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

This   is  examiner’s  opinion.     We   think   it  
is relevant. 

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

The statement has been revised with 
more   relevant   reasoning.   “The higher 
photocatalytic efficiency of anatase is 
attributed to the fact that anatase has 
higher oxygen exchange ability as 
compared to rutile”. 

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

The statement has been revised: 
“photocatalysis involves continuous 
photoelectro-chemical and electro-
chemical reactions which involve 
generation of electrons and holes.” 

5 page 6 – Figure 1.3 caption requires more detail, as do many of the 
captions in chapter 1. In all cases the caption should be all the reader 
needs to read to understand the figure, reading through the text should not 
be required.  In regards to the figures – while a reference is given,  shouldn’t  
copyright have been obtained (and noted) to use these figures in the 
thesis? 

This   is   examiner’s   opinion   and  we   feel  
this is not necessary.  Where needed, 
each diagram is referenced to the 
original work. 

6 page 12 – There is discrepancy between the text and figure. The text states 
complete photo-decomposition was obtained after 4 hours, whereas the 
figure shows C/C0 to be > 0.4. Just because the graph/experiment ends at 
4 hours does not mean that complete decomposition has occurred. (Note 
this is also an issue raised in the results and discussion chapters.) 

The   statement   has  been   revised:   “55% 
photodecomposition of Neolan Blue 2G 
was obtained after 4 hours of visible-
light irradiation on 0.25% Fe-TiO2 
coated cotton samples.” 

7 page 13 – Figure 1.9 – the presence of the stain is not apparent on the 
pristine cellulosic fabrics, but the presence of TiO2 makes the stain more 
prominent. Why is this the case? 

Presence of TiO2 makes the stain more 
prominent as compared to pristine 
because TiO2-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  
coated from N/TiO2 sol showed considerable photoactivity by degrading 
methyl orange under visible-light  irradiation  for  120  minutes”  would  suggest  
total degradation of the methyl orange at 120 minutes, not the ~0.3 C/C0 
seen in the graph. 

The   statement   has   been   revised:   “The 
cotton fabric coated from N/TiO2 sol 
showed considerable photoactivity 
(70%) by degrading methyl orange 
under visible-light irradiation for 120 
minutes. 

9 page 30 – check reference to Figure 1.24 (which occurs before reference to 
Figure  1.23)  as  this  doesn’t  correlate  to  the  actual  Figure  1.24. 

Examiner missed the reference earlier 
in the section. 

10 page 45 – C and C0 should be defined C is the concentration of methylene blue 
after irradiation at different time 
intervals, whereas, C0 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, 
which is not what the graph indicates. Why is it that Figures 5 and 8 are 
plotted down to 0.1C/C0 and  not  0?  Please  check   the  claim  of   “complete  
degradation”  in  all  the  results  chapters. 

The instrument is not sensitive enough 
to measure absorbance values below 
0.1 accurately, therefore we have 
considered 0.1C/C0 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 – 
“our  results  showed  38%,  67%,99%  and  79%  degradation…” 

% degradation values are calculated 
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 
on the TiO2 coated cotton (Figure 2b). What is this due to? 
 

We believe that these peaks stem from 
either impurities or background noise. 

14 page 56 – why would there be strong association between FeTCPP 
molecules and TiO2 compared with CoTCPP and ZnTCPP. This should be 
explained. 

The highest value of Stern-Volmer rate 
constant (Ksv), observed for FeTCPP 
could account for the strong association 
between FeTCPP molecules and TiO2 
as compared to CoTCPP and ZnTCPP. 
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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 
TiO2. 

16 page 65 – why would petroleum ether washing increase the absorbance of 
the FeTCPP sample? 

For the normalized spectra, there is no 
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 a), b), c) etc. labelling within the image. 

The scale bars values are; a, b & c = 
magnification (5000), thickness (1µm), 
WD (10 mm), 15.0 kv SEI,  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  
CuTCPP”  – this is not what the slope of the graphs would indicate. 

We have calculated from the slope that 
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 
masked. 

The caption cannot be amended in the 
already published work. 

20 page 73 – when CuTCPP leached in petroleum ether this was claimed that 
it could be due to the weak interactions between carboxylate groups of dye 
and TiO2, affected by the change in the polarity of medium. On page 58 
when FeTCPP leached in detergent and water this was attributed to weak 
interactions between the dye carboxylate groups and TiO2 due to the 
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? 
 

The exact reason for leaching in 
different media is unknown at this stage. 
The statement cannot be modified 
further, as the section is a part of 
published work. 

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 
needs to be explained. 

The statement is referenced in the 
introduction of the chapter 5. 

24 page 85 Figure 6 – why is the time required for photodegradation so much 
longer than the previous chapters? 

In the solid phase, usually the reaction 
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  
irrelevant as the photocatalytic degradation of organics is being studied, 
not, say, the photocatalytic production of H2. 

The statement has been modified. 
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the award of any other degree or diploma at any university or equivalent institution 
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text of thesis.  
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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 TiO2, 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(II) (CuTCPP) showed enhanced photostability 

as compared to the  high performing free-base porphyrin (TCPP). 

 



IX 
 

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. 
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Abbreviations and Acronyms  
 
 

Abbreviations and Acronyms Name 
 
CB     Conduction band 

CoTCPP    meso-tetra(4-carboxyphenyl)porphyrinato cobalt(II) 

CuTCPP     meso-tetra(4-carboxyphenyl)porphyrinato copper(II) 

DMF     Dimethylformamide 

DSSC      Dye-sensitised solar cells 

FeTCPP    meso-tetra(4-carboxyphenyl)porphyrinato iron(III) 

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(II) 

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(II) 

ZnTCPP    meso-tetra(4-carboxyphenyl)porphyrinato zinc(II) 

η     solar- to-electric energy conversion efficiency 

ηc     Quantum efficiency 

λ  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,2 glass-windows,3 cement,4 anti-

fogging 5 and anti-biofouling surfaces.6 In fact, the concept of self-cleaning surfaces 

has now been applied to textiles and is considered an important advance in smart 

clothing.7  

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.8 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.9  

 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.10 
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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, TiO2 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 O2 as an oxidising species.12 For example, 

anatase exhibited three times faster rate of reaction for photocatalytic oxidation of 

cyclohexanone, as compared to that of rutile.12 The higher photocatalytic efficiency 

of anatase is attributed to the fact that anatase has higher oxygen exchange ability 

as compared to rutile.13 In addition, anatase has a relatively lower electron-hole 

recombination rate as compared to rutile.12 

 

 

 

Figure 1.1: Crystalline forms of TiO2.11 

 

Heterogeneous photocatalysis is generally considered as a catalytic photochemical 

reaction that, in the case of TiO2, takes place on the surface of the semiconducting 

materials.14 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 CeO2, Ta2O5, Nb2O5 and TiO2 upon illumination.15  
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1.3 Practical applications of TiO2 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 TiO2 powders to oxidise hydrocarbons and 

alcohols and found that anatase was more active than rutile.17 In 1972, Fujishima 

and Honda discovered the ability of TiO2 to generate hydrogen and oxygen by water 

splitting.9 The first reported use of TiO2 for the purification of water by photocatalytic 

decomposition of pollutants converted cyanide and sulphite to cyanate and sulphate, 

respectively,  by photocatalytic oxidation.18  

Since 1972, photocatalysis has continued to expand in both  selective19 and 

unselective20 oxidations of organic compounds for water and air purification. In such 

systems, powerful UV light is required.  In water purification systems, removal of 

TiO2 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 TiO2 

surfaces. This initiated the development of self-cleaning, self-sterilising solid 

surfaces.21 Under such conditions, it was necessary to develop ways to coat various 

materials with TiO2 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 TiO2 have a filled valence band and an 

empty conduction band. 
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Figure 1.2: Applications of TiO2 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 

TiO2 (anatase), Eg is 3.2 eV. When TiO2 is irradiated with photons of energy; UV light 

(λ  < 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 TiO2, 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.10 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. CO2 and H2O (Figure 1.3). 
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Figure 1.3: Mechanism of TiO2 photocatalysis. 

 

1.5 TiO2; 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, O2
•– and H2O2.22 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 Fe2O3 (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.23 An 

efficient photocatayst for degradation of organic pollutants is ZnO (3.2 eV) but 

unfortunately it undergoes photocorrosion in acidic aqueous conditions.24 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.25 
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Figure 1.4: Band gap energies of various semiconductors.26  

 

1.6 TiO2-based self-cleaning textiles 

The discovery of the photocatalytic properties of titania has brought with it new 

opportunities towards the concept of self-cleaning.7 From the development of self-

cleaning glass, ceramics and metals, research has now been extended to fabrication 

of self-cleaning textiles.27 Clothes that can clean themselves, without the use of 

laundry detergent, can no longer be regarded as unrealistic. 

Based on nano-crystalline TiO2, a number of self-cleaning textiles have successfully 

been developed using cotton,28 wool29 and polyester.30 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.28 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 TiO2 (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.31 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.32  

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 TiO2.33, 34 For example, cotton 

fabrics have been activated physically by RF, MW and UV plasma,33 inducing 

negatively charged functional groups such as carboxylates (-COO-) and 

peroxyanions (–OO-) on the textile surface. These functional groups have strong 

affinity to bind with TiO2 particles. Cotton fibres have shown to exhibit significant 

photocatalytic efficiency for mineralisation of coffee, red wine, make up and grease 

stains under daylight irradiation.33 Chemical spacers such as poly-carboxylic acids 

have also been used on cotton textiles.34 These spacers attach to the hydroxyl 

groups of cellulose by forming esters. In such a system, TiO2 particles bind to the 

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

 

 

 

Figure 1.5: Esterification of cellulose with the carboxylic group of the spacer leads to an 
attachment point to TiO2.34 
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The self-cleaning performance of polyester fibres30 and wool-polyamide textiles35 

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 

TiO2 colloid solution has been found to degrade red wine stains under UV 

irradiation.36  

A self-cleaning wool capable of degrading organic pollutants under UV irradiation 

has also been developed.29 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). 

 

 

Figure 1.6: Succinylation of keratin.29 
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Table 1.1 summarises the literature regarding self-cleaning textiles based on TiO2 

photocatalysis. 

Table 1.1: Self-cleaning textiles based on TiO2 photocatalysis. 

Source of 
irradiation 

Textiles Photocatalyst 
Stain used/ 
irradiation time 
 

Irradiance 
(mW/cm2) 

 
UV 
(365 nm) 

Cotton28 Anatase TiO2 
Neolan blue 2G (8 h),  

Wine, coffee (20 h) 

1.3  

95 

Polyester 

fibres30  
Anatase TiO2 

Neolan blue 2G (3 h), 

Coffee (12 h), Wine (5 h) 

1.3  

95 

Wool29  Anatase TiO2 
Methylene blue (15 h), 

Wine (20 h) 

45 

45  

Cotton31 Degussa P-25 
Gaseous Ammonia  

(50 min) 
 

 
Solar simulated 
light  
(290-3000 nm) 

Cellulose 

fibre32  
Anatase TiO2 

Methylene blue  (20 h) 

 
50  

Polyester,  

wool 37 

Rutile/Anatase/ 

SiO2 

Coffee, make up, grease  

(24 h) 
50  

Cotton 38  Ag/SiO2/TiO2 Wine (24 h) 50 

Visible-light (λ> 
400 nm) 
 

Cotton 39  Au/SiO2/TiO2 Wine, Coffee (20 h) 95 

Cotton 40 Fe/ TiO2 Neolan Blue 2 G (4 h) 50 

Cotton 41 TEA/Ag/TiO2 
Methyl orange  

(120 min) 
 

 

1.7 Limitations and possible solutions 

Titanium dioxide is a benchmark for UV photocatalysis only. Anatase TiO2, which is 

the most photoactive phase of TiO2, only absorbs UV light at wavelengths shorter 

than 380 nm.42  As a result of its wide band gap (3.2 eV), TiO2 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 
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(Figure 1.7).43 Therefore, visible-light active titanium dioxide photocatalytic systems 

are needed for outdoor applications in daylight and indoor applications as well.44 

 

 

Figure 1.7: The solar spectrum.43 

 

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 metals45 or non-

metals,46 coupling TiO2 with other semiconductors of a narrow band gap47 and dye- 

sensitisation.22  

1.8.1 Band gap modification by transition metal doping 

Transition metal ion doping such as Fe3+, Cr3+, Co2+, V4+ and Mo5+ can enhance the 

photocatalytic activity of TiO2 towards visible light.45, 48 Transition metal doping can 

improve the visible-light photocatalytic efficiency of TiO2 through different 

mechanisms, which includes the introduction of new impurity states within the band 

gap of TiO2, overlapping of the conduction band of TiO2 with d orbitals of transition 

metals and reduction in recombination rate by separation of electron hole pairs.22 

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 
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recombination during illumination.45 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.49 

Doping of Fe through an ion-implantation technique has produced more pronounced 

effect into the band edge of TiO2 to visible light than Fe doping by the sol-gel 

method.50 Vanadium-doping by means of the sol-gel method has also shown better 

photocatalytic rates under visible-light irradiation along with increased 

hydrophilicity.51 Visible-light activities have been demonstrated for Pt-doped TiO2 

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 TiO2 to absorb visible-light.52 The photocatalytic degradation of 

rhodamine 6G has also been investigated using Ag-doped TiO2.53 The silver ions 

suppress the recombination by quick scavenging of the photogenerated electrons. 

 

 

Figure 1.8: Photocatalytic degradation of Neolan Blue 2G in an aqueous solution as a function 
of visible-light irradiation time for different substrates.40 

55% photodecomposition of Neolan Blue 2G was obtained after 4 hours of visible-

light irradiation on 0.25% Fe-TiO2 coated cotton samples (Figure1.8).40 In the case of 

Au/SiO2/TiO2 coated cotton, significant discolouration of coffee and red wine stains 

was achieved after 24 hours of visible-light irradiation (Figure1.9).39 
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Figure 1.9: Degradation of red wine and coffee stains on control (pristine cellulosic fabrics), 
TiO2 and Au/TiO2/SiO2-coated fabrics before and after visible-light irradiation.39 

 

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 TiO2 matrix.46, 54 Among them, 

N-doping has been extensively investigated. N-doped TiO2 has been prepared by 

variety of methods which include physical methods such as magnetron sputtering,55 

implantation,56 high temperature sintering of TiO2 under nitrogen atmosphere,57 

chemical methods such as sol-gel,58 hydrothermal treatment in the presence of a 

precursor containing ammonia or organic amines.59 However, preparation routes 

play an important role in determining the characteristics of the visible-light absorption 

band of doped TiO2. For example, dopants can act as recombination centres, thus 

decreasing the photocatalytic efficiency of TiO2 under visible-light.60  

Different mechanisms have been reported in the literature regarding visible-light 

activity of TiO2 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.46 Contrary to this, others suggest the isolated N 2p 

states are formed above the valence band maximum of TiO2, responsible for band 

gap narrowing in N-doped TiO2.61 It has also been proposed that in doped TiO2, 

nitrogen produces oxygen-deficient localised states, which induces visible-light 

absorption.62 As compared to single non-metal atoms doping, co-doping with two 

non-metal atoms such as N and S,63 N and C,64 N and B,65 and N and F,66 have 

shown more beneficial effects. Improvement in visible-light efficiency can be due to 

synergistic effect of the two non-metals.22 
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Long and co-workers have used triethylamine (TEA) in combination with AgI to 

synthesise N-doped TiO2 sols.41 The cotton fabric coated from N/TiO2 sol showed 

considerable photoactivity (70 %) by degrading methyl orange under visible-light 

irradiation for 120 minutes (Figure 1.10). 

 

 

Figure 1.10: Photocatalytic activities of (a) cotton, (b) TiO2/ cotton, (c) N/TiO2 cotton and (d) 
Ag/N/TiO2 cotton.41 

 

1.8.3   Semiconductor coupling 

Coupling semiconductors with narrow band gaps to TiO2 represents another 

promising approach that can be utilised to extend the photocatalytic response of 

TiO2 in the visible region of the electromagnetic spectrum.22 In a coupled 

semiconductor system, a small band gap semiconductor absorbs visible-light and 

thus acts as a photosensitiser for TiO2.  The sensitised semiconductor injects 

electrons into the conduction band of TiO2, which can move to the surface of TiO2 

and produce reactive oxidative species.  

Semiconductors like Bi2S3,47 CdS,67 CdSe,68 V2O5
69 and CdO70 have been reported 

to sensitise TiO2 in the visible spectrum. Efficient electron transfer between 

sensitiser and TiO2 depends on the potential difference of their conduction bands.68 

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 Bi2S3 (-0.76 V), CdS (-0.95 V) and CdSe (-1.0 V) are more 

negative than that of TiO2 (-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.68 For example, significant degradation of 4-
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chlorophenol has been observed by using CdSe quantum dots coupled with TiO2 

under visible-light illumination.68 

Similar to the activation of TiO2 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.22   

1.8.4   Dye-sensitisation 

Photosensitisation of TiO2 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.71 However, because of its 

diverse applications, research regarding dye-sensitised applications in 

photocatalysis has also been growing over the past decades.72 

In this form of sensitisation, the dye is usually adsorbed on the TiO2 surface through 

electrostatic, hydrophobic or chemical interactions.22 Sensitisation usually occurs by 

excitation of dye molecules under visible-light illumination and then subsequent 

electron injection into the conduction band (CB) of TiO2. 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 TiO2, as shown in Figure 1.11.  As the LUMO of the dye molecules has 

more negative potential compared, to the CB potential of TiO2, electrons can be 

easily injected into the CB of TiO2 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 TiO2 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: 

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

catalyst itself; 

 The absorption properties of the dye should cover a broad spectral range 

(390-800 nm); 

 The dye should have a low chance for recombination (less 

photoluminescence); 

 The dye should allow a high rate of electron injection to TiO2 i.e. the dye 

possesses functional groups capable of strong binding with TiO2 to enhance 

charge transfer;  

 The dye should possess a high quantum yield; 
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 The excited-state lifetime of the dye should be long enough lived to allow 

efficient charge transfer to TiO2. 

Various dyes have potential to be used for the photosensitisation of TiO2 such as 

ruthenium bipyridal complexes, coumarins, squarines, perylenes, porphyins and 

phthalocyanines (Figure 1.12).73 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 TiO2 in dye sensitised solar cells.74 However, due 

to their limited availability and harmful impacts on the environment, cheaper and 

safer alternate dyes are being investigated such as porphyrins75 and 

phthalocyanines.76 Other dyes such as erthrosine B,77 rose bengal,78 eosin,79 and 

acid red,80 have been found to be efficient but unstable.  

 

 

Figure 1.12: Dyes potentially useful for the sensitisation of TiO2. 

 



 Chapter 1: Introduction 
 

18 
 

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,82 low cost of production and lower toxicity.75 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.83 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),85 porphyrins have been 

studied as promising candidates for their applications in molecular electronic and 

photonic devices,86 dye-sensitised solar cells 73b and for photocatalytic degradation 

of organic compounds, when coupled with TiO2.82 

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.87  

 

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 TiO2 powder. These 

efforts include photodegradation of acid chrome blue K,89 rhodamine b,90 atrazine,91 

4-nitrophenol,92 methylene blue,93 2,4-dichlorophenol94 and acid orange.95 More 

recently, self-cleaning glasses based on mesoporous TiO2 films impregnated with 

meso-tetrakis(4-sulfonatophenyl)porphyrin have been developed for visible-light 

indoor air oxidation.96   

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 TiO2 based on porphyrin 
sensitisation 

Apart from the influence of a particular dye on the photocatalytic efficiency of TiO2, 

there are many other factors that can alter the photocatalytic efficiency of TiO2. 

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.99 Comparison of the photochemical properties and 

photosensitisation phenomenon for three free-base porphyrins with different 

functional groups has also been reported.99a 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 TiO2. 

Catalyst Porphyrin 
Stain used/ 
Irradiation time 

% age 
degrd. 

Irradiance  

Composite 

TPP90 
Rhodamine B  

(30 min) 
51 % 

200 (W)  

Incand. Lamp 

NiTPP,   

ZnTPP93 

Methylene blue  

(6 h) 

95%, 

90% 
3 (mW/cm2) 

NiTPP94 
2,4-dichlorophenol  

(4 h) 
81% 0.16 (mW/cm2) 

TCPP89 
Acidchrome blue K 

(30 min) 
95% 

200 (W)  

Incand. Lamp 

CuTCPP91 
Atrazine  

(60 min) 
82%  

CuTCPP97 
Methylene blue 

(45 min) 
59% 

200 (W)  

Incand. Lamp 

Coating 
(glass wool) 

TCPP98 
Acetone  

(30 min) 
25% 1 (mW/cm2) 

Coating  
(glass) 

TSPP96 
Acetaldehyde  

(120 min) 
19% 0.02 (mW/cm2) 
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Figure 1.15: Structure of a porphyrin with different functional groups.99a 

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).99a 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.99a 

Dye 
λ  max (nm) (in 
presence of TiO2) 

IPCE  
(%) 

Voc 

 (mV) 
I sc  

(µA) 
η  
(%) 

 
TCPP 

422 (S), 

523, 559, 596, 653 (Q) 
40 360 2700 0.36 

 
TSPP 

422 (S), 

521, 555, 596, 654 (Q) 
10 290 630 0.04 

 
TPP 

418 (S), 

518, 551, 592, 649 (Q) 
 2 340 320 0.006 

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 TiO2 can be evaluated by comparing the energy difference 

between the conduction band of TiO2 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 TiO2 is expected by TCPP.99b 

 

 

Figure 1.16: Energy level diagram describing the conduction and valence bands of TiO2 and 
energy levels of different porphyrins.99b 

 

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 TiO2.82 Porphyrin complexes with 

three different metals: iron, manganese and copper were synthesised and then 

impregnated with TiO2. These TiO2/metal complexes samples were tested for the 

photocatalytic degradation of 4-nitrophenol in aqueous solutions. TiO2 impregnated 
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with copper(II) porphyrin showed the highest photoreactivity as shown in Table 1.4. 

Only a slight beneficial effect was observed with iron(III) porphyrin, while the 

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

 
 

Table 1.4: Photocatalytic degradation of 4-nitrophenol (4-NP).82 

Sample 
Amount of 
sensitiser (µM) 

Initial reaction 
rate (mol L-1 s-1)  

Quantum 
efficiency (ηc) 

TiO2  501 0.79 

H2Pp 6.65 606 0.95 

 
CuPp  
 

5.55 

6.65 

8.35 

1225 

1162 

1087 

1.93 

1.83 

1.71 

 
FePp  
 

3.49 

7.44 

13.64 

617 

544 

535 

0.97 

0.86 

0.84 

 
MnPp  
 

3.30 

6.65 

13.30 

 

385 

399 

367 

0.61 

0.63 

0.58 

ηc = 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 TiO2. Too high or too low 

concentration is not suitable for achieving maximum photocatalysis. In this case a 

copper(II) porphyrin with a concentration of 5.55 µM g-1 of TiO2 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 TiO2 is also influenced by 

the spatial positioning of the substituents on the porphryin molecules.100 Two series 

of meso-substituted porphyrins with 3-phenoxy-propoxyphenyl substituents at the 

ortho and para-positions and their metal complexes [cobalt(II), zinc(II) and 

copper(II)] 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). 

 

 

 

 
 

Figure 1.17: Chemical structures of porphyrins with substituents at ortho and para-
positions.100 

 

 
 
 
 
 
 

 



 Chapter 1: Introduction 
 

25 
 

 

Table 1.5: Photocatalytic degradation of 4-nitrophenol (4-NP).100 

Samples 
meso-phenyl 
substituent  

Initial reaction rate 
(mol L-1 s-1)  

% age degrd. of  
4- NP  

TiO2  0.16 5.1 

H2Pp 
Para  

Ortho 

0.16 

0.25 

4.5 

7.1 

ZnPp 
Para 

Ortho 

0.40 

0.55 

7.6 

10.2 

CoPp 
Para 

Ortho 

0.57 

0.87 

10.2 

18.0 

CuPp 
Para 

Ortho 

9.67 

10.80 

91.9 

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.101 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 1970.101  

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).102 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.8 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.102 

 

Based on the self-cleaning properties of the lotus leaf, scientists have fabricated 

artificial superhydrophobic surfaces.8 In designing such surfaces, two important 

factors are considered, surface energy and surface roughness.103 Hydrophobicity is 

usually obtained with low surface energy materials such as organic silanes, 

fluorinated silanes, alkyl amines and silicates.104 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 

wet chemical reactions,105 self-assembly,106 sol-gel methods,107 layer-by-layer 

deposition,108 polymerisation reactions,109 electrochemical deposition,110 chemical 

vapour deposition,111  electro-spinning,112  plasma-etching113 and laser treatment.114  

The concept of superhydrophobic textiles was introduced in 1945, when alkyl silanes 

were used as low surface energy materials to hydrophobise fabrics.115 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.116 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.117 Thin films of teflon were 

deposited onto cellulose fabrics by pulsed laser deposition that conveyed  additional 

roughness to cellulose fabrics at nano-meter scale.114  
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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.118 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 

applied such as nanoparticles,119 nanorods,120 and nanowires.121 A simple and 

robust method for preparing superhydrophobic films with a dual-size hierarchical 

structure from raspberry shaped particles has been reported and summarised in 

Figure 1.19.119b 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  μL  droplet  was  3°. 

 

 

 

Figure 1.19: Superhydrophobic films based on raspberry-like particles.119b 
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Durable superhydrophobic textiles with a WCA of 170° have also been fabricated.122 

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). 

  

 

 

Figure 1.20: Schematic presentation of the preparation of superhydrophobic surfaces on 
cotton substrate.122 

 

In this process, strong covalent bonds were formed between amino groups of the 

SiO2 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).103 

Polybutylacrylate (PBA) grafted carbon-nanotubes were used as building blocks to 

biomimic the surface microstructures of lotus leaves at the nanoscale level. Cotton 

fibres 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.103 

 

In addition to using silica, other nanocrystalline oxides have also been used to create 

rough surface textiles such as TiO2,123
 ZnO,123b and CeO2.124 By adopting a simple 

sol-gel method, bi-functional cotton textiles exhibiting superhydrophobicity and UV-

shielding properties have been fabricated using CeO2 sol coating, followed by 

modification with dodecafluoroheptyl-propyl-trimethoxysilane (DFTMS) (Figure 

1.22).124 

 

 

Figure 1.22: Fabrication of superhydrophobic surface on cotton substrate.124 
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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.125 

An Indium hydroxide [In(OH)3] nanocube film using a simple amino acid-assisted 

hydrothermal process has been fabricated that showed a WCA of 150°.125e 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).125f The films 

exhibiting a WCA of 162°, showed complete degradation of resazurin dye under UV 

light (Figure 1.23). 

 

 

Figure 1.23: (Left) SEM image of a polymer film with embedded anatase TiO2 nanoparticles, 
(Right) UV-Vis spectra of superhydrophobic polymer films exposed to a resazurin dye under 

UV-irradiation.125f 

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).125g 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).125g 

 

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 TiO2 photocatalysis and the lotus-effect cleaning phenomena. The specific 

objectives of this research project are given below: 

Objective I 

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 visible-light activation of TiO2 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 TiO2-coated cotton will 

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

 

Figure 1.26: Chemical structure of methylene blue. 

 

Objective II 

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. 

 

Figure 1.27: Chemical structure of trimethoxy(octadecyl) silane (OTMS). 
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Self-assembled monolayers ofmeso-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 TiO2/

TCPP-coated cotton fabrics exhibit superior visible-light self-cleaning performance as compared to

bare TiO2-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 (TiO2) 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.1 Due to its non-toxicity, low cost, chemical

stability and high oxidizing ability, anatase TiO2 has been

regarded as the most promising environment-friendly photo-

catalyst.2 In fact, the application of TiO2 in self-cleaning textiles

has received increasing attention in recent years.2a In this regard,

extensive research has been carried out to grow TiO2 nano-

crystals on natural and synthetic fibres,3 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.4 However, pure TiO2 can only

absorb UV light of wavelength equal or below 385 nm due to its

wide band gap (3.2 eV).5 In order to extend the light absorption

of TiO2 toward the visible region, various strategies have been

implemented including doping TiO2 with metals, such as Ag, Au,

Fe and Gd,6 and non-metals, such as C, N and S.7

Dye-sensitization has been considered as an alternative

approach to induce visible-light photocatalysis.8 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.9 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 TiO2 is particularly interesting

because of their high light absorption coefficient and high pho-

tostability as compared to other dyes.10 Porphyrins have strong

absorption in the 400–450 nm region (Soret band) and weak

absorption in the 500–700 nm region (Q bands).11 Many research

efforts have recently been devoted to investigate the effect of

porphyrins and metal porphyrins on visible-light sensitization of

TiO2 powder. These efforts include photodegradation of acid

chrome blue K, rhodamine B, atrazine, 4-nitrophenol, methylene

blue, 2,4-dichlorophenol and acetaldehyde.12

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 TiO2 in self-

cleaning cotton showing significant photocatalytic activity under

visible-light as compared to bare TiO2. Transparent thin layers of

nanocrystalline anatase TiO2 were formed on cotton fabric by

a dip-pad-dry-cure process,4b whereas self-assembled monolayers

of TCPP dye were formed on TiO2-coated cotton by a post-

adsorption method,12c 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 TiO2/TCPP-coated cotton

For the preparation of anatase TiO2 colloid, a solution of tita-

nium tetraisopropoxide and acetic acid was added dropwise to

acidified water (HNO3 ¼ 1.4%). The mixture was vigorously

stirred at 60 "C for 16 h. The as-prepared sol was used to prepare

TiO2 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
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TiO2 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, TiO2-coated fabrics were dipped in TCPP

solution of different concentrations (200, 100, 20, 5 and 1 mM) 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 TiO2 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 TiO2/

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 # 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), TiO2/TCPP-coated cotton pieces (1 g, 1 # 1 cm) were

immersed in beakers containing acidified MB (20 ml, 15.6 mM,

pH ¼1). The beakers were irradiated by visible-light for 110 min

using fluorescent lamp, (30 W, 5.02 mW cm!2 irradiance) con-

taining small UV content (0.01 mW cm!2 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 # 5 cm) coated with TiO2, TCPP and TiO2/

TCPP were stained with coffee (20 ml, 1.8 g of coffee/150 ml of

hot water) and red wine (20 ml). After air-drying, the samples

were irradiated by visible-light for 16 h using fluorescent lamp

(30W, 5.02 mW cm!2 irradiance).

2.4. Stability study

The stability of TiO2/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,

TiO2/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 TiO2 and TCPP, whereas in the

Scheme 1 Formation of self-assembled monolayer of TCPP molecules

on TiO2-coated cotton. (a) Treatment of pristine cotton with TiO2 colloid

(dip-pad-dry-cure method) to form TiO2 coatings on cotton. (b) Treat-

ment of TiO2-coated cotton with TCPP solution in DMF to form TCPP/

TiO2-coated cotton.

Fig. 1 FESEM images of pristine cotton (a and b), TiO2-coated cotton

(c and d), TiO2/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 TiO2 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 TiO2/TCPP-

coated samples, the TiO2 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 TiO2,

UV-Vis spectra of TCPP in DMF and TCPP adsorbed on cotton

were recorded in the absence and presence of TiO2 (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 TiO2-coated cotton the absorption is shifted by 9 nm to

427 nm (Fig. 2c). This red shift can be attributed to the strong

interaction between the carboxylate groups of TCPP and the

cationic TiO2 surface. For TCPP adsorbed on TiO2 particles,

a red shift of !8 nm has been reported in literature.13 For TCPP

adsorbed on cotton in absence of TiO2, 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/TiO2-coated cotton

(Fig. 2b, c). However, in the presence of DMF (Fig. 2d) these

peaks are quenched due to the interaction of TCPPwith the polar

solvent.13c

3.3. XRD spectroscopy

The crystallanity of titania particles coated on the cotton fabric

was studied by XRD. In the diffraction patterns of TiO2-coated

cotton and TiO2/TCPP-coated cotton, the three peaks at 2q ¼
25.4#, 38.0# and 48.0# indicate the presence of the anatase phase

of TiO2 (Fig. 3). The observed characteristic peaks of anatase

TiO2 in TCPP/TiO2-coated cotton indicate that TiO2 has

retained its crystallinity in the presence of porphyrin. However,

the intensity of anatase peaks is very small in TiO2-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.4b

3.4. Fluorescence spectroscopy

Steady-state fluorescence quenching experiments were conducted

to measure the efficiency of electron injection from the dye

molecules into TiO2 (Fig. 4). The fluorescence spectrum of 20 mM
TCPP adsorbed on pristine cotton displays two emission peaks at

653 and 718 nm. For TCPP adsorbed on TiO2-coated cotton,

there was a considerable decrease in the intensity of the emission

Fig. 2 UV-Vis spectra of pristine cotton (a), TCPP adsorbed on cotton (b), TCPP adsorbed on TiO2-coated cotton (c), TCPP in DMF (d).

Fig. 3 XRD spectra of cotton (a) pristine, (b) TiO2-coated, (c) TiO2/

TCPP-coated (a, anatase).
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peaks, as compared to TCPP adsorbed on pristine cotton. The

decrease in emission intensity can be attributed to quenching by

TiO2, suggesting an efficient photoinduced process from TCPP

to TiO2 nanoparticles.

3.5. Self-cleaning performance

3.5.1. Photocatalytic degradation of methylene blue. The self-

cleaning properties of TiO2/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 TiO2 and TCPP under visible light. However, in

presence of TiO2, TCPP, and TiO2/TCPP-coated samples under

visible-light, MB undergoes degradation, as monitored by the

UV-Vis spectra recorded at different time intervals. Pristine,

TiO2-coated, and TCPP-coated samples were used for compari-

son. The straight line obtained for pristine sample indicates the

absence of any photocatalytic activity by cotton itself. It is

remarkable to note here that in addition to TiO2-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.14

TiO2/TCPP-coated samples were found to be significantly more

photoactive than TiO2-coated samples, however an optimum

amount of the photosensitizer is required to efficiently sensitize

TiO2. It is therefore sufficient to form a monolayer on the surface

of a catalyst for minimum aggregation and thus maximum light

absorption.15 Hence, five different concentrations (1, 5, 20, 100

and 200 mM) 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

ofMB, respectively, with increasing concentrations of 1–200 mM.

Among these, the TiO2/TCPP-coated sample with TCPP

concentration of 20 mM 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/

TiO2-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/TiO2-coated sample after 8 h of irradiation, as

compared to TiO2-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 TiO2 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 TiO2 leading to

formation of O2_
! radicals in presence of oxygen. These radicals

cause oxidation of organic impurities adsorbed on the surface of

the catalyst.12d

3.6. Stability of TiO2/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 TiO2 and TCPP, therefore good adhesion of TiO2

particles to both cotton and TCPP molecules is required. It has

been reported that TiO2 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.3 The

stability of TCPP was tested by subjecting the TiO2/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 TiO2

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

Fig. 4 Steady-state fluorescence spectra of TCPP (a) adsorbed on

cotton, (b) TiO2-coated cotton.

Fig. 5 Degradation of MB (20 ml, 15.6 mM, pH ¼ 1) by 1 g of: pristine

cotton (PC), TiO2-coated cotton (TC), TCPP-coated cotton (DC) and

TiO2/TCPP-coated cotton (TDC) samples obtained from 1, 5, 20, 100

and 200 mM TCPP solutions, under visible-light irradiation

(5.02 mWcm!2 irradiance) for 110 min.
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of 85%. Thus, the binding of TCPP with TiO2 particles is pH

dependent.16 When the detergent-washed TiO2/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 TiO2/TCPP-coated cotton

This study was conducted in order to determine the stability of

TCPP under visible-light. The optimized TiO2/TCPP-coated

sample using 20 mM 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.17 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 TiO2-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 TiO2-coated cotton by a simple post-

adsorption method. TiO2/TCPP-coated cotton has shown

significant photocatalytic activity in the degradation of methy-

lene blue, coffee and red wine stains as compared to TiO2-coated

cotton. Although, in this study we have achieved the proof of

Fig. 6 (a) Degradation of coffee stains on pristine cotton, TCPP-coated

cotton, TiO2-coated cotton and TiO2/TCPP-coated cotton samples after

0, 8 and 16 h of visible-light irradiation (5.02 mWcm!2 irradiance). (b)

Degradation of red wine stains on pristine cotton, TCPP-coated cotton,

TiO2-coated cotton and TiO2/TCPP-coated cotton samples after 0, 8 and

16 h of visible-light irradiation (5.02 mW cm!2 irradiance).

Fig. 7 TCPP retention in TiO2/TCPP-coated cotton after washing with

different solvents.
Fig. 8 Degradation ofMB (20ml, 15.6 mM, pH¼ 1) by 1 g of; TC: TiO2-

coated cotton, TDC-20 mM: TiO2/TCPP-coated cotton sample obtained

from 20 mM TCPP solution, under visible-light irradiation (5.02 mW

cm!2 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.
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1. UV-Vis absorption spectroscopy of TCPP  

  

Fig. S1   UV-Vis spectra of TCPP for Soret band   
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2. UV-Vis Spectroscopy for evaluation of coating stability 

 a. Detergent washing 

  

Fig. S2a   UV-Vis spectra TiO2/TCPP-coated cotton (a) before washing with       
detergent, (b) after washing with detergent for 45 min. 

b. Petroleum ether washing 

 

Fig. S2b UV-Vis spectra TiO2/TCPP-coated cotton (a) before washing with 
petroleum ether, (b) after washing with petroleum ether for 45 min. 
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3 
 

c. Water washing 

 

Fig. S2c UV-Vis spectra TiO2/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 

 

Fig. S3   UV-Vis spectra of TiO2/TCPP-coated cotton before and after light 
irradiation at different time intervals. 
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a  b  s  t  r  a  c  t

Thin  films  of  meso-tetra(4-carboxyphenyl)porphyrin  with  different  metal  centres  (MTCPP,  M  =  Fe, Co and
Zn)  in  combination  with  anatase  TiO2 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/TiO2-coated  cotton  fabrics  showed  superior  self-cleaning  performance  as
compared  to  the  bare  TiO2-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 TiO2 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 TiO2 coatings
on various substrates. Fujishima et al. have developed the first
self-cleaning ceramic in 1990 [2]. Later on, the concept of TiO2
photocatalysis was extended to the development of self-cleaning
glasses, tents, window blinds and lamp covers [3]. Nanocrystalline
TiO2 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 TiO2 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 TiO2-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]. TiO2 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: (W.A. Daoud).

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 TiO2 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
TiO2 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
TiO2 [23]. These electrons can then react with atmospheric O2 to
form superoxide radical anions (O2

•−), 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 TiO2 [23]. Due to an extensive system of
delocalized ! 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 TiO2 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 TiO2 that showed significant photoactivity under
visible-light as compared to bare TiO2 [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
TiO2-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

0169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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Scheme 1. Formation of thin films of MTCPP on TiO2-coated cotton. (a) Treatment of pristine cotton with TiO2 colloid to form TiO2 coating on cotton. (b) Treatment of
TiO2-coated cotton with MTCPP solution in DMF to form MTCPP/TiO2-coated cotton.

simple post-adsorption method, self-assembled monolayers of
MTCPP have been formed on TiO2-coated cotton, as shown in
Scheme 1.

2. Experimental

2.1. Synthesis of MTCPP/TiO2-coated cotton

2.1.1. Synthesis of TiO2 colloid
Colloidal TiO2 anatase was prepared by adding a solution of tita-

nium tetraisopropoxide and acetic acid drop wise to acidified water
using 1.4% HNO3. The mixture was stirred at 60 ◦C for 16 h.

2.1.2. Preparation of TiO2-coated cotton
The TiO2 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 TiO2 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(III), Co(II) and Zn(II) 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 FeCl3.6H2O, Zn(Ac)2 and CoCl3.6H2O 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/TiO2-coated cotton
For MTCPP deposition, TiO2-coated cotton samples were dipped

in the corresponding MTCPP solution in DMF  and heated at 100 ◦C
for 5 h. The samples were then repeatedly washed with DMF  to
remove unreacted MTCPP molecules.

2.2. Characterization

The surface morphology of the samples was studied using field
emission electron microscopy (JEOL 7001F FEGSEM). The crys-
tallinity of TiO2 films on cotton was determined by low angle X-ray
diffraction (XRD, Philip 1140 diffractometer). The diffraction pat-
terns of anatase TiO2 were compared with reference to ICDD (2006)
database. The UV–vis absorption spectra of MTCPP in DMF  and
MTCPP adsorbed on TiO2-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/TiO2-coated cotton pieces (0.5 g, 1.5 × 1.5 cm)  were
immersed in petri dish containing acidified MB  (10 ml,  15.6 !M,
pH = 1). The petri dishes were placed in a light-box and irradi-
ated by visible-light for 3 h, using fluorescent lamp (30 W,  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/TiO2-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.
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Fig. 1. FESEM images of (a) pristine cotton, (b) TiO2-coated cotton, (c) FeTCPP/TiO2-coated cotton, (d) CoTCPP/TiO2-coated cotton, (e) ZnTCPP/TiO2-coated cotton.

3. Results and discussion

3.1. SEM analysis

The surface morphology of pristine cotton and cotton samples
coated with TiO2 and MTCPP was investigated from SEM images,
illustrated in Fig. 1. After TiO2 coating, there is no major change
in the surface morphology of cotton. However, aggregates of TiO2
nanoparticles can be clearly observed in the case of TiO2-coated
cotton (Fig. 1b). Some TiO2 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 TiO2 when attached to
cotton as compared to its large positive surface charge in the acidic
colloid before deposition on cotton. The TiO2 cotton samples coated
with FeTCPP, CoTCPP and ZnTCPP (Fig. 1c, d and e, respectively)
appear to have more uniform surface as compared to bare TiO2-
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.

TiO2-coated and FeTCPP/TiO2-coated samples exhibit characteris-
tic diffraction peaks for anatase at 2! = 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/TiO2-coated samples indicates that
TiO2 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 TiO2-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
TiO2-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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Fig. 2. XRD spectra of cotton (a) pristine, (b) TiO2-coated, (c) FeTCPP/TiO2-coated
(a,  anatase).

attributed to strong interaction between the carboxylate groups of
MTCPP and TiO2 [31,33].

3.4. Fluorescence spectroscopy

To measure the efficiency of electron injection from the dye
molecules into TiO2, 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 TiO2 are shown in Fig. 4.
Amount of dye loaded on cotton samples in presence of TiO2 is
more than that in the absence of TiO2, as intensity of the absorption

Fig. 3. UV–vis absorption spectra of pristine cotton and MTCPP adsorbed on TiO2-
coated cotton.

peaks of all dyes for TiO2-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 TiO2-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 TiO2,
as a result of electron injection from MTCPP to TiO2 nanoparticles.

The fluorescence quenching behaviour of each metal complex
was  further studied from Stern–Volmer relation: I0/I = 1 + Ksv [Q],
where I0 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 TiO2 on fluorescence spectrum of FeTCPP. Addition of
TiO2 colloid to a solution of FeTCPP resulted in quenching of its flu-
orescence emission. The Ksv value (0.06 × 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 × 102 and 0.008 × 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
TiO2 resulting in efficient charge injection from FeTCPP into the
conduction band of TiO2.

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

For the evaluation of self-cleaning performance, MTCPP/TiO2-
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/Co) against
time. C is the concentration of MB  at different time intervals of
irradiation and Co 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 TiO2-coated cotton samples were also studied. The
plateaued line obtained for pristine sample indicates the absence
of any photocatalytic activity by cotton itself. TiO2-coated sam-
ple showed 32% degradation of MB,  whereas, all cotton samples
coated with MTCPP/TiO2 showed significant increase in photoac-
tivity as compared to bare TiO2. 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/TiO2.

The degradation reaction of MB  for samples coated with ZnTCPP,
CoTCPP and FeTCPP follows first order kinetics. The corresponding
first order rate constants [k1 (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 TiO2 is required [35]. Therefore,

Table 1
UV–vis absorption of MTCPP in DMF  and adsorbed on TiO2-coated cotton.

MTCPP DMF  TiO2-coated cotton

!max (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 TiO2.

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 TiO2 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 " 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/TiO2 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/TiO2,
CoTCPP/TiO2 and ZnTCPP/TiO2. TiO2 has already been reported
in the literature to show strong adsorption affinity towards
cotton [9]. The stability of FeTCPP, CoTCPP and ZnTCPP adsorbed
on TiO2-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
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Fig. 5. (a) Steady state fluorescence quenching of FeTCPP (1 × 10−4 M)  with colloidal
TiO2 in the concentration range of (0–0.16) M in water (b) Stern–Volmer plot for
fluorescence quenching of FeTCPP with different concentrations of TiO2 (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 TiO2 due to the change of pH and polarity of the
medium.

Fig. 6. Degradation of MB  (10 ml,  15.6 !M,  pH 1) by 0.5 g of: pristine cotton, TiO2-
coated cotton and MTCPP/TiO2-coated samples with optimized concentration of
20 !M (ZnTCPP), 40 !M (CoTCPP) and 80 !M (FeTCPP) under visible-light irradiation
(5.02 mW cm−2 irradiance) for 180 min. Ta
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Furthermore, after washing, the FeTCPP/TiO2-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/TiO2-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 TiO2-cotton fabric by a simple post-adsorption
method. MTCPP/TiO2-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/TiO2-coated cotton. Although
MTCPP leaching was observed for all coated fabrics after washing,
the washed FeTCPP/TiO2-coated fabric was able to retain its full
photoactivity.
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1. XRD analysis of CoTCPP/TiO2 and ZnTCPP/TiO2-coated cotton 

 

Fig. S1: XRD spectra of cotton (d) CoTCPP/TiO2-coated, (e) ZnTCPP/TiO2-coated (a, 
anatase) 
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2. Fluorescence quenching study of CoTCPP  

 

Fig. S2: (a) Steady state fluorescence quenching of CoTCPP (1x10-4 M) with colloidal TiO2 
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 TiO2 
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3. Fluorescence quenching study of ZnTCPP 

 

Fig. S3: (a) Steady state fluorescence quenching of ZnTCPP (1x10-4 M) with colloidal TiO2 
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 TiO2 
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4. Effect of concentration of MTCPP on photocatalytic degradation of MB 

 

 

Fig. S4: Degradation of MB (10 ml, 15.6 µM, pH =1) by 0.5 g of MTCPP/TiO2-coated cotton 
samples obtained from different  concentrations  FeTCPP, CoTCPP and  ZnTCPP under 

visible-light irradiation (5.02 mWcm-2 irradiance) for 180 min 
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5. UV-Vis data for stability evaluation of MTCPP/TiO2 coating after: 

a. Detergent washing  

 

 

Fig. S5a: UV-Vis spectra MTCPP/TiO2-coated cotton samples before and after 
washing with detergent for 45 min. M = Fe, Co, Zn 
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b. Petroleum ether washing 

 

 

Fig. S5b: UV-Vis spectra MTCPP/TiO2-coated cotton samples before and after 
washing with petroleum ether for 45 min. M = Fe, Co, Zn 
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c. Water washing 

 

 

Fig. S5c: UV-Vis spectra MTCPP/TiO2-coated cotton samples before and after 
washing with water for 45 min. M = Fe, Co, Zn 
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Photostable self-cleaning cotton by a copper(II) 
porphyrin/TiO2 visible-light photocatalytic 
system 
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ABSTRACT: Thin films of meso-tetra(4-carboxyphenyl)porphyrinato
copper(II) (CuTCPP) in conjunction with anatase TiO2 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/
TiO2-coated cotton fabrics showed superior self-cleaning performance
when compared to bare TiO2-coated cotton. Furthermore, CuTCPP/
TiO2-coated fabrics showed significant photostability under visible-light
as compared to free base TCPP/TiO2-coated fabrics. The fabrics were
characterized by FESEM, XRD and UV−vis spectroscopy. An insight
into the mechanistic aspects of the CuTCPP/TiO2 photocatalysis is also
discussed. Visible-light driven self-cleaning cotton based on copper(II) porphyrin/TiO2 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 TiO2 as a photo-
anode.1 Since then, TiO2 photocatalysis has been attractive in
promising applications of solar energy conversion.2−5 TiO2
popularity is driven by its stability, nontoxicity, hydrophilicity,
and cheap availability. Materials based on nanostructured TiO2
have been extensively investigated in photocatalytic applica-
tions.6 By applying TiO2 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.7 TiO2 can be immobilized on variety of substrates, such
as glass, stainless steel, and activated carbon.8 As most of these
immobilization techniques required high temperature process-
ing, application of TiO2 to substrates of low thermal resistance,
such as textiles, was limited.9,10 However, with the development
of a low-temperature sol-gol process using a nanotechnology
approach, the growth of TiO2 nanocrystals on organic fibres has
been made possible in the past decade.
Anatase TiO2-based self-cleaning textiles such as cotton,

wool and polyester that show efficient photocatalytic properties
under UV light have been developed.11−13 However, the large
band gap of TiO2 (3.2 eV for anatase) requires an excitation
wavelength that falls in the UV region. Since, the solar light

reaching the earth consists of only 5% UV and almost 43%
visible light, application of UV-based TiO2 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, TiO2 can be modified by many
methods; such as metal doping, nonmetal doping, ion-
implantation, and surface sensitization by organic dyes.14−18

However, very few visible-light driven self-cleaning textiles have
been developed using metals and nonmetals.19−22

Porphyrins are considered as efficient sensitizers to harvest
light on the surface of TiO2 because they are structural
analogues of chlorophyll in plant photosynthesis.23 Because of
an extensive system of delocalized π electrons, porphyrins have
very strong absorption in the visible region.24−26 In the
photosensitization process, the sensitizer is excited over TiO2 to
appropriate singlet and triplet excited states. The excited state
electrons are then injected to the conduction band of TiO2.
These electrons react with O2 in the surrounding air to form
superoxide radical anions (O2

•−), which can cause oxidation of
organic impurities present on the surface of the catalyst.27,28

Porphyrins have excellent photophysical properties such as;
small singlet−triplet splitting, high quantum yield for
intersystem crossing, and long triplet state lifetime.29
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The photophysical properties of porphyrins can be easily
tuned by metal complexation, as they can readily coordinate
with metal ions in the central cavity resulting in stronger and
broader photoresponse in the visible region.30,31 Furthermore,
studies show that metal complexes of porphyrins are highly
photostable, when adsorbed on the surface of TiO2.

32 Recently,
we have developed self-cleaning cotton based on meso-tetra(4-
carboxyphenyl)porphyrin (TCPP)-sensitized TiO2 that showed
superior self-cleaning properties under visible-light.33 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(II) (CuTCPP) on TiO2-coated cotton
(Scheme 1) by a simple postadsorption method33 that show
excellent photocatalytic activity under visible-light irradiation as
compared to bare TiO2. Moreover, CuTCPP/TiO2-coated
cotton showed significant photostability under visible-light
when compared to TCPP/TiO2-coated cotton. We have
particularly selected Cu in our study, as it has been reported
to show efficient visible-light photocatalysis as compared to
other metals, such as Zn, Fe, Ni and Co.34−39 The self-cleaning
properties of our CuTCPP/TiO2-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/TiO2-Coated Cotton. 2.1.1. Synthesis

of TiO2-Sol. Colloidal anatase TiO2 was prepared by adding a solution
of titanium tetraisopropoxide and acetic acid dropwise to acidified
water using 1.4% HNO3. The mixture was stirred at 60 °C for 16 h.40

2.1.2. Preparation of TiO2-Coated Cotton. The TiO2 sol was
applied to scoured cotton fabric through a dip-pad-dry-cure process.40

Cotton was scoured by a nonionic detergent (Kieralon F-OLB Conc)
in order to remove impurities before application of TiO2 sol. The
scouring was carried at 80 °C for 30 min. The scoured cotton pieces
were dipped in the TiO2 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

methods.34 CuTCPP was synthesized by refluxing 0.33 mmol of
TCPP with 1.82 mmol of CuCl2 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/TiO2-Coated Cotton. TiO2-coated
cotton samples were dipped in a CuTCPP solution in DMF and
heated at 100 °C for 5 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 TiO2 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 TiO2 were recorded using 110 mm
integrating sphere on Cary 5000 spectrophotometer. The cotton
samples were masked allowing only 2 × 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/TiO2, TCPP/TiO2, TiO2 and
pristine cotton pieces (0.5 g, 1.5 × 1.5 cm) were immersed in Petri
dishes containing acidified MB (10 mL, 15.6 μM, 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−2 irradiance) containing
a small UV content of 0.01 mW cm−2 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 × 1.5 cm) coated with CuTCPP/TiO2, TCPP/TiO2, 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 μL) 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−2 irradiance).

2.4. Stability of Coating. The stability of CuTCPP/TiO2-coated
cotton samples was tested against detergent, petroleum ether and
water, using a modified AATCC Test Method 190−2003.41 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/TiO2-coated samples were irradiated under visible-light for

Scheme 1. Formation of Thin Films of CuTCPP on TiO2-coated Cottona

a(a) Treatment of pristine cotton with TiO2 colloid to form TiO2 coating on cotton. (b) Treatment of TiO2-coated cotton with CuTCPP solution in
DMF to form CuTCPP/TiO2-coated cotton.
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30 h using a fluorescent lamp (30 W, 5.02 mW cm−2 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 TiO2 and CuTCPP
were identified from the SEM images illustrated in Figure.1.

Low magnification images (Figure 1a, b and c) reveal no major
change in surface morphology of cotton after coating with TiO2
and CuTCPP, retaining the integrity of fibres. At higher
magnification (Figure 1d−f), cotton samples coated with TiO2
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/
TiO2-coated sample.
3.2. XRD Analysis. To study the crystallinity of titania

nanoparticles deposited on the cotton fabric, XRD analysis was
performed. Anatase TiO2 has characteristic diffraction peaks at
2θ = 25.4, 38.0, and 48.0°, all of which are observed in the
TiO2-coated and CuTCPP/TiO2-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/TiO2-coated samples indicates that the TiO2 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 TiO2-
coated samples. For comparison, UV−vis spectra of pristine
cotton and TiO2-coated samples were also recorded. Visible-
light absorption of porphyrins between 400 to 700 nm can be
easily observed for CuTCPP/TiO2 and TCPP/TiO2 samples

(Figure 3a, b), and as expected no characteristic absorption
from TiO2-coated cotton and pristine samples was observed in
this range (Figure 3c, d). The absorption spectrum of
CuTCPP/TiO2-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 TiO2-
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

Figure 1. FESEM images of (a, d) pristine cotton, (b, e) TiO2-coated
cotton, (c, f) CuTCPP/TiO2-coated cotton.

Figure 2. XRD spectra of cotton: (a) pristine, (b) TiO2-coated, (c)
CuTCPP/TiO2-coated (a, anatase).

Figure 3. UV−vis spectra of (a) CuTCPP/TiO2-coated cotton, (b)
TCPP/TiO2-coated cotton, (c) TiO2-coated cotton, (d) pristine
cotton.
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418 nm for Soret band, whereas in TiO2-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
TiO2.

34,42

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.43 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.44,45

3.4. Photocatalytic Degradation of Methylene Blue
(MB). Cotton samples coated with CuTCPP/TiO2 and TCPP/
TiO2 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/

C0) 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 4a, b).
TiO2-coated sample showed a 32% degradation of MB after

180 min, whereas, the samples coated with TCPP and CuTCPP
in the absence of TiO2 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.31 The samples coated with CuTCPP/
TiO2 and TCPP/TiO2 showed a significant increase in
photoactivity (Figure 4f, g). CuTCPP/TiO2-coated samples
showed almost complete degradation of MB (99%) within 180
min, whereas the TCPP/TiO2-coated sample showed complete

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 TiO2 is required.

46 Therefore,
cotton samples were prepared from three different concen-
trations of CuTCPP (1, 2, and 3 μM) and assessed for self-
cleaning performance (see the Supporting Information, Figure
S4). The optimized concentration showing the highest
photocatalytic efficiency for CuTCPP is 2 μM. For TCPP,
the optimized concentration was 20 μM, established from our
previous work illustrating a compromise between amount of
material and activity.33

3.5. Photocatalytic Degradation of Coffee and Red
Wine Stains. The self-cleaning property of CuTCPP/TiO2-
coated samples was assessed qualitatively by performing the
coffee and red wine stains bleaching tests. For comparison
TCPP/TiO2, TiO2 and pristine samples were used. Figure 5
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,

Figure 4. Degradation of MB (10 mL, 15.6 μM, pH 1) under visible-
light irradiation (5.02 mW cm−2 irradiance) for 180 min: (a) blank MB
solution, (b) pristine cotton, (c) TCPP-coated cotton, (d) CuTCPP-
coated cotton, (e) TiO2-coated cotton, (f) 2 μM CuTCPP/TiO2-
coated cotton, (g) 20 μM TCPP/TiO2-coated cotton.

Figure 5. Photocatalytic degradation of (a) coffee stains, (b) red wine
stains, by CuTCPP/TiO2, TCPP/TiO2, TiO2, and pristine cotton
samples at 0, 12, and 24 h of visible-light irradiation (5.02 mW cm−2

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
5a). 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 5b).
3.6. Photostability of CuTCPP/TiO2 Catalyst. Photo-

stability of the catalyst under excitation is an important
requirement of reusability and practical application. Therefore,
a photostability study of CuTCPP/TiO2-coated samples was
conducted against the well-performing TCPP. CuTCPP/TiO2-
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

observed for CuTCPP within the first 12 h (see the Supporting
Information, Figure S5). 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.33 Further-
more, the irradiated CuTCPP/TiO2-coated sample was

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/TiO2-Coating. TiO2 has already
been reported in literature to show strong affinity toward
cotton.40 The stability of CuTCPP adsorbed on TiO2-coated
sample was tested by washing the samples in three different
media; detergent, petroleum ether and water (Figure 7). The

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 TiO2,
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 TiO2
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 1[Pp]*.47 Relaxation of the
singlet excited state generates the triplet excited state 3[Pp]*
through a process of intersystem crossing. Electrons from
1[Pp]* and 3[Pp]* excited states can be transferred to
conduction band of TiO2, which can be trapped further by
the adsorbed O2, resulting in formation of O2

•− causing
degradation of MB present on the surface of TiO2 (Figure 8).
Free-base porphyrins such as TCPP with no unpaired

electrons manifest long lifetime of excited state and are strongly
fluorescent,48 resulting in efficient electron injection in
conduction band of TiO2, confirmed by our previous findings.

33

In contrast, metal porphyrins with unpaired electrons in d
orbital such as Cu(II)TCPP exhibit short lifetime of excited
state, as no fluorescence emission has been detected for copper
porphyrins in solution,45 resulting in poor electron injection
into TiO2. This can be accounted for the slower degradation

Figure 6. (a) UV−vis spectra of CuTCPP/TiO2-coated cotton fabrics
before and after 30 h irradiation. (b) Percentage retention of CuTCPP
and TCPP on TiO2-coated cotton fabrics after irradiation under visible
light for 30 h.

Figure 7. Percentage retention of CuTCPP on cotton fabrics after
washing with detergent, petroleum ether, and water.
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rate of MB in CuTCPP as compared to TCPP. Furthermore,
formation of singlet oxygen (1O2) from

3[Pp]* excited state of
the sensitizer dye is also reported, which can cause oxidation of
MB as well.49 This is confirmed by our findings, as some
photocatalytic activity is also observed for CuTCPP and TCPP
cotton samples in the absence of TiO2. 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.50

4. CONCLUSIONS
Visible-light active self-cleaning cotton has successfully been
developed using copper(II) porphyrin and anatase titania.
CuTCPP/TiO2-coated cotton has shown considerable photo-
activity in the degradation of methylene blue, coffee and red
wine stains. In addition, CuTCPP 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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1. Spectrum of fluorescent lamp used in the photodegradation experiments 

 

 

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 CuTCPP   

 

Fig. S2: UV-Vis spectra of CuTCPP in DMF and CuTCPP adsorbed on TiO2-coated 

cotton 

 

3. UV-Vis absorption spectra of TCPP 

 

Fig. S3: UV-Vis spectra of TCPP in DMF and TCPP adsorbed on TiO2-coated cotton 
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4. Effect of concentration of CuTCPP on photocatalytic degradation of MB  

 

Fig. S4:   Degradation of MB (10 ml, 15.6 µM, pH =1) by 0.5 g of: CuTCPP/TiO2-coated 

cotton (CuTCPP = 1, 2 and 3µM) under visible-light irradiation (5.02 mWcm-2 irradiance) for 

180 min 

5. UV-Vis spectroscopy for photostability evaluation of CuTCPP/TiO2 

catalyst 

 

Fig. S5:   UV-Vis spectra of CuTCPP/TiO2-coated cotton before and after light irradiation   

at different time intervals 

Shabana Afzal
78

Shabana Afzal


Shabana Afzal




4 
 

6. UV-Vis spectroscopy for stability evaluation of CuTCPP/TiO2 coating 

after washing with different solvents 

 

 

Fig. S6:   UV-Vis spectra CuTCPP/TiO2-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  
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ABSTRACT: A superhydrophobic cotton fabric exhibiting photocatalytic self-cleaning properties under visible-light was prepared 
by step-wise deposition of anatase TiO2, meso-tetra(4-carboxyphenyl)porphyrin (TCPP) and trimethoxy(octadecyl)silane (OTMS). 
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 TiO2 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.1 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.2 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.3 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.4 Popular surface 
modifications methods include wet chemical reactions,5 self-
assembly and sol-gel,6 layer-by-layer deposition,7 polymeriza-
tion reaction,8 electrochemical deposition,9 chemical vapour 
deposition,10 plasma treatment11  and electrospinning.12 
The second concept is based on hydrophilic approach, in 
which self-cleaning takes place by a process known as photo-
catalysis.13 As a result of photocatalysis, the dirt/stains break 
down to simple species, such as CO2 and water, on exposure to 
light.13 Polycrystalline semiconductor oxides, such as TiO2, 
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 light14 and solar simulated light.15 Fur-
thermore, visible-light active self-cleaning textiles have also 
been developed based on activation of TiO2 in the visible re-
gion such as metal doping,16 non-metal doping17 and dye-
sensitization.18 

However, there are limited examples of self-cleaning materials 
in literature that work on both principles,19 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 TiO2-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 TiO2 and TiO2/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/TiO2-coated cotton. Colloidal anatase 
TiO2 was synthesized by adding a solution of titanium tetrai-
sopropoxide and acetic acid drop wise to water containing 
1.4% HNO3. The mixture was stirred at 60 °C for 16 h.14a  The 
TiO2 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/TiO2-coated cotton 

 

 

 

in detergent solution and heated at 80 °C for 30 min, followed 
by washing with water and then air-drying.  
For coating TiO2 on the fabric, the scoured cotton pieces were 
dipped in the TiO2 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.  For deposition of TCPP, TiO2-coated fabrics were 
dipped   in   20   μM   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/TiO2-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.20 TCPP/TiO2-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 TiO2 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 TiO2, TCPP/TiO2 and 
OTMS/TCPP/TiO2 were recorded using 110 mm integrating 
sphere on Cary 5000 spectrophotometer. The cotton samples 
were masked allowing only a 2 × 2 mm area to be exposed to 
illumination by the light source. Solid-state 29Si 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 

kHz. Solid samples were packed into 4mm ZrO2 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   μL   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.18 Pristine 
cotton and cotton samples coated with TiO2, TCPP/TiO2 and 
OTMS/TCPP/TiO2-coated cotton pieces (2 x 2 cm) were 
stained  with  MB  solution  in  dichloromethane  (31mM).  100  μL  
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-2 
irradiance) containing a small UV content of 0.01 mWcm-2 
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/TiO2 were tested against water using a 
modified AATCC Test Method 190-2003.21 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) TiO2-
coated-cotton; (c, g) TCPP/TiO2-coated cotton; (d, h) 
OTMS/TCPP/TiO2-coated cotton. 

 
change in the surface morphology of cotton fabrics after coat-
ing with TiO2, TCPP/TiO2 and OTMS/TCPP/TiO2. At higher 
magnification, a change in surface roughness can be observed 
for the samples coated with TiO2 and TCPP/TiO2 (Fig. 1f-h) as 
compared to pristine fabric (Fig. 1e). 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 TiO2 show the 
characteristic  diffraction  peaks  for  anatase  at  2θ  =  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. 2c). Hence, TiO2 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 TiO2 and OTMS are 
illustrated in Fig. 3. The UV-Vis spectra of TiO2-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 

Figure 2. XRD spectra of cotton: (a) pristine, (b) TiO2-coated, (c) 
OTMS/TCPP/TiO2-coated (a = peaks associated with anatase). 

 

 

Figure 3. UV-Vis spectra of (a) OTMS/TCPP/TiO2-coated cotton, 
(b) TCPP/TiO2-coated cotton, (c) TCPP in DMF (d) TiO2-coated 
cotton, (e) pristine cotton. 

DMF shows a strong peak at 418 nm attributable to the por-
phyrin Soret band (Fig. 3c). This absorption peak is shifted by 
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9 nm to 427 nm in TiO2-coated cotton (Fig. 3b). This red shift 
is likely to be due to the interaction between the carboxylate 
groups of porphyrin and TiO2.22 After the adsorption of 
OTMS, no further change in porphyrin absorption peaks is 
observed in OTMS/TCPP/TiO2-coated fabrics (Fig. 3a). Thus, 
the addition of OTMS appears to have no effect on the binding 
of TCPP molecules with TiO2. 
Sold state 29Si NMR spectroscopy. Fig. 4 shows the 29Si 
MAS NMR spectrum of TiO2 nanoparticles adsorbed on TCPP 
and OTMS. For reference, 29Si MAS NMR spectrum of TiO2 
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 (T1), 
bidentate (T2) and tridentate (T3) silicon environments, respec-
tively.23 Thus, OTMS shows different modes of binding on the 
surface of TCPP/TiO2 nanoparticles. However, the dominant 
peak at -57 ppm indicates that the major binding mode is T2, 
even in the absence of TCPP. 

 

Figure 4. 29Si NMR spectra of (a) TiO2/OTMS, (b) 
TiO2/TCPP/OTMS. 

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 TiO2, a WCA of 124° 
could be realized (Fig. 5b). TiO2 particles make the fabric 
surface rougher, thus, introducing some hydrophobicity to the 
textiles. For TiO2/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 TiO2 particles and low surface energy 
by OTMS. 
Photocatalytic self-cleaning properties. The photocatalytic 
activity of samples coated with TiO2, TCPP/TiO2 and 
OTMS/TCPP/TiO2 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. 

 

Figure 5. Images attained after 5  μL  water  droplets  were placed 
on (a) pristine cotton, (b) TiO2-coated cotton, (c) TCPP/TiO2-
coated cotton, (d) OTMS/TCPP/TiO2-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 TiO2, TCPP/TiO2 and 

 

Figure 6. Degradation of methylene blue (MB) under visible-light 
irradiation (5.02 mW cm−2 irradiance): (a) pristine cotton, (b) 
TiO2-coated cotton, (c) TCPP/TiO2-coated cotton (d) 
OTMS/TCPP/TiO2-coated cotton. 

OTMS/TCPP/TiO2 showed 60%, 75% and 86% degradation of 
MB, respectively, after 8 hours of irradiation. 
The enhanced photoactivity of TCPP/TiO2-coated fabrics as 
compared to bare TiO2-coated fabrics is attritutable to the visi-
ble-light photosensitization of TiO2 by the added porphyrin 
dye. Excitation of dye molecules upon visible-light irradiation 
results in electron injection into the conduction band of TiO2 
leading to formation of free radical species such as O2

•- radi-
cals in the presence of oxygen.24 These radicals react with the 
MB adsorbed on the surface of fabric decomposing it through 
the bleaching processes. Interestingly, after modification of 
TCPP/TiO2-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 TiO2, TCPP/TiO2 and 
OTMS/TCPP/TiO2. The absorption peaks at 665 nm and 614 
nm correspond to monomeric and aggregated forms (mostly 
dimeric) of MB, respectively.15b, 25  
In TiO2 and TCPP/TiO2-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/TiO2-coated samples (Fig. 6c), 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.25-26 Importantly then, the 
presence of OTMS favours disaggregation of MB adsorbed on 
the surface of fabric, allowing increase in photocatalytic activ-
ity. 
 

 

Figure  7.  UV-Vis spectra of methylene blue adsorbed on: (a) 
TCPP/TiO2-coated cotton, (b) TiO2-coated cotton, (c) 
OTMS/TCPP/TiO2-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 TiO2, TCPP and 
OTMS. Titanium dioxide has been reported to show high af-
finity toward cotton,14a while TCPP binds well with TiO2 
through its carboxylate groups.18a 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. 

 

Figure 8.  WCA of OTMS/TCPP/TiO2-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 TiO2 coating in 
conjunction with TCPP on the fabric, followed by modifica-
tion with OTMS. OTMS/TCPP/TiO2-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. 
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Measurement of water contact angles for 10 wash cycles 

 

 

Fig. S1: Water contact angles of OTMS/TCPP/TiO2-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.1 This encompasses the creation of self-

cleaning surfaces.2 From the fabrication of titania-based coatings immobilized on 

hard materials, such as glasses and ceramics involving high-temperature methods,3 

the research has now been extended to investigating coating substrates of low 

thermal resistance, such as organic fibres.4 By using a nanotechnological approach, 

in conjunction with low-temperature sol-gel process, anatase-based self-cleaning 

textiles have successfully been established and utilised.5 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 TiO2 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,6 and non-

metal doping using triethylamine as a source of nitrogen to modify the electronics of 

TiO2.7  

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 π-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 TiO2 upon excitation under visible-light.9 

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 TiO2 facilitated its coating 

on the fabric by a simple one-step thermal process. The binding of TCPP with TiO2 

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 TiO2 

supported the fact that TiO2 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 TiO2. 

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(II) proved to be the most stable photocatalyst. 

Unlike TCPP, Cu(II)TCPP displayed significant stability under visible-light irradiation. 

The enhanced photostability of Cu(II)TCPP as compared to TCPP might be related 
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to the paramagnetic nature of Cu in Cu(II)TCPP, leading to the deactivation of its 

excited state resulting in more recombination with no fluorescence emission and 

thus making Cu(II)TCPP less susceptible to photobleaching.10 

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.11 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.12 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 

TiO2 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 TiO2-

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 

TiO2 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(II) 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 TiO2. The photocatalytic performance of TiO2 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).13 In order to utilise a wider range of the solar spectrum, phthalocynanines 

could be used to sensitise TiO2 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 TiO2, 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 TiO2 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 ActivTM in 2001. It 

comprised of a 20–30 nm layer of nanocrystalline anatase TiO2 deposited by an 

atmospheric pressure CVD technique onto soda-lime silicate float glass.1 Later on, 

several other glass companies released similar products including SuncleanTM, SGG 

Aquaclean (first generation) and Bioclean (2nd generation). TOTO Ltd. manufactured 

HydrotectTM outdoor tiles and paint to be applied on buildings.1 However the 

development of commercially viable nanocrystalline TiO2 based coatings on organic 

substrates such as textiles is still at infancy stage.  

Limitation of TiO2 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 TiO2 nanoparticles on environment during 

their release in the recycling stage of fabrics.14  

Superhydrophobic textiles have also been commercialised. Nano-Tex LLC has 

marketed a cotton-blended fabric, named Nano-Care.15 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.15 Schoeller Textiles AG has 

introduced its NanoSphere technology which imparts water repellency, soil-repellent, 

anti-adhesive and self-cleaning properties.15 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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