakamura, M.; Ohsaki, H.; Watanabe, T. Thin Solid Films 2006, 502, 108-111. (d)
Nakajima, A.; Hashimoto, K.; Watanabe, T.; Takai, K.; Yamauchi, G.; Fujishima, A.
Langmuir 2000, 16, 7044-7047. (e) Cao, H.; Zheng, H.; Liu, K.; Fu, R. Cryst. Growth
Des. 2009, 10, 597-601. (f) Crick, C. R.; Bear, J. C.; Kafizas, A.; Parkin, |. P. Adv.
Mater. 2012, 24, 3505-3508. (g) Zhang, Y.; Li, S.; Huang, F.; Wang, F.; Duan, W.; Li,
J.; Shen, Y.; Xie, A. Russ. J. Phys. Chem. A 2012, 86, 413-417.

39



¥ 2 V‘/,;/

Declaration for Thesis Chapter 2

Declaration by candidate

2 MONASH University

In the case of Chapter 2, the nature and extent of my contribution to the work was the

following:

Nature of contribution

Extent of contribution

Initiation, interpretation, experiments, data analysis and writing up

65 %

The following co-authors contributed to the work. If co-authors are students at Monash
University, the extent of their contribution in percentage terms must be stated:

Name Nature of contribution Extent of contribution
(%) for student co-
authors only

Walid A. Daoud Supervision, interpretation, suggestion,

discussion and revision N/A

Steven J. Langford | Supervision, interpretation, suggestion,

discussion and revision N/A

The undersigned hereby certify that the above declaration correctly reflects the nature and
extent of the candidate’s and co-authors’ contributions to this work.

Candidate’s
Signature

Date s

Main
Supervisor’s
Signature

Date
Ll 1o 2513



Shabana Afzal


Shabana Afzal


Shabana Afzal


Shabana Afzal



Chapter 2:

Self-cleaning cotton by porphyrin-sensitised
visible-light photocatalysis



Published on 25 January 2012. Downloaded by Monash University on 05/10/2013 10:10:57.

Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2012, 22, 4083

www.rsc.org/materials

View Article Online / Journal Homepage / Table of Contents for this issue

Dynamic Article Links °

PAPER

Self-cleaning cotton by porphyrin-sensitized visible-light photocatalysisT

Shabana Afzal,” Walid A. Daoud** and Steven J. Langford”

Received 11th October 2011, Accepted 10th January 2012
DOI: 10.1039/c2jm15146d

Self-assembled monolayers of meso-tetra(4-carboxyphenyl) porphyrin (TCPP) were formed on anatase
coated-cotton fabric to confer visible-light sensitized self-cleaning properties. A complete degradation
of methylene blue in 110 min and removal of coffee and red wine stains in 16 h indicate that TiO,/
TCPP-coated cotton fabrics exhibit superior visible-light self-cleaning performance as compared to
bare TiO,-coated cotton. The fabrics were characterized by UV-Vis, FESEM, XRD and fluorescence
spectroscopy. Visible-light induced self-cleaning cotton offers a great potential for indoor self-cleaning

applications.

1. Introduction

Nano-crystalline anatase titanium dioxide (TiO,) has received
considerable attention as a photo- and redox-active material in
many applications, such as dye-sensitized solar cells, air purifi-
cation, sterilization, organic pollutants degradation and self-
cleaning glass.! Due to its non-toxicity, low cost, chemical
stability and high oxidizing ability, anatase TiO, has been
regarded as the most promising environment-friendly photo-
catalyst. In fact, the application of TiO, in self-cleaning textiles
has received increasing attention in recent years.? In this regard,
extensive research has been carried out to grow TiO, nano-
crystals on natural and synthetic fibres,? leading to the successful
development of a number of UV-active self-cleaning textiles.
These textiles include cotton, surface-modified cotton, surface-
modified polyester and wool.* However, pure TiO, can only
absorb UV light of wavelength equal or below 385 nm due to its
wide band gap (3.2 eV).? In order to extend the light absorption
of TiO, toward the visible region, various strategies have been
implemented including doping TiO, with metals, such as Ag, Au,
Fe and Gd.° and non-metals, such as C, N and S.”
Dye-sensitization has been considered as an alternative
approach to induce visible-light photocatalysis.® Application of
various dyes, such as Erythrosine-B, Rose Bengal, Eosin Y and
Acid Red 44, has been found efficient but endurable due to the
instability of the dye.® Enhanced light absorption through
porphyrin-based chlorophyll chromophores to collect solar
energy is accomplished naturally by plants. Inspired by their
primary role in photosynthesis, application of porphyrins in
visible-light sensitization of TiO, is particularly interesting

“School of Applied Sciences and Engineering, Monash University,
Churchill, Victoria, 3842, Australia. E-mail]

bSchool of Chemistry, Monash University, Clayton, Victoria, 3800,
Australia

T Electronic Supplementary Information (ESI) available: UV-Vis
spectroscopy results for TCPP and for evaluation of coating stability.
See DOI: 10.1039/c2jm15146d

because of their high light absorption coefficient and high pho-
tostability as compared to other dyes.!® Porphyrins have strong
absorption in the 400450 nm region (Soret band) and weak
absorption in the 500-700 nm region (Q bands).!! Many research
efforts have recently been devoted to investigate the effect of
porphyrins and metal porphyrins on visible-light sensitization of
TiO, powder. These efforts include photodegradation of acid
chrome blue K, rhodamine B, atrazine, 4-nitrophenol, methylene
blue, 2,4-dichlorophenol and acetaldehyde.?

To the best of our knowledge, no literature has been
reported on visible-light-active self-cleaning fabrics based on
dye-sensitization. Here, we present the first application of meso-
tetra(4-carboxyphenyl)porphyrin (TCPP)-sensitized TiO, in self-
cleaning cotton showing significant photocatalytic activity under
visible-light as compared to bare TiO,. Transparent thin layers of
nanocrystalline anatase TiO, were formed on cotton fabric by
a dip-pad-dry-cure process,*” whereas self-assembled monolayers
of TCPP dye were formed on TiO,-coated cotton by a post-
adsorption method,'? as shown in Scheme 1. Based on the target
application, porphyrins were particularly selected in our study,
as they are less hazardous in the case of skin contact as compared
to the conventional highly efficient photosensitizing dyes such as
ruthenium complexes.

2. Experimental
2.1. Preparation of TiO,/TCPP-coated cotton

For the preparation of anatase TiO, colloid, a solution of tita-
nium tetraisopropoxide and acetic acid was added dropwise to
acidified water (HNO;3; = 1.4%). The mixture was vigorously
stirred at 60 °C for 16 h. The as-prepared sol was used to prepare
TiO, thin coatings on scoured cotton fabric by a dip-pad-dry-
cure method. Cotton was scoured by a non-ionic detergent
(Kieralon® F-OLB Conc.) in order to remove impurities such as
wax and grease. The scouring of cotton fabric was carried at
80 °C for 30 min. The scoured fabric pieces were dipped in the

This journal is © The Royal Society of Chemistry 2012
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Scheme 1 Formation of self-assembled monolayer of TCPP molecules
on TiO,-coated cotton. (a) Treatment of pristine cotton with TiO, colloid
(dip-pad-dry-cure method) to form TiO, coatings on cotton. (b) Treat-
ment of TiO,-coated cotton with TCPP solution in DMF to form TCPP/
TiO,-coated cotton.

TiO, sol for 1 min and then pressed in automatic horizontal press
at a nip pressure of 2.75 kg cm~2 with a roller rotation speed of
7.5 rpm. After 5 min, pressed samples were exposed to ammonia
fumes until surface pH 7 was reached. The samples were dried at
80 °C in an oven and then cured at 120 °C for 3 min. For
deposition of TCPP, TiO,-coated fabrics were dipped in TCPP
solution of different concentrations (200, 100, 20, 5 and 1 uM) in
dimethylformamide (DMF) and heated at 100 °C for 5 h
approximately. Samples were then washed with DMF and water
in order to remove excess TCPP.

2.2. Characterization

Morphological studies of the samples were conducted using field
emission electron microscopy (JEOL 7001F FEGSEM). The
crystallinity of TiO, coatings formed on the cotton samples was
evaluated by low angle X-ray diffraction (XRD, Philip 1140
diffractometer). The UV-Vis absorption spectrum of TCPP in
DMF was recorded on Lambda 950 Perkin Elmer spectropho-
tometer. The UV-Vis absorption spectra of pristine and TiO,/
TCPP-coated cotton samples were recorded on Lambda 950
Perkin Elmer spectrophotometer with 150 mm integrating sphere
setup. All the samples were masked allowing only 2 X 2 mm area
exposed to illumination by the light source. The steady-state
fluorescence quenching study was conducted using fluorescence
spectrophotometer (Fluoromax 4, Horiba Scientific).

2.3. Photocatalysis studies

For experiments of photocatalytic degradation of methylene blue
(MB), TiO,/TCPP-coated cotton pieces (1 g, 1 x 1 cm) were
immersed in beakers containing acidified MB (20 ml, 15.6 pM,
pH =1). The beakers were irradiated by visible-light for 110 min
using fluorescent lamp, (30 W, 5.02 mW cm? irradiance) con-
taining small UV content (0.0l mW cm? irradiance), while
vigorously shaken. Prior to irradiation, beakers were kept in
dark for at least 1 h in order to attain adsorption-desorption
equilibrium. The change in concentration of MB was monitored

by recording the UV-Vis absorption spectra at different time
intervals, during the course of photocatalytic reaction.

For the degradation of coffee and red wine stains experiments,
cotton pieces (5 x 5 cm) coated with TiO,, TCPP and TiO,/
TCPP were stained with coffee (20 pl, 1.8 g of coffee/150 ml of
hot water) and red wine (20 pl). After air-drying, the samples
were irradiated by visible-light for 16 h using fluorescent lamp
(30W, 5.02 mW cm~? irradiance).

2.4. Stability study

The stability of TiO,/TCPP coating on cotton was tested against
detergent, water and petroleum ether, using a modified AATCC
Test Method 190-2003. Samples were washed with each solvent
for 45 min at room temperature at a constant stirring of 400 rpm.
The samples were then rinsed with water and dried at room
temperature. UV-Vis spectra of the samples were recorded before
and after washing. For the evaluation of photostability of TCPP,
TiO,/TCPP-coated samples were irradiated under visible-light
for 30 h. UV-Vis spectra of the samples were recorded before and
after irradiation.

3. Results and discussion
3.1. SEM analysis

In order to investigate the surface morphology of coated and
pristine cotton samples, a comparison between FESEM images
at 5000 and 1000 magnification is illustrated in Fig. 1. Lower
magnification images (Fig. 1a, c and e) reveal the integrity of the
cotton fibres after coating with TiO, and TCPP, whereas in the

Fig. 1 FESEM images of pristine cotton (a and b), TiO,-coated cotton
(c and d), TiO,/TCPP-coated cotton (e and f).
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high magnification images, voids can be seen in pristine cotton
(Fig. 1b). These voids seem to be filled completely and homo-
genously with TiO, nanoparticles of about 10 nm in diameter
(Fig. 1d). However, surface aggregates with diameter greater
than 10 nm can also be observed. In the case of TiO,/TCPP-
coated samples, the TiO, nanoparticles are covered by a mono-
layer of TCPP (Fig. 1f).

3.2. UV-Vis spectroscopy

In order to study the binding of the porphyrin dye with TiO,,
UV-Vis spectra of TCPP in DMF and TCPP adsorbed on cotton
were recorded in the absence and presence of TiO, (Fig. 2). UV-
Vis spectrum of pristine cotton was also recorded for compari-
son. The study shows visible-light absorption between 400 to
700 nm in all samples except for pristine cotton, where no dye is
present (Fig. 2). The absorption spectrum of TCPP in DMF
shows a strong peak at 418 nm for Soret band (Fig. 2d), whereas
in TiO,-coated cotton the absorption is shifted by 9 nm to
427 nm (Fig. 2¢). This red shift can be attributed to the strong
interaction between the carboxylate groups of TCPP and the
cationic TiO, surface. For TCPP adsorbed on TiO, particles,
a red shift of ~8 nm has been reported in literature.’* For TCPP
adsorbed on cotton in absence of TiO,, a red shift of ~6 nm can
be observed in the Soret band (Fig. 2b & Supporting information
Fig. S1). This could be due to the interaction of TCPP with the
hydroxyl groups of cotton.

The absorption peaks in the 500-690 nm region correspond to
the Q bands of porphyrin. These peaks can also be easily
observed in TCPP-coated cotton and TCPP/TiO,-coated cotton
(Fig. 2b, c). However, in the presence of DMF (Fig. 2d) these
peaks are quenched due to the interaction of TCPP with the polar
solvent.'3

3.3. XRD spectroscopy

The crystallanity of titania particles coated on the cotton fabric
was studied by XRD. In the diffraction patterns of TiO,-coated

cotton and TiO,/TCPP-coated cotton, the three peaks at 26 =
25.4°, 38.0° and 48.0° indicate the presence of the anatase phase
of TiO, (Fig. 3). The observed characteristic peaks of anatase
TiO, in TCPP/TiO,-coated cotton indicate that TiO, has
retained its crystallinity in the presence of porphyrin. However,
the intensity of anatase peaks is very small in TiO,-coated cotton
as the bulk of the X-ray signal comes from the underlying cotton
substrate, where the cotton-associated signals are more domi-
nant and those of anatase are suppressed. Furthermore, the
peaks are also broad due to the small size of anatase crystallites.*

3.4. Fluorescence spectroscopy

Steady-state fluorescence quenching experiments were conducted
to measure the efficiency of electron injection from the dye
molecules into TiO, (Fig. 4). The fluorescence spectrum of 20 pM
TCPP adsorbed on pristine cotton displays two emission peaks at
653 and 718 nm. For TCPP adsorbed on TiO,-coated cotton,
there was a considerable decrease in the intensity of the emission

Intensity (a.u.)

(a)

10 20 30 40 50
2 Theta

Fig. 3 XRD spectra of cotton (a) pristine, (b) TiO,-coated, (c) TiO,/
TCPP-coated (a, anatase).
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Fig. 2 UV-Vis spectra of pristine cotton (a), TCPP adsorbed on cotton (b), TCPP adsorbed on TiO,-coated cotton (c), TCPP in DMF (d).
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Fig. 4 Steady-state fluorescence spectra of TCPP (a) adsorbed on
cotton, (b) TiO,-coated cotton.

peaks, as compared to TCPP adsorbed on pristine cotton. The
decrease in emission intensity can be attributed to quenching by
TiO,, suggesting an efficient photoinduced process from TCPP
to TiO, nanoparticles.

3.5. Self-cleaning performance

3.5.1. Photocatalytic degradation of methylene blue. The self-
cleaning properties of TiO,/TCPP-coated fabrics were evaluated
quantitatively by monitoring the photocatalytic degradation of
methylene blue (MB). The photocatalytic efficiency of different
cotton samples is compared in Fig. 5. MB was found to be stable
in absence of TiO, and TCPP under visible light. However, in
presence of TiO,, TCPP, and TiO,/TCPP-coated samples under
visible-light, MB undergoes degradation, as monitored by the
UV-Vis spectra recorded at different time intervals. Pristine,
TiO,-coated, and TCPP-coated samples were used for compari-
son. The straight line obtained for pristine sample indicates the

0.8

Normalized concentration (C/C,)
o
o
T

—rc % W
MB R S % s
—— TC e, s, (=S
0.4 - ., >~’~'~ X
—o= TDC-1 pM T
=%+ TDC-5 pM . B P
=+ TDC-200 uM ) 6 T
02l ¥ IDC100EM T Yoo, P
*Cleg+ TDC-20 pM "G, i i v
. . I ! T <
0 20 40 60 80 100
Time (min)

Fig. 5 Degradation of MB (20 ml, 15.6 uM, pH = 1) by 1 g of: pristine
cotton (PC), TiO,-coated cotton (TC), TCPP-coated cotton (DC) and
TiOy/TCPP-coated cotton (TDC) samples obtained from 1, 5, 20, 100
and 200 pM TCPP solutions, under visible-light irradiation
(5.02 mWem? irradiance) for 110 min.

absence of any photocatalytic activity by cotton itself. It is
remarkable to note here that in addition to TiO,-coated sample,
TCPP-coated sample has also shown some photocatalytic
activity towards degradation of MB. Porphyrins have already
been reported to show photocatalytic activity on their own.'*
TiO,/TCPP-coated samples were found to be significantly more
photoactive than TiO,-coated samples, however an optimum
amount of the photosensitizer is required to efficiently sensitize
TiO,. It is therefore sufficient to form a monolayer on the surface
of a catalyst for minimum aggregation and thus maximum light
absorption.” Hence, five different concentrations (1, 5, 20, 100
and 200 uM) of TCPP dye were used in order to find out the
optimum concentration toward photocatalytic dye degradation.

Our results showed 38%, 67%, 99%, 83% and 79% degradation
of MB, respectively, with increasing concentrations of 1-200 pM.
Among these, the TiO,/TCPP-coated sample with TCPP
concentration of 20 uM showed the highest photocatalytic effi-
ciency leading to a complete degradation of MB in 110 min of
irradiation under visible-light.

3.5.2. Photocatalytic degradation of coffee and wine stains.
To further investigate the self-cleaning performance of TCPP/
TiO,-coated cotton in visible-light, qualitative tests for the
removal of coffee and red wine stains were conducted (Fig. 6). A
significant discolouration of coffee and wine stains was observed
for TCPP/TiO,-coated sample after 8 h of irradiation, as
compared to TiO,-coated sample, whereas the maximum dis-
colouration of stains was achieved after 16 h of irradiation.

The mechanism for degradation of MB, coffee and wine stains
under visible-light is based on photosensitization of TiO, by
porphyrin. This sensitization usually occurs by excitation of dye
molecules under visible-light illumination and subsequent elec-
tron injection into the conduction band of TiO, leading to
formation of O, radicals in presence of oxygen. These radicals
cause oxidation of organic impurities adsorbed on the surface of
the catalyst.'?

3.6. Stability of TiO,/TCPP coating

Textiles are subject to frequent washing; therefore the stability of
the catalyst coating on textiles is an important requirement in
view of its practical application. In our case, the catalyst is
a composite of TiO, and TCPP, therefore good adhesion of TiO,
particles to both cotton and TCPP molecules is required. It has
been reported that TiO, shows strong affinity toward cotton with
high level of stability against washing which may be attributed to
covalent bonds formed due to dehydration reaction between the
hydroxyl groups of cotton and hydroxyl groups of titania.®> The
stability of TCPP was tested by subjecting the TiO,/TCPP-
coated samples to three different media; detergent, petroleum
ether and water (Fig. 7). The change in TCPP concentration was
monitored by recording UV-Vis spectra before and after washing
(Supporting information, Fig. S2).

Samples washed with petroleum ether and water showed the
highest TCPP retention (98%) which can be attributed to strong
interaction between the carboxylate groups of TCPP and TiO,
nanoparticles in neutral environment (pH-7). However, this
interaction had been affected when the samples were washed with
a detergent solution (pH > 8), showing a reduced TCPP retention
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Fig. 6 (a) Degradation of coffee stains on pristine cotton, TCPP-coated
cotton, TiO,-coated cotton and TiO,/TCPP-coated cotton samples after
0, 8 and 16 h of visible-light irradiation (5.02 mWcm~? irradiance). (b)
Degradation of red wine stains on pristine cotton, TCPP-coated cotton,
TiO,-coated cotton and TiO,/TCPP-coated cotton samples after 0, 8 and
16 h of visible-light irradiation (5.02 mW cm~? irradiance).
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Fig. 7 TCPP retention in TiOp/TCPP-coated cotton after washing with
different solvents.

of 85%. Thus, the binding of TCPP with TiO, particles is pH
dependent.’* When the detergent-washed TiO,/TCPP-coated
sample was tested for its photocatalytic activity under

visible-light, it showed 55% degradation of MB in 110 min as
compared to 99% of unwashed sample (Fig. 8).

3.7. Photostability of TiO,/TCPP-coated cotton

This study was conducted in order to determine the stability of
TCPP under visible-light. The optimized TiO,/TCPP-coated
sample using 20 uM TCPP with the highest photocatalytic effi-
ciency, was subjected to visible-light irradiation for 30 h. The
change in concentration of TCPP was monitored by recording
UV-Vis spectra before and after irradiation at different time
intervals. Within the first 10 h of irradiation, a significant
degradation of 78% occurred. However, in the following 10 h, no
further degradation of TCPP was observed. This was confirmed
by the reproducibility of the absorption peak intensity in the UV-
Vis spectrum, even after 30 h of irradiation (Supporting infor-
mation, Fig.S3).

The 22% retention of TCPP could be attributed to the strong
binding of TCPP to cellulose matrix of cotton, leading to a high
level of light stability. Sensitizing dyes incorporated into polymer
matrices are known to be photostable.’” A sample irradiated for
12 h with 22% TCPP retention was further analyzed for self-
cleaning performance. Even with such a small amount of TCPP
retained, the sample achieved 38% degradation of MB in
110 min, outperforming the TiO,-coated sample (Fig. 8).

4. Conclusions

Visible-light active self-cleaning cotton has successfully been
developed using a dye-sensitization approach, toward indoor
self-cleaning applications. Self-assembled monolayers of TCPP
have been formed on TiO,-coated cotton by a simple post-
adsorption method. TiO,/TCPP-coated cotton has shown
significant photocatalytic activity in the degradation of methy-
lene blue, coffee and red wine stains as compared to TiO,-coated
cotton. Although, in this study we have achieved the proof of
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Fig.8 Degradation of MB (20 ml, 15.6 uM, pH = 1) by 1 g of; TC: TiO,-
coated cotton, TDC-20 uM: TiO,/TCPP-coated cotton sample obtained
from 20 uM TCPP solution, under visible-light irradiation (5.02 mW
cm~? irradiance) for 110 min. DW: detergent washed, 12h-PI: photo-
irradiated for 12 h.
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concept of dye-sensitized textiles for visible-light self-cleaning,
TCPP has not shown significant photostability. Since, the
stability of a photocatalyst is one of the important parameters in
determining its practical application; further research toward the
development of TCPP-coated textiles with enhanced dye-stabi-
lization as well as the use of more stable and efficient dyes is
currently in progress.

Acknowledgements

We thank the Monash Centre for Electron Microscopy
(MCEM), Australia for providing assistance in FESEM
measurement and Dr S. V. Bhosale, School of Chemistry,
Monash University, Clayton Campus, Australia for providing
TCPP. Mr. M. K. Kashif (Monash University, Clayton) is also
acknowledged for providing assistance in XRD and fluorescence
spectroscopy measurements.

Notes and references

1 (a) D. Chen, Y.-B. F.HuangCheng and R. A. Caruso, Adv. Mater.,
2009, 21, 2206; (b) J. Peral and D. F. Ollis, J. Catal., 1992, 136,
554; (¢) Y. Kikuchi, K. Sunada, T. Iyoda, K. Hashimoto and
A. Fujishima, J. Photochem. Photobiol., A, 1997, 106, 51; (d) X. Fu,
W. A. Zeltner and M. A. Anderson, Appl. Catal., B, 1995, 6, 209;
(e) T. Noguchi, A. Fujishima, P. Sawunyama and K. Hashimoto,
Environ. Sci. Technol., 1998, 32, 3831.

2 (a) M. Peplow, Nature, 2004, 429, 620; (b)) M. R Hoffmann,

S. T. Martin, W. Choi and D. W. Bahnemann, Chem. Rev., 1995,

95, 69; (¢) A. Fujishima, T. N. Rao and D. K. Tryk, J. Photochem.

Photobiol., C, 2000, 1, 1.

(a) J. H. Xin, W. A. Daoud and Y. Y. Kong, Text. Res. J., 2004, 74,

97; (b) W. A. Daoud and J. H. Xin, J. Am. Ceram. Soc., 2004, 87, 953;

(¢) W. A. Daoud, J. H. Xin and Y.-H. Zhang, Surf. Sci., 2005, 599, 69;

(d) W. A. Daoud, J. H. Xin, Y.-H. Zhang and K. Qi, J. Non-Cryst.

Solids, 2005, 351, 1486; (¢) W. S. Tung and W. A. Daoud, J. Mater.

Chem., 2011, 21, 7858.

4 (a) W. A. Daoud, S. K. Leung, W. S. Tung, J. H. Xin, K. Cheuk and
K. Qi, Chem. Mater., 2008, 20, 1242; (b) K. Qi, W. A. Daoud,
J. H. Xin, C. L. Mak, W. Tang and W. P. Cheung, J. Mater.
Chem., 2006, 16, 4567; (¢) A. Bozzi, T. Yuranova, 1. Guasaquillo,
D. Laub and J. Kiwi, J. Photochem. Photobiol., A, 2005, 174, 156;
(d) K. Qi, J. H. Xin, W. A. Daoud and C. L. Mak, Int. J. Appl.
Ceram. Technol., 2007, 4, 554.

5 M. Miyauchi, A. Nakajima, T. Watanabe and K. Hashimoto, Chem.
Mater., 2002, 14, 2812.

6 (¢) T. Yuranova, A. G. Rincon, C. Pulgarin, D. Laub,
N. Xantopoulos, H. J. Mathieu and J. Kiwi, J. Photochem.

W

Photobiol., A, 2006, 181, 363; (b) J. Kiwi and C. Pulgarin, Catal.
Today, 2010, 151, 2; (¢) M. J. Uddin, F. Cesano, D. Scarano,
F. Bonino, G. Agostini, G. Spoto, S. Bordiga and A. Zecchina, J.
Photochem. Photobiol., A, 2008, 199, 64; (d) R. Wang, X. Wang and
J. H. Xin, ACS Appl. Mater. Interfaces, 2009, 2, 82; (¢) W. S. Tung
and W. A. Daoud, ACS Appl. Mater. Interfaces, 2009, 1, 2453; (f)
S. Bingham and W. A. Daoud, J. Mater. Chem., 2011, 21,
2041.

7 (a) L. Zhao, X. Chen, X. Wang, Y. Zhang, W. Wei, Y. Sun,
M. Antonietti and M.-M. Titirici, Adv. Mater., 2010, 22, 3317; (b)
S. S. Soni, M. J. Henderson, J.-F. Bardeau and A. Gibaud, Adv.
Mater., 2008, 20, 1493; (¢) R. Bacsa, J. Kiwi, T. Ohno, P. Albers
and V. J. Nadtochenko, J. Phys. Chem. B, 2005, 109, 5994.

8 S. Rehman, R. Ullah, A. M. Butt and N. D. Gohar, J. Hazard.
Mater., 2009, 170, 560.

9 (a)J. C. Zhao, C. C. Chen and W. H. Ma, Top. Catal., 2005, 35, 269;
(b) P. V. Kamat and M. A. Fox, Chem. Phys. Lett., 1983, 102, 379;
(¢) H. Ross, J. Bendig and S. Hecht, Sol. Energy Mater. Sol. Cells,
1994, 33, 475; (d) R. Abe, K. Hara, K. Sayama, K. Domen and
H. Arakawa, J. Photochem. Photobiol, A, 2000, 137, 63; (e)
J. Moon, C. Y. Yun, K.-W. Chung, M.-S. Kang and J. Yi, Catal.
Today, 2003, 87, 77.

10 G. Mele, R. Del Sole, G. Vasapollo, E. Garcia-Lopez, L. Palmisano,
L. Jun, R. Slota and G. Dyrda, Res. Chem. Intermed., 2007, 33, 433.

11 H. L. Anderson, Inorg. Chem., 1994, 33, 972.

12 (a) S. Rodrigues, K. T. Ranjit, S. Uma, I. N. Martyanov and
K. J. Klabunde, Adv. Mater., 2005, 17, 2467; (b) A. A. Ismail and
D. W. Bahnemann, ChemSusChem, 2010, 3, 1057, (¢) D. Li,
W. Dong, S. Sun, Z. Shi and S. Feng, J. Phys. Chem. C, 2008, 112,
14878; (d) H. Huang, X. Gu, J. Zhou, K. Ji, H. Liu and Y. Feng,
Catal. Commun., 2009, 11, 58; (e¢) G. Granados-Oliveros,
E. A. Pdez-Mozo, F. M. Ortega, C. Ferronato and J.-M. Chovelon,
Appl. Catal., B, 2009, 89, 448; (f) M.-y. Duan, J. Li, G. Mele,
C. Wang, X.-f. Li, G. Vasapollo and F.-x. Zhang, J. Phys. Chem.
C, 2010, 114, 7857; (g) M. Y. Chang, C. Y. Chang, Y. H. Hsieh,
K. S. Yao, T. C. Cheng and C. T. Ho, Multi-Functional Materials
and Structures, Pts 1 and 2, 2008, 47-50, 471; (h) M. Y. Chang,
Y. H. Hsieh, T. C. Cheng, K. S. Yao, M. C. Wei and C. Y. Chang,
Thin Solid Films, 2009, 517, 3888.

13 (a) C. E. Diaz-Uribe, M. C. Daza, F. Martinez, E. A. Paez-Mozo,
C. L. B. Guedes and E. D. Mauro, J. Photochem. Photobiol., A,
2010, 215, 172; (b) T. Ma, K. Inoue, H. Noma, K. Yao and
E. Abe, J. Photochem. Photobiol, A, 2002, 152, 207, (c)
M. Makarska, St. Radzki and J. Legendziewicz, J. Alloys Compd.,
2002, 341, 233.

14 T. Shiragami, J. Matsumoto, H. Inoue and M. Yasuda, J. Photochem.
Photobiol., C, 2005, 6, 227.

15 C. Wang, J. Li, G. Mele, M.-y. Duan, X.-f. Lii, L. Palmisano,
G. Vasapollo and F.-x. Zhang, Dyes Pigm., 2010, 84, 183.

16 W. Li, N. Gandra, E. D. Ellis, S. Courtney, S. Li, E. Butler and
R. Gao, ACS Appl. Mater. Interfaces, 2009, 1, 1778.

17 Y. Li, H. Zhang, X. Hu, X. Zhao and Min Han, J. Phys. Chem. C,
2008, 112, 14973.

4088 | J. Mater. Chem., 2012, 22, 4083-4088

This journal is © The Royal Society of Chemistry 2012

47


http://dx.doi.org/10.1039/c2jm15146d
Shabana Afzal
47

Shabana Afzal



Electronic Supplementary Material (ESI) for Journal of Materials Chemistry
This journal is © The Royal Society of Chemistry 2012

Supporting Information

Self-Cleaning Cotton by Porphyrin-sensitized
Visible-Light Photocatalysis

Shabana Afzal,* Walid A. Daoud," and Steven J. Langford"

?School of Applied Sciences and Engineering, Monash University, Churchill, Victoria 3842, Australia
5School of Chemistry, Monash University, Clayton, Victoria 3800, Australia

1. UV-Vis absorption spectroscopy of TCPP

1.4F T T T =
= TCPF in DMF {solvent)
=== TCPF adsorbed on TiO,-coated cotton
1.2 ==+ TCPP adsorbed on cotton —

o 1.0 —
2 | e
@ ERC
o *
= "
a D-B — ‘s ]
*
Q s,
<L .
- LY
~ K
0.6 , " i
N\ ™
L
L] *
- Y
* “
0.45~ \, -
* ".*
| N\ | e

410 420 430 440 450 460
Wavelength (nm)

Fig. S1 UV-Vis spectra of TCPP for Soret band
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2. UV-Vis Spectroscopy for evaluation of coating stability
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Fig. S2a UV-Vis spectra TiO,/TCPP-coated cotton (a) before washing with
detergent, (b) after washing with detergent for 45 min.
b. Petroleum ether washing
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Fig. S2b UV-Vis spectra TiO,/TCPP-coated cotton (a) before washing with
petroleum ether, (b) after washing with petroleum ether for 45 min.
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Fig. S2¢ UV-Vis spectra TiO,/TCPP-coated cotton (a) before washing with water, (b)
after washing with water for 45 min.

2. UV-Vis spectroscopy for evaluation of coating photostability
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Fig. S3 UV-Vis spectra of TiO,/TCPP-coated cotton before and after light
irradiation at different time intervals.
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Thin films of meso-tetra(4-carboxyphenyl)porphyrin with different metal centres (MTCPP, M = Fe, Co and
Zn) in combination with anatase TiO, have been formed on cotton fabric. Their self-cleaning properties
have been evaluated by conducting the photocatalytic degradation of methylene blue under visible-
light irradiation. All MTCPP/TiO,-coated cotton fabrics showed superior self-cleaning performance as
compared to the bare TiO,-coated cotton. Among the three metal porphyrins, FeTCPP showed the high-
est photocatalytic activity with complete degradation of methylene blue in 180 min. The fabrics were
characterized by FESEM, XRD, UV-vis and fluorescence spectroscopy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of the photocatalytic property of TiO, by
Honda and Fujishma [1], the potential use of titanium dioxide in
various environmental applications has been well explored. With
the growing interest in photo-induced self-purification materials,
self-cleaning surfaces have been developed using TiO, coatings
on various substrates. Fujishima et al. have developed the first
self-cleaning ceramic in 1990 [2]. Later on, the concept of TiO,
photocatalysis was extended to the development of self-cleaning
glasses, tents, window blinds and lamp covers [3]. Nanocrystalline
TiO, particles immobilized on activated carbon, glass, polymeric
materials and silica have been achieved [4,5], however most of
these techniques required high temperature processing [6,7], thus
limiting their application to substrates of low thermal resistance
such as textiles. Therefore, the past decade has been witnessing
extensive research to grow TiO, nanocrystals on organic fibres.

By using a nanotechnological approach in combination with a
low-temperature sol-gel process, Daoud et al. have successfully
developed an anatase TiO,-based self-cleaning cotton that showed
efficient photocatalytic properties under UV light [8-10]. A number
of other UV-active textiles such as wool and polyester using vari-
ous techniques of surface modification have also been developed
[11,12]. TiO, has a wide band gap of 3.2 eV, due to which it can
only be excited effectively under UV irradiation. Ultraviolet radi-
ation reaching the earth is only 4-6% of the total solar irradiance,

* Corresponding author at: School of Energy and Environment, City University of
Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong. Tel.: +852 3442 4499;
fax: +852 3442 0688.

E-mail address: |||} | | I (" -A- Daoud).

0169-4332/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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whereas 45% consists of visible-light [13]. For efficient utilization
of solar light, many methods have been reported in literature to
extend the light absorption of TiO, in the visible region; such as
metal doping [14-16], non-metal doping [17], ion-implantation
[18] and photosensitization [19]. Following some of these meth-
ods, very few visible-light driven self-cleaning textiles have been
developed using metals [20] and non- metals [21].

Photosensitization using dyes allows efficient sensitization of
TiO; in the visible region as compared to the other methods [22].
In photosensitization method, a photo-induced electrons transfer
process takes place from excited dye to the conduction band of
TiO; [23]. These electrons can then react with atmospheric O, to
form superoxide radical anions (0,°~), which can cause oxidation
of organic impurities present on the surface of catalyst [24,25]. Por-
phyrins are considered as efficient sensitizers to harvest light when
adsorbed on the surface of TiO, [23]. Due to an extensive system of
delocalized T electrons, porphyrins have very strong absorption in
the visible region [26-28]. According to electrochemical measure-
ments, electron injection from the excited state of porphyrins to the
conduction band of TiO; is thermodynamically favoured [29]. Fur-
thermore, the photophysical properties of porphyrins can be easily
tuned by modifying the peripheral substituents and/or through
metal complexation [30,31].

Recently, we have successfully developed self-cleaning
cotton based on meso-tetra(4-carboxyphenyl)porphyrin (TCPP)-
sensitized TiO, that showed significant photoactivity under
visible-light as compared to bare TiO, [32]. In this manuscript,
films of meso-tetra(4-carboxyphenyl)porphyrin with different
metal centres (MTCPP, M=Fe, Co and Zn) have been formed on
TiO,-coated cotton fabric. The self-cleaning properties of fabrics
have been investigated by studying the photocatalytic degradation
of methylene blue (MB) under visible-light irradiation. Using a
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Scheme 1. Formation of thin films of MTCPP on TiO,-coated cotton. (a) Treatment of pristine cotton with TiO, colloid to form TiO, coating on cotton. (b) Treatment of

TiO,-coated cotton with MTCPP solution in DMF to form MTCPP/TiO,-coated cotton.

simple post-adsorption method, self-assembled monolayers of
MTCPP have been formed on TiO,-coated cotton, as shown in
Scheme 1.

2. Experimental
2.1. Synthesis of MTCPP/TiO5-coated cotton

2.1.1. Synthesis of TiO, colloid

Colloidal TiO, anatase was prepared by adding a solution of tita-
nium tetraisopropoxide and acetic acid drop wise to acidified water
using 1.4% HNOs. The mixture was stirred at 60°C for 16 h.

2.1.2. Preparation of TiO,-coated cotton

The TiO, colloid was applied to scoured cotton fabric through a
dip-pad-dry-cure process. In order to remove impurities from cot-
ton, it was scoured by the non-ionic detergent (Kieralon ® F-OLB
Conc.) before application of TiO, colloid. The scouring was carried
out at 80°C for 30 min. The scoured cotton pieces were dipped in
the colloid for 1 min and then pressed in automatic horizontal press
at 7.5 rpm with a nip pressure of 2.75 kg cm~2. The pressed samples
were then exposed to ammonia fumes until the surface pH 7 was
reached. The neutralized samples were dried at 80°C in a drying
oven and cured at 120°C for 3 min.

2.1.3. Synthesis of MTCPP

Fe(Ill), Co(Il) and Zn(ll) complexes of meso-tetra(4-
carboxyphenyl)porphyrin were synthesized according to a
method reported in literature [33]. Metal porphyrins (MTCPP)
were synthesized by refluxing 0.33 mmol of TCPP with 1.82 mmol
of FeCl3.6H,0, Zn(Ac), and CoCl3.6H,0 in DMF for 2 h. MTCPPs
were precipitated by adding in excess water. DMF and water were
removed from the precipitates by repeated centrifugation. Solid
dry precipitates of each metal complex were obtained by freeze
drying.

2.1.4. Preparation of MTCPP/TiO,-coated cotton

For MTCPP deposition, TiO,-coated cotton samples were dipped
in the corresponding MTCPP solution in DMF and heated at 100°C
for 5h. The samples were then repeatedly washed with DMF to
remove unreacted MTCPP molecules.
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2.2. Characterization

The surface morphology of the samples was studied using field
emission electron microscopy (JEOL 7001F FEGSEM). The crys-
tallinity of TiO, films on cotton was determined by low angle X-ray
diffraction (XRD, Philip 1140 diffractometer). The diffraction pat-
terns of anatase TiO, were compared with reference to ICDD (2006)
database. The UV-vis absorption spectra of MTCPP in DMF and
MTCPP adsorbed on TiO,-coated cotton were recorded on Cary
5000 spectrophotometer. The steady-state fluorescence quenching
experiments were performed on Cary Eclipse fluorescence spec-
trophotometer.

2.3. Photocatalytic degradation

For the evaluation of self-cleaning properties, photocatalytic
degradation of methylene blue (MB) was evaluated quantita-
tively. MTCPP/TiO,-coated cotton pieces (0.5g, 1.5 x 1.5 cm) were
immersed in petri dish containing acidified MB (10 ml, 15.6 wM,
pH=1). The petri dishes were placed in a light-box and irradi-
ated by visible-light for 3 h, using fluorescent lamp (30W, 5.02
mWcm~—2 irradiance). During irradiation, the petri dishes were
vigorously shaken using a bench top shaker. Prior to irradiation,
the petri dishes were kept in dark for half an hour in order
to attain adsorption-desorption equilibrium. The change in the
concentration of MB was monitored by recording UV-vis spec-
tra at different time intervals, during the course of photocatalytic
reaction.

2.4. Stability of coating

The stability of MTCPP/TiO,-coated cotton samples was tested
against detergent, petroleum ether and water, using a modified
AATCC Test Method 190-2003. The samples were washed with
each solvent for 45 min at room temperature at constant stirring
of 200 rpm, followed by rinsing with water and the air drying. To
determine the amount of porphyrin retained on the cotton sam-
ples, UV-vis spectra of the samples were recorded before and after
washing.


Shabana Afzal
54

Shabana Afzal


Shabana Afzal



38 S. Afzal et al. / Applied Surface Science 275 (2013) 36-42

Fig. 1. FESEM images of (a) pristine cotton, (b) TiO,-coated cotton, (c) FeTCPP/TiO,-coated cotton, (d) COTCPP/TiO,-coated cotton, (e) ZnTCPP/TiO,-coated cotton.

3. Results and discussion
3.1. SEM analysis

The surface morphology of pristine cotton and cotton samples
coated with TiO, and MTCPP was investigated from SEM images,
illustrated in Fig. 1. After TiO, coating, there is no major change
in the surface morphology of cotton. However, aggregates of TiO,
nanoparticles can be clearly observed in the case of TiO,-coated
cotton (Fig. 1b). Some TiO, aggregates formation has already been
reported in the literature [34]. The formation of aggregates might
be due to a decrease in the surface charge of TiO, when attached to
cotton as compared to its large positive surface charge in the acidic
colloid before deposition on cotton. The TiO, cotton samples coated
with FeTCPP, CoTCPP and ZnTCPP (Fig. 1c, d and e, respectively)
appear to have more uniform surface as compared to bare TiO,-
coated cotton sample presumably as a result of the processing.

3.2. XRD analysis

In order to study the crystallanity of titania nanoparticles
deposited on the cotton samples, XRD analysis was performed.

TiO,-coated and FeTCPP/TiO,-coated samples exhibit characteris-
ticdiffraction peaks for anatase at 26 = 25.4°,38.0°,48.0° with miller
indices (101), (104) and (200), respectively (Fig. 2b,c). The pristine
sample clearly shows the absence of these peaks (Fig. 2a). The pres-
ence of anatase peaks in FeTCPP/TiO,-coated samples indicates that
TiO; has retained its crystallinity after adsorption of FeTCPP. For
samples coated with CoTCPP and ZnTCPP, the same characteristics
peaks of anatase were also observed (Supporting Information, Fig.
S1).

3.3. UV-vis spectroscopy

Fig. 3 shows the UV-vis absorption spectra of different MTCPP
adsorbed on TiO,-coated samples. For comparison, UV-vis spec-
trum of pristine cotton was also recorded. Visible-light absorption
between 400 to 700 nm can be easily observed for all the sam-
ples except pristine cotton, where no dye is present (Fig. 3d). The
absorption spectra of ZnTCPP, CoTCPP and FeTCPP show strong
peaks for the Soret band at 432, 435 and 425 nm, respectively
(Fig. 3a, b and c). The UV-vis spectra of all MTCPP adsorbed on
TiO,-coated cotton, have a clear red shift of the Soret band as com-
pared to their UV-vis spectra in DMF (Table 1). This red shift can be
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(b)

Intensity (a.u.)

(a)

10
20

Fig. 2. XRD spectra of cotton (a) pristine, (b) TiO,-coated, (c) FeTCPP/TiO,-coated
(a, anatase).

attributed to strong interaction between the carboxylate groups of
MTCPP and TiO, [31,33].

3.4. Fluorescence spectroscopy

To measure the efficiency of electron injection from the dye
molecules into TiO,, steady-state fluorescence quenching exper-
iments were conducted. The UV-vis absorption and fluorescence
emission spectra of MTCPP (M= Fe, Co and Zn) adsorbed on pris-
tine cotton in absence and presence of TiO, are shown in Fig. 4.
Amount of dye loaded on cotton samples in presence of TiO, is
more than that in the absence of TiO5, as intensity of the absorption

1.2
——(a) ZnTCPP/TIO,
1.0 (b) CoTCPPITiO,
(c) FeTCPPITIO,
— — (d) Pristine cotton
0.8 1
0.6 4

Absorbance

0.4 1

0.2 1

0.0 1

1 1 1
500 600 700

Wavelength (nm)

800

Fig. 3. UV-vis absorption spectra of pristine cotton and MTCPP adsorbed on TiO,-
coated cotton.
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peaks of all dyes for TiO,-coated samples is higher than that of pris-
tine cotton (Fig. 4a, c and e). However, in the fluorescence spectra,
the opposite trend is observed. Although the UV-vis absorption is
higher for TiO,-coated samples, the fluorescence emission is lower
as compared to the pristine cotton (Fig. 4b, d and f). The decrease
in emission intensity can be attributed to the quenching by TiO,,
as a result of electron injection from MTCPP to TiO, nanoparticles.

The fluorescence quenching behaviour of each metal complex
was further studied from Stern-Volmer relation: 10/I=1+Ksv [Q],
where Iy and I correspond to fluorescence intensities of sensitizer
dye in absence and presence of quencher, respectively, and Ksv is
the Stern-Volmer rate constant. Fig. 5a shows the effect of con-
centration of TiO, on fluorescence spectrum of FeTCPP. Addition of
TiO, colloid to a solution of FeTCPP resulted in quenching of its flu-
orescence emission. The Ksv value (0.06 x 102 M~1) was obtained
from the slope of Stern-Volmer plot for FeTCPP (Fig. 5b). The Ksv
(M~1)values for COTCPP and ZnTCPP are 0.01 x 102 and 0.008 x 102,
respectively (Supporting Information, Fig. S2 and S3). The high-
est Ksv observed for FeTCPP as compared to CoTCPP and ZnTCPP
accounts for strong association between FeTCPP molecules and
TiO, resulting in efficient charge injection from FeTCPP into the
conduction band of TiO,.

3.5. Self-cleaning properties: photocatalytic degradation of
methylene blue

For the evaluation of self-cleaning performance, MTCPP/TiO,-
coated cotton samples were subjected to quantitative analysis of
photocatalytic degradation of MB under visible-light irradiation.
Fig. 6 shows a plot of normalized concentration of MB (C/C, ) against
time. C is the concentration of MB at different time intervals of
irradiation and C, is the concentration of MB before irradiation.
Change in concentration of MB has been monitored by recording
the UV-vis spectra at different time intervals. For comparison, pris-
tine cotton and TiO,-coated cotton samples were also studied. The
plateaued line obtained for pristine sample indicates the absence
of any photocatalytic activity by cotton itself. TiO,-coated sam-
ple showed 32% degradation of MB, whereas, all cotton samples
coated with MTCPP/TiO, showed significant increase in photoac-
tivity as compared to bare TiO,. Among different metal complexes
of TCPP, the results showed 86%, 89% and 99% degradation of MB
for ZnTCPP, CoTCPP and FeTCPP, respectively. Thus the highest
photocatalytic efficiency was observed for the sample coated with
FeTCPP/TiOs.

The degradation reaction of MB for samples coated with ZnTCPP,
CoTCPP and FeTCPP follows first order kinetics. The corresponding
first order rate constants [k; (min~1)], determined from the slopes
of the curves in Fig. 6 are 0.011,0.012 and 0.014 for ZnTCPP, CoTCPP
and FeTCPP, respectively. Initially, within the first 60 minutes, the
rate of reaction is high. Later on, it decreases with a tailing effect
at the end of reaction, as the product formed gradually blocks the
active sites of the catalyst.

In order to achieve efficient photocatalysis, an optimum
amount of the photosensitizer dye with minimum aggregation and
enhanced electron injection into TiO, is required [35]. Therefore,

Table 1
UV-vis absorption of MTCPP in DMF and adsorbed on TiO,-coated cotton.

MTCPP DMF TiO,-coated cotton

Amax (nm)

Soret band Q bands Soret band Q bands
FeTCPP 420 513, 583, 639 425 518, 555, 593
CoTCPP 418 531 435 546
ZnTCPP 427 564, 602 432 563, 604
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Fig. 4. UV-vis absorption (left) and fluorescence (right) spectra of MCPP adsorbed on cotton in the presence and absence of TiO,.

for each MTCPP, cotton samples were prepared from three dif-
ferent concentrations and assessed for self-cleaning performance
(Supporting Information, Fig. S4). The optimized concentrations
showing the highest photocatalytic efficiency for ZnTCPP, CoTCPP
and FeTCPP are 20, 40 and 80 .M, respectively.

Thus, in our study, the photoactivity of MTCPP increased in the
following order: ZnTCPP < CoTCPP < FeTCPP. These results indicate
that the central metal of porphyrin plays an important role in
determining the photocatalytic properties. In literature, several
metal porphyrins in combination with TiO, powder have been
evaluated for degradation of organic compounds [33,36,37]. The
type of metal affects the photophysical properties of porphyrin
by altering its 7 electronic structure. However, the exact role of a
central metal on photocatalytic activity is still not clear. In terms of
photocatalysis, FeTCPP has already been reported to show superior

activity as compared to ZnTCPP for photocatalytic degradation of
atrazine [33]. Our studies show more or less similar behavior for Fe
and Zn derivatives of TCPP in course of photcatalytic degradation.

3.6. Stability of MTCPP/TiO, coating

Stability of the catalyst coating on textiles is an important
requirement in view of its practical application. In our stud-
ies, three different catalysts have been applied: FeTCPP/TiO,,
CoTCPP/TiO, and ZnTCPP/TiO,. TiO, has already been reported
in the literature to show strong adsorption affinity towards
cotton [9]. The stability of FeTCPP, CoTCPP and ZnTCPP adsorbed
on TiO,-coated samples was tested by washing the samples in
three different media; detergent, petroleum ether and water. The
change in MTCPP concentration was observed by recording UV-vis

o7
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Fig.5. (a)Steady state fluorescence quenching of FeTCPP (1 x 10~4 M) with colloidal
TiO; in the concentration range of (0-0.16)M in water (b) Stern-Volmer plot for
fluorescence quenching of FeTCPP with different concentrations of TiO, (0-0.16 M).

spectra before and after washing (Supporting Information, Fig. S5).
Table 2 shows the retention of MTCPP on the fabric after washing.
In FeTCPP, samples washed with petroleum ether showed no
decrease in dye retention, whereas, samples washed with deter-
gent and water showed 8% and 16% decrease in dye retention,
respectively. Dye leaching of FeTCPP in detergent and water can
be attributed to weak interactions between the dye carboxylate
groups of and TiO, due to the change of pH and polarity of the
medium.

1.0 4
0.8 4

0.6 4

C/Co

0.4

1 —®— Pristine
0.2{ —*TiO,
ZnTCPP 20pM
~¥v— CoTCPP 40uM
—*—FeTCPP 80pM

1
0 25 50 75 100
Time (min)

0.0 4

1 1 1
125 150 175

Fig. 6. Degradation of MB (10 ml, 15.6 M, pH 1) by 0.5 g of: pristine cotton, TiO,-
coated cotton and MTCPP/TiO,-coated samples with optimized concentration of
20 WM (ZnTCPP),40 .M (CoTCPP) and 80 M (FeTCPP) under visible-light irradiation
(5.02mW cm~2 irradiance) for 180 min.
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Table 2

Retention of MTCPP on the fabric and the corresponding photocatalytic activity after washing with different solvents.

ZnTCPP/TiO,

CoTCPP/TiO,

FeTCPP/TiO;

Washing medium

Drop in dye retention (%) Decrease in photoactivity (%) Drop in dye retention (%) Decrease in photoactivity (%)

Decrease in photoactivity (%)

o

%)

Drop in dye retention (

23

Detergent

©

(=}

Petroleum ether

Water

>}

29

wn

16

41
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Furthermore, after washing, the FeTCPP/TiO,-coated samples
were evaluated for self-cleaning performance under visible-light
irradiation. Complete degradation of MB (99%) was achieved for all
of the washed samples under visible-light irradiation for 180 min
(Table 2). Thus the amount of FeTCPP retained on the fabric after
washing was still sufficient enough to allow efficient photocata-
lysis. For samples coated with CoTCPP and ZnTCPP, a decrease in
dye retention was observed in all of the three media with a corre-
sponding decrease in photacatlaytic activity. The highest decrease
in dye retention was observed for ZnTCPP/TiO,-coated samples.
Overall, the stability of each MTCPP coating in different solvents is
highly specific and depends on the nature of each metal complex.

4. Conclusions

Thin films of meso-tetra(4-carboxyphenyl)porphyrin with
different metals ions; (MTCPP, M = Fe, Co and Zn) have successfully
been formed on TiO,-cotton fabric by a simple post-adsorption
method. MTCPP/TiO,-coated cotton fabrics have shown significant
photocatalytic activity in the degradation of methylene blue under
visible-light irradiation. Among the different metal complexes of
TCPP, the photocatalytic activity increased in the following order:
ZnTCPP < CoTCPP <FeTCPP. The highest photocatalytic efficiency
has been achieved using FeTCPP/TiO,-coated cotton. Although
MTCPP leaching was observed for all coated fabrics after washing,
the washed FeTCPP/TiO,-coated fabric was able to retain its full
photoactivity.
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1. XRD analysis of CoTCPP/TiO, and ZnTCPP/TiO,-coated cotton
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Fig. S1: XRD spectra of cotton (d) CoTCPP/TiO,-coated, (¢) ZnTCPP/TiO,-coated (a,
anatase)
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2. Fluorescence quenching study of CoTCPP
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Fig. S2: (a) Steady state fluorescence quenching of CoTCPP (1x10™* M) with colloidal TiO,
in the concentration range (0-0.16 M) in water (b) Stern-Volmer plot for fluorescence
quenching of FeTCPP with different concentrations (0-0.16 M) of TiO,
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3. Fluorescence quenching study of ZnTCPP
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Fig. S3: (a) Steady state fluorescence quenching of ZnTCPP (1x10™* M) with colloidal TiO,
in the concentration range (0-0.16 M) in water (b) Stern-Volmer plot for fluorescence
quenching of FeTCPP with different concentrations (0-0.16 M) of TiO,
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4. Effect of concentration of MTCPP on photocatalytic degradation of MB
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Fig. S4: Degradation of MB (10 ml, 15.6 uM, pH =1) by 0.5 g of MTCPP/Ti0O,-coated cotton
samples obtained from different concentrations FeTCPP, CoTCPP and ZnTCPP under
visible-light irradiation (5.02 mWem? irradiance) for 180 min
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5. UV-Vis data for stability evaluation of MTCPP/Ti0; coating after:
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Fig. S5a: UV-Vis spectra MTCPP/Ti0,-coated cotton samples before and after
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b. Petroleum ether washing
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Fig. S5b: UV-Vis spectra MTCPP/Ti0;-coated cotton samples before and after
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c. Water washing
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Fig. S5c¢: UV-Vis spectra MTCPP/Ti0,-coated cotton samples before and after
washing with water for 45 min. M = Fe, Co, Zn
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ABSTRACT: Thin films of meso-tetra(4-carboxyphenyl)porphyrinato
copper(II) (CuTCPP) in conjunction with anatase TiO, have been
formed on cotton fabric. Their self-cleaning properties have been
investigated by conducting photocatalytic degradation of methylene
blue, coffee and wine stains under visible-light irradiation. CuTCPP/
TiO,-coated cotton fabrics showed superior self-cleaning performance
when compared to bare TiO,-coated cotton. Furthermore, CuTCPP/
TiO,-coated fabrics showed significant photostability under visible-light
as compared to free base TCPP/TiO,-coated fabrics. The fabrics were
characterized by FESEM, XRD and UV—vis spectroscopy. An insight
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into the mechanistic aspects of the CuTCPP/TiO, photocatalysis is also
discussed. Visible-light driven self-cleaning cotton based on copper(II) porphyrin/TiO, catalyst exhibits significant potential in

terms of stability and reproducibility for self-cleaning applications.

KEYWORDS: titania, porphyrin, visible-light, dye-sensitization, self-cleaning textiles, photocatalysis

1. INTRODUCTION

Polycrystalline semiconductor oxides exhibiting specific phys-
iochemical and optical properties are being employed in the
field of photocatalysis. In 1972, Fujishima and Honda observed
the photocatalytic properties of titanium dioxide in a UV-
induced water splitting experiment using TiO, as a photo-
anode." Since then, TiO, photocatalysis has been attractive in
promising applications of solar energy conversion.””* TiO,
popularity is driven by its stability, nontoxicity, hydrophilicity,
and cheap availability. Materials based on nanostructured TiO,
have been extensively investigated in photocatalytic applica-
tions.’ By applying TiO, in the form of coatings on various
substrates, the concept of self-cleaning surface has been
introduced in the past decade leading to the development of
self-cleaning glasses, ceramics, tents, window blinds, and lamp
covers.” TiO, can be immobilized on variety of substrates, such
as glass, stainless steel, and activated carbon.® As most of these
immobilization techniques required high temperature process-
ing, application of TiO, to substrates of low thermal resistance,
such as textiles, was limited.”'® However, with the development
of a low-temperature sol-gol process using a nanotechnology
approach, the growth of TiO, nanocrystals on organic fibres has
been made possible in the past decade.

Anatase TiO,-based self-cleaning textiles such as cotton,
wool and polyester that show efficient photocatalytic properties
under UV light have been developed.''~"* However, the large
band gap of TiO, (3.2 eV for anatase) requires an excitation
wavelength that falls in the UV region. Since, the solar light

-4 ACS Publications  © 2013 American Chemical Society
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reaching the earth consists of only 5% UV and almost 43%
visible light, application of UV-based TiO, photocatalysis is
limited. To utilize the visible region of the solar spectrum for
catalysis, tailoring the optical properties of titania is therefore,
indispensable. In this regard, TiO, can be modified by many
methods; such as metal doping, nonmetal doping, ion-
implantation, and surface sensitization by organic dyes.'*™'®
However, very few visible-light driven self-cleaning textiles have
been developed using metals and nonmetals.'*~*

Porphyrins are considered as efficient sensitizers to harvest
light on the surface of TiO, because they are structural
Because of

an extensive system of delocalized 7 electrons, porphyrins have

analogues of chlorophyll in plant photosynthesis.*®

very strong absorption in the visible region.24_26 In the
photosensitization process, the sensitizer is excited over TiO, to
appropriate singlet and triplet excited states. The excited state
electrons are then injected to the conduction band of TiO,.
These electrons react with O, in the surrounding air to form
superoxide radical anions (O,*”), which can cause oxidation of
organic impurities present on the surface of the catalyst.””*®
Porphyrins have excellent photophysical properties such as;
small singlet—triplet splitting, high quantum yield for
intersystem crossing, and long triplet state lifetime.*®
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Scheme 1. Formation of Thin Films of CuTCPP on TiO,-coated Cotton®
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“(a) Treatment of pristine cotton with TiO, colloid to form TiO, coating on cotton. (b) Treatment of TiO,-coated cotton with CuTCPP solution in

DMF to form CuTCPP/TiO,-coated cotton.

The photophysical properties of porphyrins can be easily
tuned by metal complexation, as they can readily coordinate
with metal ions in the central cavity resultin% in stronger and
broader photoresponse in the visible region.””*" Furthermore,
studies show that metal complexes of porphyrins are highly
photostable, when adsorbed on the surface of TiO,.*> Recently,
we have developed self-cleaning cotton based on meso-tetra(4-
carboxyphenyl)porphyrin (TCPP)-sensitized TiO, that showed
superior self-cleaning properties under visible-light.>* However,
TCPP did not exhibit significant photostability for practical use.
In view of self-cleaning applications envisaged, the stability of a
photocatalyst is an important factor. Therefore, more photo-
stable photocatalysts need to be explored.

Extending our research in this field, we have successfully
prepared monolayers of meso-tetra(4-carboxyphenyl)-
porphyrinato copper(Il) (CuTCPP) on TiO,-coated cotton
(Scheme 1) by a simple postadsorption method®® that show
excellent photocatalytic activity under visible-light irradiation as
compared to bare TiO,. Moreover, CuTCPP/TiO,-coated
cotton showed significant photostability under visible-light
when compared to TCPP/TiO,-coated cotton. We have
particularly selected Cu in our study, as it has been reported
to show eflicient visible-light photocatalysis as compared to
other metals, such as Zn, Fe, Ni and Co.>*™* The self-cleaning
properties of our CuTCPP/TiO,-coated system have been
investigated spectrophotometrically by the photocatalytic
degradation of methylene blue (MB) under visible-light
irradiation as well as in more practical situations of coffee
and red wine stains.

2. EXPERIMENTAL SECTION

2.1. Synthesis of CuTCPP/TiO,-Coated Cotton. 2.1.1. Synthesis
of TiO,-Sol. Colloidal anatase TiO, was prepared by adding a solution
of titanium tetraisopropoxide and acetic acid dropwise to acidified
water using 1.4% HNO,. The mixture was stirred at 60 °C for 16 h.*’

2.1.2. Preparation of TiO,-Coated Cotton. The TiO, sol was
applied to scoured cotton fabric through a dip-pad-dry-cure process.*’
Cotton was scoured by a nonionic detergent (Kieralon F-OLB Conc)
in order to remove impurities before application of TiO, sol. The
scouring was carried at 80 °C for 30 min. The scoured cotton pieces
were dipped in the TiO, sol for 1 min and then pressed in automatic
horizontal press at 7.5 rpm with a nip pressure of 2.75 kg cm™2 The
pressed samples were then exposed to ammonia fumes until the
surface pH reached 7. The neutralized samples were dried at 80 °C in
a drying oven and cured at 120 °C for 3 min.

2.1.3. Synthesis of CuTCPP. Copper(II) complex of meso-tetra(4-
carboxyphenyl)porphyrin was synthesized according to literature

4754

70

methods.>* CuTCPP was synthesized by refluxing 0.33 mmol of
TCPP with 1.82 mmol of CuCl, in DMF for 2 h. CuTCPP was
precipitated by adding water in excess. DMF and water were removed
from the precipitates by repeated centrifugation. Solid dry samples of
CuTCPP were obtained by freeze-drying.

2.1.4. Preparation of CuTCPP/TiO,-Coated Cotton. TiO,-coated
cotton samples were dipped in a CuTCPP solution in DMF and
heated at 100 °C for S h. The samples were then washed with DMF to
remove unbound CuTCPP.

2.2. Characterization. The surface morphology of the cotton
samples was studied using field emission electron microscopy (JEOL
7001F FEGSEM). The crystallinity of TiO, films on cotton was
determined by low angle X-ray diffraction (XRD, Philip 1140
diffractometer). The UV-—vis absorption spectra of TCPP and
CuTCPP in DMF were recorded on Cary 5000 spectrophotometer.
The UV—vis absorption spectra of pristine cotton and cotton samples
coated with TCPP, CuTCPP and TiO, were recorded using 110 mm
integrating sphere on Cary S000 spectrophotometer. The cotton
samples were masked allowing only 2 X 2 mm area to be exposed to
illumination by the light source.

2.3. Photocatalytic Studies. For the assessment of self-cleaning
properties, photocatalytic degradation of methylene blue (MB) was
evaluated quantitatively. CuTCPP/TiO,, TCPP/TiO,, TiO, and
pristine cotton pieces (0.5 g, 1.5 X 1.5 cm) were immersed in Petri
dishes containing acidified MB (10 mL, 15.6 uM, pH 1). The Petri
dishes were placed in a light-box and irradiated by visible-light for 3 h
using a fluorescent lamp (30 W, 5.02 mW cm ™ irradiance) containing
a small UV content of 0.01 mW cm™ irradiance (see the Supporting
Information, Figure S1). During irradiation, the Petri dishes were
shaken using a benchtop shaker. Prior to irradiation, the Petri dishes
were kept in the dark for 30 min in order to attain adsorption—
desorption equilibrium. The change in concentration of MB was
monitored by measuring UV—vis spectra at different time intervals,
during the course of irradiation.

For the degradation of coffee and red wine stains, whole cotton
pieces (1.5 X 1.5 cm) coated with CuTCPP/TiO,, TCPP/TiO,, and
pristine samples were stained with coffee (0.3 g/30 mL of hot water)
and red wine, followed by air drying. Each cotton piece was stained
with equal volume (100 uL) of coffee and red wine. The samples, with
half of the area masked, were placed in visible-light box and irradiated
for 36 h using fluorescent lamp (30W, 5.02 mW cm™? irradiance).

2.4. Stability of Coating. The stability of CuTCPP/TiO,-coated
cotton samples was tested against detergent, petroleum ether and
water, using a modified AATCC Test Method 190—2003.*" The
samples were washed with each solvent for 45 min at room
temperature at a constant stirring of 200 rpm, followed by rinsing
with water and air drying. To determine the amount of porphyrin
retained on the cotton samples, UV—vis spectra of the samples were
recorded before and after washing. For the photostability tests,
CuTCPP/TiO,-coated samples were irradiated under visible-light for
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30 h using a fluorescent lamp (30 W, 5.02 mW cm ™ irradiance). UV—
vis spectra of the samples were recorded before and after irradiation at
different time intervals.

3. RESULTS AND DISCUSSIONS

3.1. SEM Analysis. The surface morphology of pristine
cotton and cotton samples coated with TiO, and CuTCPP
were identified from the SEM images illustrated in Figure.l.

Figure 1. FESEM images of (a, d) pristine cotton, (b, e) TiO,-coated
cotton, (¢, f) CuTCPP/TiO,-coated cotton.

Low magnification images (Figure 1a, b and c) reveal no major
change in surface morphology of cotton after coating with TiO,
and CuTCPP, retaining the integrity of fibres. At higher
magnification (Figure 1d—f), cotton samples coated with TiO,
and CuTCPP appear to have rougher surface as compared to
pristine cotton, presumably as a result of the coating process.
Furthermore, surface aggregates can be observed in CuTCPP/
TiO,-coated sample.

3.2. XRD Analysis. To study the crystallinity of titania
nanoparticles deposited on the cotton fabric, XRD analysis was
performed. Anatase TiO, has characteristic diffraction peaks at
20 = 254, 38.0, and 48.0° all of which are observed in the
TiO,-coated and CuTCPP/TiO,-coated samples (Figure 2b
and c). As expected, the pristine sample shows the absence of
these peaks (Figure 2a). The presence of anatase peaks in
CuTCPP/TiO,-coated samples indicates that the TiO, has
retained its crystallinity (and hence reactivity) after adsorption
of CuTCPP.

3.3. UV-Vis Spectroscopy. Figure 3 shows the UV—vis
absorption spectra of CuTCPP and TCPP adsorbed on TiO,-
coated samples. For comparison, UV—vis spectra of pristine
cotton and TiO,-coated samples were also recorded. Visible-
light absorption of porphyrins between 400 to 700 nm can be
easily observed for CuTCPP/TiO, and TCPP/TiO, samples
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Figure 2. XRD spectra of cotton: (a) pristine, (b) TiO,-coated, (c)
CuTCPP/TiO,-coated (a, anatase).
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Figure 3. UV—vis spectra of (a) CuTCPP/TiO,-coated cotton, (b)
TCPP/TiO,-coated cotton, (c) TiO,-coated cotton, (d) pristine
cotton.

(Figure 3a, b), and as expected no characteristic absorption
from TiO,-coated cotton and pristine samples was observed in
this range (Figure 3c, d). The absorption spectrum of
CuTCPP/TiO,-coated cotton shows a strong peak at 419 nm
identified as the porphyrin Soret band (Figure 3a). A slight red
shift of 3 nm is observed for CuTCPP adsorbed on TiO,-
coated sample as compared to its absorption in DMF at 416 nm
(see the Supporting Information, Figure S2). Similarly, the
absorption spectrum of TCPP in DMF shows a strong peak at
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418 nm for Soret band, whereas in TiO,-coated cotton the
absorption is shifted by 9 to 427 nm (see the Supporting
Information, Figure S3). This red shift can be attributed to the
interaction between the carboxylate groups of porphyrins and
TiO, 3+

The absorption peaks in the 500—690 nm region correspond
to the Q bands of porphyrin. For TCPP, four absorption peaks
of Q bands can be observed at 520, 556, 594, and 650 nm. For
CuTCPP, only two Q-band absorption peaks can be observed
at 545 and 583 nm. However, in the presence of DMF, some of
these peaks are quenched because of interaction of porphyrins
with polar solvent.*> Furthermore, a significant broadening of
the Soret band peaks can also be observed in the absorption
spectra of CuTCPP and TCPP adsorbed on cotton as
compared to the absorption spectra in DMF. The peak
broadening is a usual phenomenon observed for porphyrins
incorporated on solid substrates, possibly due to dye
aggregation.%45

3.4. Photocatalytic Degradation of Methylene Blue
(MB). Cotton samples coated with CuTCPP/TiO, and TCPP/
TiO, were subjected to quantitative analysis through the
photocatalytic degradation of MB under visible-light irradiation.
Figure 4 shows a plot of normalized concentration of MB (C/

1.0 4

0.8

0.6 4 ——(a) MB
00 —&— (b) Pristine
Q —A\—(c) TCPP
o —¢—(d) CuTCPP
0.4 4 —o—(e) TiO,
—k— (f) CuTCPP 2,M/TiO,
—A— (g) TCPP 20uM/TiO,
0.2
g f
0.0 T T T T T T T T T
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Figure 4. Degradation of MB (10 mL, 15.6 uM, pH 1) under visible-
light irradiation (5.02 mW cm ™ irradiance) for 180 min: (a) blank MB
solution, (b) pristine cotton, (c) TCPP-coated cotton, (d) CuTCPP-
coated cotton, (e) TiO,-coated cotton, (f) 2 uM CuTCPP/TiO,-
coated cotton, (g) 20 uM TCPP/TiO,-coated cotton.

C,) against time. The change in concentration of MB was
monitored by recording the UV—vis spectra at different time
intervals. For comparison, blank MB solution and pristine
cotton sample were also studied. The plateaued line obtained
for pristine sample and blank MB solution indicates the absence
of any photocatalytic activity by cotton itself and the stability of
MB at these conditions (Figure 43, b).

TiO,-coated sample showed a 32% degradation of MB after
180 min, whereas, the samples coated with TCPP and CuTCPP
in the absence of TiO, also showed some photocatalytic activity
with 27% and 28% degradation of MB, respectively (Figure 4c—
e). Porphyrins have been reported to exhibit photocatalytic
properties on their own.>’ The samples coated with CuTCPP/
TiO, and TCPP/TiO, showed a significant increase in
photoactivity (Figure 4f, g). CuTCPP/TiO,-coated samples
showed almost complete degradation of MB (99%) within 180
min, whereas the TCPP/TiO,-coated sample showed complete
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degradation of MB within 90 min. Thus, the degradation rate of
MB for TCPP is twice as fast as that of CuTCPP.

To achieve an efficient photocatalysis, an optimum amount
of the photosensitizing dye with minimum aggregation and
enhanced electron injection into TiO, is required.* Therefore,
cotton samples were prepared from three different concen-
trations of CuTCPP (1, 2, and 3 uM) and assessed for self-
cleaning performance (see the Supporting Information, Figure
S4). The optimized concentration showing the highest
photocatalytic efficiency for CuTCPP is 2 uM. For TCPP,
the optimized concentration was 20 M, established from our
previous work illustrating a compromise between amount of
material and activity.>®

3.5. Photocatalytic Degradation of Coffee and Red
Wine Stains. The self-cleaning property of CuTCPP/TiO,-
coated samples was assessed qualitatively by performing the
coffee and red wine stains bleaching tests. For comparison
TCPP/TiO,, TiO, and pristine samples were used. Figure §
shows the degradation of coffee and wine stains on cotton
samples under visible light irradiation at different time intervals.
Only half the area of each cotton fabric square was irradiated,

(a) Degradation of coffee stains

Cotton sample Oh 12h 24 h
CuTCPP/TiO,
TCPP/TiO,
Tio,
Pristine
(b) Degradation of wine stains
Cotton sample Oh 12h 24 h 36 h

CuTCPP/TiO,

TCPP/TiO,

Tio,

Pristine

Figure S. Photocatalytic degradation of (a) coffee stains, (b) red wine
stains, by CuTCPP/TiO,, TCPP/TiO,, TiO,, and pristine cotton
samples at 0, 12, and 24 h of visible-light irradiation (5.02 mW cm™>
irradiance).
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whereas the other half was masked receiving no light.
Significant discolouration of coffee stains was observed for
TCPP and CuTCPP samples after 24 h of irradiation (Figure
Sa). However, the degradation rate of TCPP appears faster
compared to that of CuTCPP. Similarly, the same trend is
observed for the degradation of wine stains over 36 h of
irradiation (Figure Sb).

3.6. Photostability of CuTCPP/TiO, Catalyst. Photo-
stability of the catalyst under excitation is an important
requirement of reusability and practical application. Therefore,
a photostability study of CuTCPP/TiO,-coated samples was
conducted against the well-performing TCPP. CuTCPP/TiO,-
coated sample was irradiated in visible-light for 30 h. The
change in concentration of CuTCPP was measured by
recording the UV—vis spectra of cotton samples before and
after irradiation (Figure 6a). A slight degradation of 5% was

CuTCPP before irradiation
— — - CuTCPP after 30 h irradiation
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Figure 6. (a) UV—vis spectra of CuTCPP/TiO,-coated cotton fabrics
before and after 30 h irradiation. (b) Percentage retention of CuTCPP
and TCPP on TiO,-coated cotton fabrics after irradiation under visible
light for 30 h.

observed for CuTCPP within the first 12 h (see the Supporting
Information, Figure SS). In the following 18 h, there was no
further degradation of CuTCPP, shown in the UV—vis data.
The absorption peak at 419 nm (Soret band) was used as a
reference to monitor the change in concentration of CuTCPP.
Figure 6b shows the concentration of CuTCPP and TCPP
retained on the fabric after 30 h of irradiation. Thus, CuTCPP
showed significant photostability with only 5% degradation as
compared to the TCPP with 78% degradation under visible-
light irradiation, established from previous results.*® Further-
more, the irradiated CuTCPP/TiO,-coated sample was
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assessed for self-cleaning performance. A reproducible degra-
dation (99%) of MB was observed for the sample with 95%
CuTCPP retention.

3.7. Stability of CuTCPP/TiO,-Coating. TiO, has already
been reg)orted in literature to show strong affinity toward
cotton.** The stability of CuTCPP adsorbed on TiO,-coated
sample was tested by washing the samples in three different
media; detergent, petroleum ether and water (Figure 7). The
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detergent petroleum ether water
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CuTCPP retention (%) on fabric
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Figure 7. Percentage retention of CuTCPP on cotton fabrics after
washing with detergent, petroleum ether, and water.

change in CuTCPP concentration was observed by recording
the UV—vis spectra before and after washing (Supporting
Information, Figure S6). All the samples washed in different
solvents showed over 90% CuTCPP retention on the fabric.
However, the highest dye leaching was observed for CuTCPP
washed with petroleum ether, which could be due the weak
interactions between carboxylate groups of dye and TiO,,
affected by the change in the polarity of medium.

CuTCPP samples washed with different solvents were also
analyzed for self-cleaning performance. All the washed samples
showed reproducible degradation (99%) of MB in 180 min
under visible-light irradiation. Thus, no change in photo-
catalaytic activity was observed even after washing. In spite of
the slight dye leaching in petroleum ether, the dye
concentration retained on the fabric was sufficient enough to
allow photocatalysis at the same rate as that of prewashed
original CuTCPP samples.

3.8. Mechanistic Aspects. The mechanism of TiO,
sensitization by dyes in visible-light, generally involves the
transition of electron from the ground state of porphyrin dye
[Pp] to the excited singlet state ![Pp]*.*’ Relaxation of the
singlet excited state generates the triplet excited state *[Pp]*
through a process of intersystem crossing. Electrons from
'[Pp]* and 3[Pp]* excited states can be transferred to
conduction band of TiO,, which can be trapped further by
the adsorbed O,, resulting in formation of O,°” causing
degradation of MB present on the surface of TiO, (Figure 8).

Free-base porphyrins such as TCPP with no unpaired
electrons manifest long lifetime of excited state and are strongly
fluorescent,*® resulting in efficient electron injection in
conduction band of TiO,, confirmed by our previous findings.*®
In contrast, metal porphyrins with unpaired electrons in d
orbital such as Cu(I[)TCPP exhibit short lifetime of excited
state, as no fluorescence emission has been detected for copper
porphyrins in solution,* resulting in poor electron injection
into TiO,. This can be accounted for the slower degradation
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Figure 8. Proposed photocatalytic mechanism.

rate of MB in CuTCPP as compared to TCPP. Furthermore,
formation of singlet oxygen ('O,) from *[Pp]* excited state of
the sensitizer dye is also reported, which can cause oxidation of
MB as well.* This is confirmed by our findings, as some
photocatalytic activity is also observed for CuTCPP and TCPP
cotton samples in the absence of TiO,. Thus, overall, a co-
operative mechanism is proposed for the degradation of MB
involving both components of photocatalytic system.

The enhanced photostability of Cu(II)TCPP as compared to
TCPP might be related to the paramagnetic nature of Cu in
Cu(II)TCPP, which favors deactivation of its excited state,
resulting in more recombination with no fluorescence emission
and thus making Cu(II)TCPP less susceptible to photo-
bleach.>

4. CONCLUSIONS

Visible-light active self-cleaning cotton has successfully been
developed using copper(Il) porphyrin and anatase titania.
CuTCPP/TiO,-coated cotton has shown considerable photo-
activity in the degradation of methylene blue, coffee and red
wine stains. In addition, CaTCPP exhibits significant photo-
stability as compared to TCPP. The enhanced photostability of
CuTCPP shows potential in view of reproducibility and
practical application of self-cleaning textiles.
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Results of UV—vis spectroscopy for analysis of effect of
concentration of dye on photocatalysis, analysis of photo-
stability of catalyst and stability of coating. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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Photostable self-cleaning cotton by a copper (II)
porphyrin /TiO, visible-light photocatalytic system
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1. Spectrum of fluorescent lamp used in the photodegradation experiments
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Fig. S1: Spectrum of a typical fluorescent lamp (Source:

http://en.wikipedia.org/wiki/File:Fluorescent lighting_spectrum_peaks_labelled.svg)
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2. UV-Vis absorption spectra of CaTCPP
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Fig. S2: UV-Vis spectra of CuTCPP in DMF and CuTCPP adsorbed on TiO;-coated

cotton

3. UV-Vis absorption spectra of TCPP
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Fig. S3: UV-Vis spectra of TCPP in DMF and TCPP adsorbed on TiO;-coated cotton
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4. Effect of concentration of CuTCPP on photocatalytic degradation of MB
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Fig. S4: Degradation of MB (10 ml, 15.6 uM, pH =1) by 0.5 g of: CuTCPP/Ti10,-coated
cotton (CuTCPP = 1, 2 and 3uM) under visible-light irradiation (5.02 mWcm™ irradiance) for

180 min

5. UV-Vis spectroscopy for photostability evaluation of CuTCPP/Ti0,

catalyst
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Fig. S5: UV-Vis spectra of CaTCPP/Ti0;-coated cotton before and after light irradiation

at different time intervals
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6. UV-Vis spectroscopy for stability evaluation of CuTCPP/TiO, coating

after washing with different solvents
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Fig. S6: UV-Vis spectra CuiTCPP/Ti0,-coated cotton before and after washing with

detergent, petroleum ether and water for 45 min
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Chapter 5:

Superhydrophobic and photocatalytic self-
cleaning cotton



Superhydrophobic and Photocatalytic Self-Cleaning Cotton

Shabana Afzal,T Walid A. Daoud, ** and Steven J. Langford§

School of Applied Sciences and Engineering, Monash University, Churchill, Victoria 3842, Australia

*School of Energy and Environment, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong

$School of Chemistry, Monash University, Clayton, Victoria 3800, Australia

KEYWORDS: Superhydrophobic, visible-light, photocatalysis, self-cleaning textiles, titania, porphyrin

ABSTRACT: A superhydrophobic cotton fabric exhibiting photocatalytic self-cleaning properties under visible-light was prepared
by step-wise deposition of anatase TiO,, meso-tetra(4-carboxyphenyl)porphyrin (TCPP) and trimethoxy(octadecyl)silane (OTMYS).
The modified cotton fabrics not only exhibited excellent superhydrophobicity with a water contact angle of 156°, but also showed
significant degradation of methylene blue under visible-light irradiation. The fabrics were characterized by FESEM, XRD, NMR
and UV-Vis spectroscopy. Textiles with dual functionality of superhydrophobicity and visible-light TiO, photocatalysis are promis-

ing for a wide range of self-cleaning applications.

= INTRODUCTION

The research related to self-cleaning textiles has received con-
siderable attention within the scientific community for its po-
tential applications to industry and daily life." Currently, there
are two main concepts used in developing self-cleaning tex-
tiles. The first concept is based on superhydrophobic ap-
proach, also known as the lotus effect.” Superhydrophobic
surfaces exhibit extreme water repellent properties with water
contact angle greater than 150°. As a result, water droplets
attain the spherical shape and roll off the surface carrying
away the dirt particles. This effect is commonly observed in
nature in plant leaves, especially lotus leaves.’ Surface energy
and roughness are the two important parameters that control
the wettability of a surface. Inspired by the self-cleaning prop-
erties of lotus leaves, scientists have fabricated superhydro-
phobic textiles by creating surface roughness in combination
with low surface energy materials such as organic silanes,
fluorinated silanes, alkyl amines and silicates.” Popular surface
modifications methods include wet chemical reactions,’ self-
assembly and sol-gel,’ layer-by-layer deposition,” polymeriza-
tion reaction,® electrochemical deposition,” chemical vapour
deposition,'’ plasma treatment'' and electrospinning.'>

The second concept is based on hydrophilic approach, in
which self-cleaning takes place by a process known as photo-
catalysis.”® As a result of photocatalysis, the dirt/stains break
down to simple species, such as CO, and water, on exposure to
light."” Polycrystalline semiconductor oxides, such as TiO,,
have been applied in the form of nano-coatings, leading to the
successful development of a number of UV-active self-
cleaning textiles. These textiles have shown good self-cleaning
properties under UV light'* and solar simulated light."”> Fur-
thermore, visible-light active self-cleaning textiles have also
been developed based on activation of TiO, in the visible re-
gion such as metal doping,'® non-metal doping'’ and dye-
sensitization.'

82

However, there are limited examples of self-cleaning materials
in literature that work on both principles,”” despite the fact that
dual function self-cleaning textiles can have many advantages.
On one hand, extreme water repellence can keep away water
soluble impurities, while on the other hand the accumulation
of organic impurities can be prevented by photocatalysis.
Here, we report the fabrication of a new class of self-cleaning
textiles that is simultaneously superhydrophobic and photo-
catalytic under visible-light irradiation. Self-assembled mono-
layers of meso-tetra(4-carboxyphenyl)porphyrin (TCPP) were
formed on TiO,-coated cotton by a simple post adsorption
method, followed by hydrophobization  with  tri-
methoxy(octadecyl)silane (OTMS) (Scheme 1).

We have particularly selected non-fluorinated silanes in our
study, as they are considered less hazardous to skin as com-
pared to fluorinated silanes. The as-prepared cotton fabrics
exhibited excellent superhydrophobicity with water contact
angle (WCA) of 156°. Moreover, the superhydrophobic fab-
rics showed superior photocatalytic activity under visible-light
as compared to the non-hydrophobic TiO, and TiO,/TCPP-
coated cotton fabrics. The photocatalytic self-cleaning proper-
ties have been investigated by the degradation of methylene
blue under visible-light irradiation, whereas the superhydro-
phobic self-cleaning properties have been evaluated by static
water contact angle measurements.

= EXPERIMENTAL

Fabrication of TCPP/TiO,-coated cotton. Colloidal anatase
TiO, was synthesized by adding a solution of titanium tetrai-
sopropoxide and acetic acid drop wise to water containing
1.4% HNOj;. The mixture was stirred at 60 °C for 16 h.'* The
TiO, sol was applied to scoured cotton fabrics through a dip-
pad-dry-cure process. A non-ionic detergent (Kieralon F-OLB
conc.) was used to scour the cotton samples to remove impuri-
ties. In the scouring process, the cotton pieces were immersed
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Scheme 1: Formation of hydrophobized OTMS/TCPP/TiO,-coated cotton
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in detergent solution and heated at 80 °C for 30 min, followed
by washing with water and then air-drying.

For coating TiO, on the fabric, the scoured cotton pieces were
dipped in the TiO, sol for 1 min and then pressed in automatic
horizontal press at 7.5 rpm with a nip pressure of 2.75 kg
cm >, The pressed samples were then exposed to ammonia
fumes until the surface pH reached 7. The neutralized samples
were dried at 80 °C in a drying oven and cured at 120 °C for 3
min. For deposition of TCPP, TiO,-coated fabrics were
dipped in 20 pM TCPP in dimethylformamide (DMF) and
heated at 100°C approximately for 5 h. Samples were then
washed with DMF and water in order to remove unbound
TCPP.

Hydrophobization of TCPP/TiO,-coated cotton.  Tri-
methoxy(octadecyl)silane (OTMS) (10 %, w/w) was added
drop wise to ethanol. The solution pH was adjusted to 5 by
adding acetic acid to promote hydrolysis of OTMS. The solu-
tion was then stirred at room temperature for 60 min to form a
hydrolyzed alkylsilanol solution.”> TCPP/TiO,-coated fabrics
were then immersed in the hydrolyzed OTMS for 30 min,
followed by washing with ethanol to remove any unbound
OTMS. The treated cotton samples were air dried and then
heated at 110° C in drying oven for 15 min.

Characterization. The surface morphology of the cotton
samples was studied using field emission electron microscopy
(JEOL 7001F FEGSEM). The crystallinity of the TiO, films
on cotton was determined by low angle X-ray diffraction
(XRD, Philip 1140 diffractometer). The UV-Vis absorption
spectrum of TCPP in DMF was recorded on Cary 5000 spec-
trophotometer. The UV-Vis absorption spectra of pristine cot-
ton and cotton samples coated with TiO,, TCPP/TiO, and
OTMS/TCPP/TiO, were recorded using 110 mm integrating
sphere on Cary 5000 spectrophotometer. The cotton samples
were masked allowing only a 2 x 2 mm area to be exposed to
illumination by the light source. Solid-state *’Si NMR experi-
ments were performed on a Bruker Avance 400 spectrometer
operating at a static magnetic field of 9.4 T using a 4 mm mul-
tinuclear solid state probe at 300 K. The spinning rate was 10
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kHz. Solid samples were packed into 4mm ZrO, rotors with
Kel-F cap and spectra were recorded using CP-MAS tech-
niques.

Measurement of water contact angle. For the assessment of
superhydrophobic character, the water contact angles (WCA)
were measured by a contact angle instrument (Data physics
contact angle system, OCA20) at room temperature. Deion-
ized water with a droplet volume of 5 pL was used. WCAs
were determined after a water droplet was placed on the fabric
for 60s. Average contact angle values were obtained by taking
measurements at five different positions on each sample.

Photocatalytic studies. For the assessment of self-cleaning
properties, photocatalytic degradation of methylene blue (MB)
was conducted using previously reported conditions.'® Pristine
cotton and cotton samples coated with TiO,, TCPP/TiO, and
OTMS/TCPP/TiO,-coated cotton pieces (2 x 2 cm) were
stained with MB solution in dichloromethane (31mM). 100 uL
of MB was adsorbed on each of the sample pieces. The cotton
samples were placed in a light box and irradiated by visible-
light for 8 h using a fluorescent lamp (30 W, 5.02 mW cm™
irradiance) containing a small UV content of 0.01 mWem™
irradiance. The change in concentration of MB was monitored
by measuring UV-Vis spectra of cotton samples at different
time intervals, during the course of irradiation.

Durability of coating. The durability of cotton samples coat-
ed with OTMS/TCPP/TiO, were tested against water using a
modified AATCC Test Method 190-2003.”' The samples were
washed with water for 45 min at room temperature at constant
stirring of 200 rpm, followed by drying in oven. To determine
the stability of OTMS coating on the cotton samples, WCA
were measured after each wash cycle.

RESULTS AND DISCUSSION

FESEM analysis. SEM analysis was conducted to observe
the surface morphology of pristine and treated cotton fabrics.
In lower magnification images (Fig. 1-d), the overall integrity
of cotton fibres is shown to be retained as there is no major
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Figure 1. FESEM images of: (a, e) pristine cotton; (b, f) TiO,-
coated-cotton; (c, g) TCPP/TiO,-coated cotton; (d, h)
OTMS/TCPP/TiO,-coated cotton.

change in the surface morphology of cotton fabrics after coat-
ing with TiO,, TCPP/TiO, and OTMS/TCPP/TiO,. At higher
magnification, a change in surface roughness can be observed
for the samples coated with TiO, and TCPP/TiO, (Fig. 1f-h) as
compared to pristine fabric (Fig. le). Surface aggregates can
be observed in all of the treated samples, though these appear
to even out as the coating process proceed.

XRD analysis. The crystalline phase of titania nanoparticles
deposited onto the cotton fabrics was determined by XRD
analysis. While pristine cotton shows no anatase-associated
peaks (Fig. 2a), cotton samples coated with TiO, show the
characteristic diffraction peaks for anatase at 260 = 25.4°, 38.0°
and 48.0° (Fig. 2b). After deposition of TCPP and OTMS, the
same anatase peaks can still be observed in their XRD spectra
(Fig. 2¢). Hence, TiO, has retained it crystallinity even after
modification with TCPP and OTMS.

UV-Vis spectroscopy. The UV-Vis spectra of TCPP in DMF
and adsorbed on cotton in the presence of TiO, and OTMS are

illustrated in Fig. 3. The UV-Vis spectra of TiO,-coated and
pristine cotton samples have also been recorded for compari-
son, which show no particular absorption peaks over 400-700
nm range (Fig. 3d and e). The absorption spectrum of TCPP in
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Figure 2. XRD spectra of cotton: (a) pristine, (b) TiO,-coated, (c)
OTMS/TCPP/TiO,-coated (a = peaks associated with anatase).
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Figure 3. UV-Vis spectra of (a) OTMS/TCPP/TiO,-coated cotton,
(b) TCPP/TiO,-coated cotton, (c) TCPP in DMF (d) TiO,-coated
cotton, (e) pristine cotton.

DMF shows a strong peak at 418 nm attributable to the por-
phyrin Soret band (Fig. 3¢). This absorption peak is shifted by
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9 nm to 427 nm in TiO,-coated cotton (Fig. 3b). This red shift
is likely to be due to the interaction between the carboxylate
groups of porphyrin and TiO,. After the adsorption of
OTMS, no further change in porphyrin absorption peaks is
observed in OTMS/TCPP/Ti0,-coated fabrics (Fig. 3a). Thus,
the addition of OTMS appears to have no effect on the binding
of TCPP molecules with TiO,.

Sold state Si NMR spectroscopy. Fig. 4 shows the i
MAS NMR spectrum of TiO, nanoparticles adsorbed on TCPP
and OTMS. For reference, »3i MAS NMR spectrum of TiO,
nanoparticles adsorbed on OTMS was also recorded (Fig. 4a).
In the spectrum (Fig. 4b), three peaks are observed at -47, -57
and -66 ppm, which can be associated with monodentate (T"),
bidentate (T2) and tridentate (T3) silicon environments, respec-
tively.” Thus, OTMS shows different modes of binding on the
surface of TCPP/TiO, nanoparticles. However, the dominant
peak at -57 ppm indicates that the major binding mode is T
even in the absence of TCPP.

v
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Figure 4. »Si
TiO/TCPP/OTMS.

NMR spectra of (a) TiO,/OTMS, (b)

Superhydrophobic self-cleaning. The wettability of cotton
samples was evaluated by using WCA measurements. As ex-
pected, the pristine cotton sample can be completely wetted by
water (Fig. 5a), which is due to the presence of surface hydro-
philic OH groups. After treatment with TiO,, a WCA of 124°
could be realized (Fig. 5b). TiO, particles make the fabric
surface rougher, thus, introducing some hydrophobicity to the
textiles. For TiO,/TCPP-coated fabrics, a complete wettability
of the surface was regained yielding no WCA. This result is
consistent with the addition of the carboxylic acid groups of
the TCPP molecules, which impart extreme hydrophilic char-
acter to the fabric (Fig. 5c¢). After further modification with
OTMS, the WCA increased to 156° (Fig. 5d), showing excel-
lent superhydrophobic properties. The superhydrophobic char-
acter was achieved due to the combined effect of surface
roughness induced by TiO, particles and low surface energy
by OTMS.

Photocatalytic self-cleaning properties. The photocatalytic
activity of samples coated with TiO,, TCPP/TiO, and
OTMS/TCPP/TiO, were investigated quantitatively by expos-
ing the cotton samples containing adsorbed MB to visible-light
irradation. The change in concentration of MB was measured
by recording the UV-Vis spectra of cotton samples before and
after irradiation, and at different time intervals.
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Figure 5. Images attained after 5 pL water droplets were placed
on (a) pristine cotton, (b) TiO,-coated cotton, (c) TCPP/TiO,-
coated cotton, (d) OTMS/TCPP/TiO,-coated cotton.

The photocatalytic efficiency of the different samples has been
compared in Fig. 6. For comparison, a pristine cotton sample
was also studied. The straight line obtained for the pristine
sample indicates the absence of any photocatalytic activity by
cotton itself. The samples coated with TiO,, TCPP/TiO, and

1.0 S
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—e—(b) TiO,
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—*—(d) OTMS/TCPP/TiO,
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Figure 6. Degradation of methylene blue (MB) under visible-light
irradiation (5.02 mW cm™? irradiance): (a) pristine cotton, (b)
TiO,-coated  cotton, (c) TCPP/TiO,-coated cotton (d)
OTMS/TCPP/TiO,-coated cotton.

OTMS/TCPP/TiO, showed 60%, 75% and 86% degradation of
MB, respectively, after 8 hours of irradiation.

The enhanced photoactivity of TCPP/TiO,-coated fabrics as
compared to bare TiO,-coated fabrics is attritutable to the visi-
ble-light photosensitization of TiO, by the added porphyrin
dye. Excitation of dye molecules upon visible-light irradiation
results in electron injection into the conduction band of TiO,
leading to formation of free radical species such as O, radi-
cals in the presence of oxygen.** These radicals react with the
MB adsorbed on the surface of fabric decomposing it through
the bleaching processes. Interestingly, after modification of
TCPP/TiO,-coated samples by OTMS, an additional increase
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of about 10 % in photocatalytic activity was observed. This
can be accounted for by the reduced aggregation of MB ad-
sorbed on the fabric in presence of OTMS.

Fig. 7 shows a region of the visible absorption spectra of MB
adsorbed on cotton in presence of TiO,, TCPP/TiO, and
OTMS/TCPP/TiO,. The absorption peaks at 665 nm and 614
nm correspond to monomeric and aggregated forms (mostly
dimeric) of MB, respectively."**

In TiO, and TCPP/TiO,-coated samples, almost the same
amount of monomeric and dimeric forms of MB is present
(Fig. 7b and a), as the corresponding absorption peaks are
similar in height and intensity. In contrast, in
OTMS/TCPP/TiO,-coated samples (Fig. 6¢), the monomeric
form is dominant as a result of the presence of large absorp-
tion peak at 665 nm as compared to the smaller peak (dimeric)
at 614 nm. Monomeric form of MB is known to degrade faster
as compared to the dimeric form.”** Importantly then, the
presence of OTMS favours disaggregation of MB adsorbed on
the surface of fabric, allowing increase in photocatalytic activ-

ity.

0.8
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Figure 7. UV-Vis spectra of methylene blue adsorbed on: (a)
TCPP/TiO,-coated  cotton, (b) TiO,-coated cotton, (c)
OTMS/TCPP/TiO,-coated cotton. Peaks at 665 nm and 614 nm
correspond to monomeric and aggregated forms of MB, respec-
tively.

Coating stability study. For practical application, the durabil-
ity of the superhydrophobic coating on fabric is an important
factor. In our case, the coating consists of TiO,, TCPP and
OTMS. Titanium dioxide has been reported to show high af-
finity toward cotton,"* while TCPP binds well with TiO,
through its carboxylate groups.'® For evaluating the stability
of OTMS coating on the fabric, WCA’s were measured after
2,4, 6, 8 and 10 wash cycles (Supporting Information Fig.
S1). After 10 wash cycles, the water contact angle of the fabric
decreased slightly from 156° to 149° (Fig. 8). Hence, the mod-
ified cotton fabrics can retain their superhydrophobic character
after prolonged washing.
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Figure 8. WCA of OTMS/TCPP/TiO,-coated cotton fabrics as a
function of the number of wash cycles.

= CONCLUSIONS

We have successfully prepared cotton fabrics exhibiting both
superhydrophobic and visible-light photocatalytic activity.
This has been achieved by introducing anatase TiO, coating in
conjunction with TCPP on the fabric, followed by modifica-
tion with OTMS. OTMS/TCPP/TiO,-coated cotton fabrics
exhibited a WCA of 156°. The cotton fabrics also showed
considerable photodegradation of methylene blue under visi-
ble-light irradiation. Development of dual function self-
cleaning textiles offers great potential in view of practical
applications of self-cleaning.

ASSOCIATED CONTENT

Supporting Information. Measurement of water contact angles
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Supporting Information

Superhydrophobic and photocatalytic self-cleaning cotton

Shabana Afzal," Walid A. Daoud, ** and Steven J. Langford®

"School of Applied Sciences and Engineering, Monash University, Churchill, Victoria 3842, Australia
*School of Energy and Environment, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong

$School of Chemistry, Monash University, Clayton, Victoria 3800, Australia

Measurement of water contact angles for 10 wash cycles

a b c d e f
Fig. S1: Water contact angles of OTMS/TCPP/Ti0,-coated cotton samples; (a) 156°

before washing, (b) 155° after 2 wash cycles, (c) 152° after 4 wash cycles, (d) 151°
after 6 wash cycles, (e) 150° after 8 wash cycles, (f) 149° after 10 wash cycles
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CHAPTER 6: CONCLUSION AND PERSPECTIVES

6.1 Summary

In the field of renewable resources, the unique photocatalytic properties of titania
offer a great potential in the exploration of environment-friendly methods for the
degradation of organic contaminants.” This encompasses the creation of self-
cleaning surfaces.? From the fabrication of titania-based coatings immobilized on
hard materials, such as glasses and ceramics involving high-temperature methods,*
the research has now been extended to investigating coating substrates of low
thermal resistance, such as organic fibres.* By using a nanotechnological approach,
in conjunction with low-temperature sol-gel process, anatase-based self-cleaning
textiles have successfully been established and utilised.> However, the requirement
for titania excitation only in the ultraviolet region of the solar spectrum confines the
efficient utilisation of solar light. Hence, the self-cleaning capability of these textiles is

limited to a low percentage of the electromagnetic spectrum only.

At the onset of this project, this intrinsic limitation of titania was identified as one of
the major drawbacks in the field of self-cleaning textiles. Outside of dye-sensitised
solar cells (DSSCs), few research efforts were underway that aimed at finding
suitable methods to sensitise TiO, in the visible-region, let alone followed by
application to textiles. Of these efforts, notable advances included the fabrication of
visible-light driven textiles based on metal doping such as Fe and Au,® and non-
metal doping using triethylamine as a source of nitrogen to modify the electronics of
TiO,.

The research elaborated in this thesis represents a significant step forward in
establishing efficient visible-light active self-cleaning textiles. Following the dye-
sensitisation approach, the concept of “dye-sensitised textiles” has been introduced
for the first time as published in a series of advances in four articles shown as

Chapters 2-5.8 Amongst the various dyes on offer, porphyrins were particularly
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selected in our work because of their strong absorption bands in the visible spectrum,
relatively good chemical photostability (though this was evaluated through this
thesis), low cost of production and lower toxicity as compared to the conventional
ruthenium bipyridyl complexes which have been employed in DSSC technologies.
The ease of peripheral modification of porphyrins according to the requirements
(such as attachment, solubility, spectral properties) was yet another incentive to use
them in our experiments. Being a T-conjugated macrocycle with extensive
delocalization, porphyrins also exhibit long triplet state lifetimes and high quantum
yields capable of intersystem crossing, leading to an efficient electron injection into

the conduction band of TiO, upon excitation under visible-light.®

Self-assembled monolayers of meso-tetra(4-carboxyphenyl)porphyrin (TCPP) and
various metalloporphyrins (Fe, Co, Zn and Cu) were formed on anatase coated-
cotton fabric by a post-adsorption method with industrial applicability. The cotton
prepared by this method, coated by the porphyrin-sensitised photocatalyst exhibited
excellent self-cleaning properties as evinced by the degradation of methylene blue,

coffee and red wine stains under visible-light irradiation.

The ability of the carboxylate groups on TCPP to bind with TiO; facilitated its coating
on the fabric by a simple one-step thermal process. The binding of TCPP with TiO,
was ultimately confirmed by a red shift of 9 nm for Soret band in the UV-Vis
absorption spectrum of TCPP/TiO2-coated cotton. The observed peaks characteristic
of anatase found in the XRD spectrum of fabrics coated with TCPP and TiO,
supported the fact that TiO, had retained its crystallinity, in spite of the presence of
TCPP. Furthermore, fluorescence studies established strong evidence for an

efficient electron injection from porphyrin molecules into the conduction band of TiO,.

Despite possessing outstanding photosensitising properties, TCPP also exhibited
significant photobleaching, when exposed to extended periods of strong visible-light.
This major shortcoming was another source of motivation that directed our research
efforts towards exploration of the more stable derivatives which retain the
photocatalytic properties. Our  results indicated that meso-tetra(4-
carboxyphenyl)porphyrinato copper(ll) proved to be the most stable photocatalyst.
Unlike TCPP, Cu(ll)TCPP displayed significant stability under visible-light irradiation.
The enhanced photostability of Cu(ll)TCPP as compared to TCPP might be related
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to the paramagnetic nature of Cu in Cu(ll)TCPP, leading to the deactivation of its
excited state resulting in more recombination with no fluorescence emission and

thus making Cu(ll)TCPP less susceptible to photobleaching.™

In addition to the photocatalytic self-cleaning mechanism, we also attempted to
explore the addition of another surface phenomenon; the lotus/superhydrophobic
effect, combining the two remarkable self-cleaning approaches in textiles.! In nature,
lotus plants provide a perfect example of self-cleaning materials. Inspired by the self-
cleaning properties of lotus leaves, extensive research efforts have been dedicated
to the fabrication of superhydrophobic textiles.'® Surface modification of the textiles
was accomplished by optimising the surface roughness in conjunction with

incorporation of low surface energy materials.

Our research emphasis was to develop dual functional self-cleaning textiles capable
of exhibiting a complete set of self-cleaning properties. The extreme water
repellence attained by a superhydrophobic surface could repel the water soluble
impurities, whereas the accumulation of organic contaminants could be prevented by
TiO, photocatalysis. Hence, in the final phase of this research project, fabrication of
a new class of self-cleaning textiles is reported, that utilised these two effects

simultaneously.

Monolayers of meso-tetra(4-carboxyphenyl)porphyrin (TCPP) were formed on TiO»-
coated cotton by a simple post adsorption method, followed by hydrophobisation
with trimethoxy(octadecyl)silane (OTMS). The superhydrophobic cotton fabrics not
only exhibited excellent superhydrophobicity with water contact angle (WCA) of 156°
but also retained their significant photocatalytic activity under visible-light irradiation
by degrading methylene blue. Furthermore, only slight variation in WCA was
observed after 10 wash cycles indicating considerable durability of OTMS coating on
the fabric. Textiles with dual functionality of superhydrophobicity and visible-light

TiO, photocatalysis are promising for a wide range of self-cleaning applications.
6.2 Limitations of visible-light driven self-cleaning textiles

Whilst porphyrin-sensitised textiles may provide an efficient means of visible-light
photocatalysis, their application in the practical scenario is much more of a challenge.

Porphyrins were particularly selected in our study, as they are less hazardous in the
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case of skin contact as compared to the conventional highly efficient photosensitising
dyes. Evaluation of self-cleaning performance obtained from porphyrin/titania-coated
fabrics showed promising results, however the poor photostability of TCPP limited
their practical utilisation. This problem was resolved to some extent, when
photostable Cu(ll) complex of porphyrin was applied on the fabric. However, the
application of CuTCPP could result in inducing harmful effects on skin, as CuTCPP
is considered more toxic as compared to metal-free TCPP. Therefore, alternative
dyes need to be explored, which would be photostable and at the same time,

suitable to skin without any detrimental effects.

Another limitation associated with porphyrin-based self-cleaning textiles is the
incomplete utilisation of solar spectrum for harvesting light with subsequent
sensitisation of TiO,. The photocatalytic performance of TiO, could be maximised by
adding other dyes such as phthalocyanines. Phthalocyanines are also macrocyclic
organic compounds that are structurally related to porphyrins. They exhibit high
absorption molar coefficients around 300 nm (Soret band) and 620-700 nm (Q
bands).” In order to utilise a wider range of the solar spectrum, phthalocynanines
could be used to sensitise TiO, in fabricating self-cleaning textiles. However,

absorption is only one component of criteria for useful photocatalysis.

Although, the present method of coating dye on textiles, used in this research work
is simple, cost-effective and provided a proof-of-principle, aggregation of dye
molecules on the fabric surface, might have decreased the photocataytic efficiency.
Alternative methods of coatings could be used such as atomic layer deposition. By
adopting this method, dye aggregation could be prevented, as the single layer of dye
molecules of uniform thickness is deposited on the surface of fabric in atomic layer
deposition.

The superhydrophobic/photacatalytic textiles present an interesting example of blend
of hydrophobic and hydrophilic approaches, encompassing the primary phenomena
of self-cleaning. However, the methodology of coating comprised layer-by-layer
deposition of TiO,, TCPP and OTMS which is a tedious process. This complex
method of coating could be simplified by using hydrophobic analogues of dyes such

as fluoroalkyl-substituted porphyrins. Hydrophobic porphyrins would probably
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sensitise TiO, in the visible region of spectrum and at the same time impart

superhydrophobicity to the fabrics.
6.3 Future of self-cleaning textiles

Recent developments in the technology of self-cleaning coatings lead to
commercialisation of many products, suitable for a wide range of applications.
Utilising the photocatalytic properties of titania, Pilkington Glass announced the
development of the first self-cleaning windows, Pilkington Activ’™ in 2001. It
comprised of a 20—-30 nm layer of nanocrystalline anatase TiO, deposited by an
atmospheric pressure CVD technique onto soda-lime silicate float glass.1 Later on,
several other glass companies released similar products including Sunclean™, SGG
Aquaclean (first generation) and Bioclean (2" generation). TOTO Ltd. manufactured
Hydrotect™ outdoor tiles and paint to be applied on buildings." However the
development of commercially viable nanocrystalline TiO, based coatings on organic

substrates such as textiles is still at infancy stage.

Limitation of TiO, photoactivity to UV radiation is only one of the aspects addressed
in this thesis. There are many other factors need to be considered in future to bring
them to market. These include the removal of degraded products from the surface of
fabrics, low resistance of nanoparticles against washing, negative effect on
mechanical properties such as tensile strength, tearing strength, softness and
abrasion resistance and harmful effects of TiO, nanoparticles on environment during

their release in the recycling stage of fabrics.™

Superhydrophobic textiles have also been commercialised. Nano-Tex LLC has
marketed a cotton-blended fabric, named Nano-Care."® It has whisker-shaped 10 nm
molecules of a fluorinated monomer copolymerised with a carboxylic acid oligomer
which are converted to the anhydride to react with the fibre. The brand Nao-Pel is
similar to Nano-care, designed for wool fabrics."”®> Schoeller Textles AG has
introduced its NanoSphere technology which imparts water repellency, soil-repellent,
anti-adhesive and self-cleaning properties.’ It involves formation of micro-rough
three-dimensional surface structures from which water, dirt and oil simply roll off.
However, durability of these coatings is the main barrier, limiting their application for

long-term usage.
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Overall, in this research work, successful outcomes have been acquired by
introducing porphyrins in the form of coatings on textiles. Whilst still far from being a
marketable product, the results obtained provide compelling evidence as a ‘proof of
concept’ for developing porphyrin-sensitised textiles coupled with the lotus effect.
Future of these dual functional (photocatalytic /superhydrophobic) textiles seems to
be quite promising, offering huge potential in commercialisation of innovative textiles

with high value added functional performance levels.
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