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Abstract 

Designing new antimicrobial surfaces which are effective under visible light irradiation 

without leaching toxic ions is a current challenge for effective disinfection. A new polymeric 

system poly[2,11’-thiophene-ethylene-thiophene-alt-2,5-(3-carboxyl) -thiophene] (PTET-T-

COOH) with broad light absorption was synthesized. Its photocatalytic disinfection 

performance against staphylococcus aureus (S. aureus) and streptococcus suis (S. suis) was 

evaluated, showing over 99.999% inactivation (higher than 5-log inactivation) in 2 h for both 

bacteria, under visible light irradiation at a low concentration of PTET-T-COOH (0.1 mg/mL). 

In addition, a PTET-T-COOH/polyurethane (PU) polymeric coating was designed and 

fabricated. Chemical attachment was confirmed between PTET-T-COOH and PU using 

various thermophysical techniques (FTIR, XPS and UV-Vis absorption spectra). The coating 

was found to possess excellent photocatalytic disinfection effect on S. aureus (7-log 

inactivation) in 4 h under visible-light exposure. PTET-T-COOH and PTET-T-COOH/PU 

coating demonstrated good stability, showing excellent antibacterial activity after five runs. 

The chemical interaction was generated and confirmed between PTET-T-COOH and PU. The 

active species generated and responsible for the photocatalytic disinfection were confirmed to 

be singlet oxygen and free electrons by using scavengers and electron spin resonance 

spectroscopy (ESR) in PTET-T-COOH based systems. In addition, ultrathin graphitic carbon 

nitride (g-C3N4) nanosheets with rich amino groups (g-C3N4-NH2) were also fabricated to 

inactivate more than 80 % of S. aureus in 2 h upon visible light exposure. The photocatalytic 

activities of g-C3N4-NH2 and g-C3N4 were compared and the reasons for improved 

performance of g-C3N4-NH2 were also analyzed. The results from this thesis will open a new 

strategy for exploring novel high-efficiency and durable disinfection coatings for living 

environmental and industrial applications. 

Keywords 

Photocatalytic disinfection, polymer powder and coating, polyurethane, g-C3N4-NH2 

nanosheets, S. aureus, S. suis. 
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Summary for Lay Audience 

Bacteria, viruses and fungi in our surroundings can lead to a variety of diseases. As the current 

COVID-19 pandemic is illustrating, it is of paramount importance to develop efficient 

antimicrobial materials which are both active and processable into various products. With the 

emergence of antibiotic-resistance, a range of conventional bactericides such as metal-based 

compounds, 2D antimicrobials, antibacterial polymers and chemical oxidizing agents have 

been extensively reported. However, some disadvantages of these materials are evident, 

including harmful heavy metals, hazardous by-products and side effects are always involved 

in the above materials. In addition, although ultraviolet irradiation as a disinfection technique 

was widely used in wastewater treatment, the cost is high, and the efficiency is limited when 

it was applied alone.  

Photocatalytic technology has attracted tremendous attention and achieved a variety of 

successful applications in water splitting to produce H2, CO2 reduction and pollutants removal. 

Photocatalytic disinfection has also demonstrated effective inactivation of microbials. 

Compared with conventional antimicrobials and techniques, photocatalytic disinfection is 

more simple, environmental-friendly and sustainable. Under ambient condition with UV or 

visible light irradiation, electrons and holes can be generated in the photocatalysts and then 

react with water and oxygen to form a series of reactive oxygen species which can kill 

microbials efficiently.  

A wide range of photocatalysts including inorganic and organic photoactive agents have been 

explored for disinfection applications. Compared to inorganic photocatalysts, organic 

photocatalytic antimicrobials such as polymers possess more potential for practical 

applications, needing the processability of the polymeric system. The objectives of this work 

are to explore efficient antibacterial polymers, including the following: (1) design and 

synthesis of polythiophene derivative (PTET-T-COOH) for efficient inactivation of bacteria 

upon visible light exposure, (2) fabrication of bilayer coating where polyurethane (PU) acts as 

protective layer and PTET-T-COOH/PU functions as a photoactive layer for efficient killing 

of bacteria. A robust chemical bonding was generated between PTET-T-COOH and PU which 

offered the excellent recycling stability of coating, (3) exploration of rich amino modified 

carbon nitride (g-C3N4) polymer with thin layers for efficient inactivation of bacteria.  
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Chapter 1  

1 Introduction 

1.1 Background & Motivation 

1.1.1 Urgency of exploring antimicrobials  

Millions of people die from a variety of infectious diseases such as chickenpox, measles 

and typhoid globally every year. Pathogenic microorganisms including bacteria, viruses, 

spores and fungi can be transmitted by various routes to lead to infectious disease.1 

Although antibiotics play a vital role in defeating pathogens, antibiotic or multi-drug 

resistance arising from microbe evolution and abuse or overuse of broad-spectrum 

antibiotics in humans and animals have weakened their antimicrobial effects gradually. For 

example, some infections including gonorrhea, pneumonia, tuberculosis and salmonellosis 

are not as easy to treat as previously, as antibiotics are not effective. Antibiotic resistance 

is threatening our global health. In addition, antibiotic resistance will result in higher 

medical costs and increased death rate. Although many countries have adopted effective 

steps to control the use and dosage of antibiotics, efficient alternatives to kill or inhibit the 

multiplication of pathogenic microorganisms existing in our surroundings is of great 

urgency.  

1.1.2 Classes of antimicrobials  

Antimicrobials as efficient alternatives to antibiotics can be classified according to their 

spectrum of activity, effect on microbes and mode of action. Broad spectrum antimicrobials 

are those which are effective toward both Gram-positive and Gram-negative bacteria. 

However, some antimicrobials are only active against a particular species of microbe. 

Based on effects on microbes, antimicrobials can be divided into 1) bactericidal, which can 

kill bacteria and 2) bacteriostatic, which can only inhibit bacterial growth and replication. 

Based on modes of action, antimicrobials can be classified into cell wall synthesis 

inhibitors, cell membrane function inhibitors, protein synthesis inhibitors and metabolic 

process inhibitors.  
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1.1.3 Types and mechanisms of conventional antimicrobials and 
disinfection techniques 

Metal-based antimicrobials 

Nanomaterials based on metal elementals as antimicrobial agents are being regarded as a 

solution to the ever-growing problem of antibiotic resistance. Nanoparticles consisting of 

metal, metal oxides and carbon-based materials have been widely utilized for their 

antimicrobial activity. From ancient times, silver has been exploited as an efficient 

antimicrobials to treat infections resulting from bacteria, virus and other microorganisms.2 

The usage of silver nanoparticles underwent recession after the appearance of penicillin 

and revival with the increase of antibiotic-resistant microbes.3, 4 Apart from silver, gold 

and copper metal nanoparticles have also been explored extensively.5 Metal oxide 

antimicrobials with a primary focus on ZnO and TiO2 nanoparticles have also received 

intensive investigation due to their low toxicity to human cells.6-11  

The disinfection mechanisms of metal-based nanoparticles vary with the characteristics of 

microbes. In general, they can kill or inhibit microbes by the following mechanisms: (1) 

destruction of cell wall by binding or penetrating microbes; Inhabitation of cell wall 

synthesis by generation of reactive active species, (2) destruction of cell membranes of 

microbes or inhibition of their cell membrane function, (3) inhibition the syntheses of 

protein, enzyme and nucleic acid including DNA and RNA.  

Although metal-based antimicrobials have been explored and applied to treat a range of 

infections, the study on toxicity of metal-based antimicrobials to human cells is still lacking. 

So, the appropriate use of metal-based nanoparticles in treating various infections should 

be necessary.  

2D antimicrobials 

A wide range of 2D antimicrobials and their action mechanisms were summarized.12 These 

2D antimicrobials mainly include graphene based materials, transition-metal 

dichalcogenides (TMDs) and transition-metal carbides/nitrides (MXenes). Graphene based 

materials consist of various graphene oxide (GO) and reduced graphene oxide (rGO) as 
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well as their derivatives. Graphene-based materials can kill or inhibit the growth of 

microbes by physical interaction with microbial cells and oxidative stress.13, 14 However, 

toxicity raised by employment of graphene-based materials should not be ignored.15 

Similar to graphene materials, TMDs are also layered compounds consisting of transition 

metal elements (Mo, W, etc.) and chalcogen elements (S, Se, etc.) and can be formulated 

as MX2.16, 17 Among various TMDs, MoS218-20 and WS221 have been intensively explored 

due to their potential biomedical applications. Induction of oxidative stress by interaction 

and ions such as MoO42- release are  believed responsible for the mode of action of TMDs.21 

MXenes is a new class of 2D material which was reported in 201122 and examined as an 

antimicrobial in 2016.23 Recent progress of MXenes in antimicrobial applications was 

surveyed.24, 25 However, the research on MXenes used as antimicrobials is at a very early 

stage and systematic investigation on action mechanisms needs to be carried out.24 

Although the 2D materials mentioned above behave by their inactivation ability toward 

bacteria, the dosage of these materials is relatively high, likely resulting in safety concerns. 

Antimicrobial polymers 

A wide variety of antimicrobial polymers were summarized in several reviews.26-28 

Generally, these antimicrobial polymers can be divided into three classes: (1) polymers 

with intrinsic disinfection ability; (2) polymers modified by antimicrobial groups 

introduced in polymer structure; (3) polymer/antimicrobials composites. Here, polymers 

with intrinsic antimicrobial activity was emphasized including their types and 

antimicrobial applications.  

Polymers with intrinsic disinfection ability can be classified into three categories including 

natural polymers, nitrogen-containing polymers and halogen-containing polymers. 

Chitosan and poly-ɛ-lysine are two common natural polymers and various composites 

based on these two materials have been reported.29-32 Nitrogen-containing polymers mainly 

refer to linear quaternary ammonium compounds (QACs),33-35 ring quaternary polymers, 

polyethylenimine and poly(ionic liquid)s.36, 37 Among these nitrogen-containing polymers, 

linear quaternary ammonium salts have received the most attention. Halogen-containing 

polymers are referred to N-halamine polymers in which nitrogen and halogen atoms such 
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as fluorine, chlorine, bromine and iodine are covalently bonded to form imide, amide or 

amine groups.37, 38 

These polymers summarized above all belong to cationic polymers. They can kill or inhibit 

the growth of microbes by similar action modes such as electrostatic interactions between 

positive charged polymer biocidal with negatively charged microorganism which can lead 

to the cell wall or membrane destruction. However, most cationic antimicrobial polymers 

can result in hemolysis which may be a detrimental side-effect.  

Chemical oxidizing agents 

Several common disinfection methods were utilized to remove pathogens. Among them, 

chemical oxidation by using chlorine, chlorine dioxide, hydrogen peroxide and ozone as 

strong oxidizing agents was widely employed due to their highly efficient disinfection 

ability.39 In this process, oxidizing ingredients can destroy cell membrane of 

microorganisms and make protein, deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) release. This can influence and disturb a series of enzymes and inhibit the 

glycometabolism finally resulting in the death of microbials. However, hidden safety 

danger originating from the formation of hazardous by-products such as trihalomethanes 

in this process limits its further practical applications.  

Ultraviolet irradiation 

Ultraviolet irradiation can denature DNA and RNA of microorganism cells and inhibit their 

replication. However, this method suffers due to its high operational costs. In addition, the 

application of UV irradiation technique alone may be ineffective for UV-resistant microbes 

and can damage polymeric systems.  

Hence, an efficient, facile, recyclable, environment-friendly, low cost and non-toxic 

method which can be integrated into polymers to easily form coatings or parts is still 

required to deal with pathogenic microorganisms.  
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1.2 Thesis Objectives & Structure 
The main target of this work is to explore novel, low cost, efficient, stable and 

environmentally friendly photocatalytic antimicrobials and fabricate stable antimicrobial 

coatings based on the as-prepared samples.  

In this thesis, the first objective is to design and synthesize a novel polythiophene derivative 

PTET-T-COOH which is presented in chapter 3. By using staphylococcus aureus (S. 

aureus) and streptococcus suis (S. suis) as model bacteria, the photocatalytic activity of 

PTET-T-COOH is evaluated. PTET-T-COOH demonstrated excellent antibacterial 

capability toward these two bacteria under visible light irradiation in 2 h with very low 

concentration (0.1 mg mL-1). The relationship between the chemical structure of PTET-T-

COOH and its antibacterial performance is examined. In addition, the action mode of 

PTET-T-COOH is elucidated by rabbit plasma test, fluorescence microscopy observation 

of bacteria, active species trapping experiments, electron spin resonance (ESR) analysis 

and photochemical measurements such as photocurrent response. 

The second target is to design and fabricate stable and effective photocatalytic coatings by 

combining PTET-T-COOH with polyurethane (PU) (chapter 4). Chemical bonding was 

confirmed to form successfully between the carboxyl groups of PTET-T-COOH and NCO-

terminated pre-polyurethane by ATR-FTIR spectra and XPS analyses. By using S. aureus 

as a model bacterium, the photocatalytic activity and recycling stability of PTET-T-

COOH/PU coating were conducted and discussed. PTET-T-COOH/PU coating possessed 

excellent photocatalytic bactericidal effect on S. aureus (7 log inactivation) in 4 h upon 

visible-light exposure. In addition, the coating fabrication process was optimized and 

transparent light yellow PTET-T-COOH/PU coating was obtained finally. 

The last target in this work is to synthesize g-C3N4 nanosheets with rich amino groups (g-

C3N4-NH2). Using urea as raw material, thermal polymerization and exfoliation methods 

were applied to obtain g-C3N4-NH2. S. aureus was also examined as a model microbe to 

evaluate the antimicrobial activities of g-C3N4-NH2 and bulk g-C3N4 which was examined 

as a reference sample. Photoluminescence, photocurrent density and electrochemical 
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impedance spectra (EIS) were carried out to explore the reasons for the improvement of 

photocatalytic antibacterial performance of g-C3N4-NH2 compared to bulk g-C3N4. 
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Chapter 2  

2 Literature Review 
Photocatalytic antibacterial technology has attracted significant attention due to its 

promising applications in water disinfection and microbial killing.1 The design and 

selection of photocatalysts are of great importance for efficient disinfection. Numerous 

photo-active antibacterial agents including organic photo-sensitizers2, 3 and inorganic 

photo-catalysts such as TiO2,4 ZnO,5 NiO,6 g-C3N47 and bismuth based compounds 8 have 

been explored as antibiotic alternatives for bacterial infection treatment. In this thesis, an 

overview of the types of photocatalytic antibacterial agents is presented. The underlying 

inactivation mechanisms of these materials is also summarized. Moreover, this thesis 

emphasizes on the recent advances in design and fabrication of polythiophene (PTh) and 

g-C3N4 based antibacterial agents as well as polyurethane (PU) photocatalytic antibacterial 

coatings.  

2.1 Photocatalytic disinfection 
Infections by microbes is a large concern for human health in areas such as medical 

treatments, hygienic applications and health care products. The existence of detrimental 

microorganisms is known to produce numerous infections and illnesses. So, it is important 

to maintain these fields free from pollution. Traditional antibacterial agents including 

quaternary ammonium compounds, 2-D materials with sharp edge like graphene, 

hypochlorite, hydrogen peroxide, metal particles or film and other reactive oxygen species 

(ROS) have been investigated extensively. However, these techniques always involve low 

efficiency, high cost and harmful disinfection byproducts. Therefore, high efficiency, low 

cost and environment-friendly techniques are of interest.  

Semiconductor photocatalytic techniques have been known to be successful in 

environmental remediation with a primary focus on pollutant removal and energy 

exploration such as water splitting to produce H2 in the past 30 years.9-12 The pioneering 

work of photocatalytic inactivation of bacteria using TiO2 to kill various bacterial cells 

including E.coli, Lactobacillus acidophilus, and Saccharomyces cerevisiae was reported in 
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1985.13 From these origins, photocatalytic antibacterial technology has attracted increasing 

attention. Under light irradiation, semiconductor photocatalysts can generate various active 

species such as h+, e-, 1O2, •OH, •O2- and H2O2 etc. for killing bacteria, fungi, virus, 

microalgae and other pathogens.14 This technique has been known to be promising for 

developing next-generation green and sustainable environmental disinfection systems. 

2.1.1 Materials of photocatalytic disinfection  

Since the first report on bactericidal properties of anatase TiO2,13 various photocatalysts 

were explored for photocatalytic disinfection. According to the ingredients, these 

photocatalysts can be divided into five types including metal oxides (TiO2, ZnO, Fe3O4, 

CuO),15-17 metal sulfides (CdS, MoS, CuS),18-20 metal particles,21, 22 carbon nitride,23 

nanocarbon materials (fullerenes, nanodiamonds, carbon dots, carbon nanotubes, and 

graphene-family materials),24-26 metal-organic frameworks27 and conductive polymers.28 

During the past several decades, the photocatalytic disinfection field was dominated by 

TiO2 and ZnO due to their high efficiency, stability and non-toxicity. However, TiO2 and 

ZnO can only be conducted under UV light which will limit their further practical 

applications. In order to harvest solar light, visible light responsive photocatalysts has 

attracted much attention. Recently, Wang group surveyed various visible light responsive 

photocatalysts as antimicrobials29 including nanoscale metal (Ag), metal oxide (doped 

TiO2, WO3), metal sulfide (MoS2, CuS, Ag2S), metal-containing complex compounds 

(MnWO4, BiVO4, Ag3PO4), carbon-based nanomaterials (carbon dots, graphene),30 nitride 

compounds (g-C3N4) and conductive polymers (polyaniline, polythiophene).28 For 

selection of a photocatalytic agent, those antimicrobials with strong visible light absorption 

ability, low cost, environment-friendly and non-toxicity are advocated. Compared to the 

above summarized photocatalysts, the conductive polymers can be processed easily to 

obtain various antibacterial coatings. In addition, they always possess broad visible light 

spectra response and have been incorporated with a range of nanoscale photocatalytic 

agents to increase their light absorption abilities and antibacterial performance.28  
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2.1.2 Mechanism of photocatalytic disinfection  

Generally, the photocatalytic disinfection process starts with photogenerated electrons and 

holes. When a semiconductor is irradiated with UV-Visible light with energy higher than 

its band gap, the electrons (e-) can be excited to its conduction band (CB), thus leaving a 

hole (h+) in its valence band (VB). Then, these charge carriers (e-/h+ pair) separate from 

each other and migrate to the surface/interface of the photocatalyst. Afterwards, a series of 

redox reactions occur to form various active species involving •OH,•O2-, 1O2, H2O2, etc.. 

Finally, these active species can oxidize or interact with cellular components resulting in 

disruption of the cell membrane and cell wall. Figure 2.1 illustrates the photocatalytic 

disinfection process by using TiO2 as an example.31 

 

Figure 2.1. The disinfection process of photocatalysts by Reddy, P. A. K. et al. 2016. 

2.2 Characterization of photocatalytic disinfection 
performance 

Generally, there are several methods to characterize the photocatalytic activity of as-

prepared samples.  

Zone inhibition test is used to evaluate the antimicrobial property of photocatalysts. For 

zone of inhibition measurements, a suitable amount of photocatalyst is placed in the plate 
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with bacteria suspension. After the plate is incubated at 37 °C for 24 h, the zone area of 

inhibition without bacteria growth is measured which is the clear area surrounding the 

photocatalyst.32 

The bacterial viability (survival ratio) is widely employed to express the inactivation 

efficiency of antimicrobials and can be calculated by the following equation, survival ratio 

= (1-Ct/C0)	× 100% where Ct and C0 are the concentration of bacteria cells at time t and 

time 0, respectively. The concentrations of bacteria cell (Colony-Forming Units, CFU/mL) 

can be obtained by counting the number of bacteria cells in the agar plate manually.33 

Change of CFU in the form of log10 with the reaction time is widely used and potent to 

demonstrate the disinfection efficiency of photoactive antimicrobials.33  

The effects of photocatalytic agents on microbes’ integrity can be investigated by scanning 

electron microscopy (SEM) or transmission electron microscopy (TEM). For example, the 

morphology of S. aureus cells changed with irradiation time in the presence of carbon-

coated bismuth/cobalt nanoparticles (Figure 2.2).34 Before the photocatalytic reaction, S. 

aureus is observed with round and plump shape with smooth membrane (a). After 5 min 

reaction, shrinkage of the cell membrane and pits on the surface of S. aureus cell are clearly 

observed (b). With increasing irradiation time, the extent of distortion of S. aureus cells 

was enhanced (c, d and e). Half an hour later, serious shrinkage of the cell membranes was 

observed, and many pores led to total distortion of S. aureus from round to a flat shape (f), 

indicating the cell membrane was seriously damaged.  
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Figure 2.2. SEM images of S. aureus with the increase of irradiation time in the presence 

of photocatalyst by Wang, R. et al. 2019. 

Compared to SEM, TEM images can show the change of cell inclusions before and after 

treatment with photocatalysts more clearly. As demonstrated in Figure 2.3, after 

disinfection, S. aureus and E. coli all presented obvious leakage of protein (red arrows) and 

rupture of cell membranes (dark arrows).35  

 

Figure 2.3. TEM images of S. aureus and E. coli without and with treatment by SCN-

Zn2+ @GO20% after illumination for 10 min by Li, Y. et al. 2018. 

To further confirm the effects of photocatalysts on microbes, cell live/dead test can be 

conducted by using laser scanning fluorescence microscopy.  STYO9 and PI are common 
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stains used in this test. STYO9 is a green fluorescent nucleic acid dye which can pass 

through the cell membrane and thus can label live and dead cells including gram-positive 

and gram-negative bacteria. In contrast, PI cannot go through the cell membrane and only 

label dead cells. From the fluorescent images, the effects of disinfection can be observed 

intuitively. In addition, 4',6-diamidino-2-phenylindole (DAPI) can also penetrate the cell 

membrane and stain live cells with blue fluorescence. As shown in Figure 2.4, after 2 h 

treatment with GO/g-C3N4, more dead E. coli cells (red) were found, indicating E. coli cells 

were effectively inactivated by GO/g-C3N4. This is in agreement with the very low survival 

rate of 2.1 %.36 

 

Figure 2.4. Fluorescent images of live and dead E. coli cells in control and treated by 

GO/g-C3N4 under illumination for 2 h by Sun, L. et al. 2017. 

Stability of antimicrobials can be characterized by studying the survival ratio or cell density 

under the same conditions by using the recovered antimicrobials for several cycles, which 

is of great importance for practical applications of photoactive antimicrobials.  

2.3 Study of photocatalytic disinfection mechanism 
In order to elucidate the action modes of antimicrobials, the confirmation of active species 

killing or inhibiting microbes and discussion of dissociation of generated electron-hole 

pairs in disinfection process are essential.  
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Determination of active species 

To confirm active species, two methods are widely used. One is active species trapping 

experiments in which various scavengers were added to a suspension of bacteria and 

photocatalyst individually and the disinfection efficiencies are compared. Generally, active 

species include holes (h+), electrons (e−), hydroxyl radicals (•OH), superoxide radicals 

(•O2−), singlet oxygen (1O2) and hydrogen peroxide (H2O2). Ethylenediaminetetraacetic 

acid disodium salt (EDTA-2Na), K2Cr2O7, tertbutyl alcohol (TBA), L-ascorbic acid, NaN3 

and Fe (II) were applied as the scavengers for h+, e-, •OH, •O2−, 1O2 and H2O2, respectively. 

The decrease of disinfection efficiency indicates that the active species trapped by 

corresponding scavengers plays vital roles in disinfection process. 

Electron spin resonance measurements 

Apart from trapping experiments, for confirming active species in photocatalytic reaction, 

another method is to measure the electron spin resonance (ESR) signals of photocatalyst 

solution in the presence of different scavengers under darkness and light irradiation.  5,5-

di-methyl-1-pyrroline N-oxide (DMPO) and 3, 4-dihydro-2-methyl-1,1-dimethylethyl 

ester-2H-pyrrole-2-carboxylic acid-1-oxide (BMPO) are common scavengers for trapping 

•O2− and •OH. 4-hydroxy-2,2,6,6-tetramethyl-1-piperidine (TEMP) was used to consume 
1O2 in ESR measurements. As shown in Figure 2.5, under light illumination, GO/g-C3N4 

showed stronger characteristic signals •OH (four peaks) and •O2− (six peaks) than g-C3N4, 

suggesting more active radicals were generated in GO/g-C3N4.36  

 

Figure 2.5. Comparison of ESR signals of (a) DMPO−•OH and (b) DMPO−•O2− 

between g-C3N4 and GO/g-C3N4 under visible light illumination by Sun, L. et al. 2017. 
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Photoelectrochemical measurements  

Photocurrent signals and electrochemical impedance spectroscopy (EIS) are widely 

applied to evaluate the separation efficiency of photogenerated electron-hole pairs and 

charge transfer ability of photocatalysts. For example, as demonstrated in Figure 2.6, 

GO/g-C3N4 presented higher photocurrent response and lower electrochemical impedance 

than g-C3N4, indicating more free charge carriers were generated and transferred. This can 

account for the enhanced photocatalytic activity of photocatalysts.36  

 

Figure 2.6. Comparison of (left) photocurrents and (right) electrochemical impedance 

spectroscopy of GO/g-C3N4 and g-C3N4 by Sun, L. et al. 2017. 

2.4 Applications of polythiophene and its derivatives based 
photocatalysts in photocatalytic disinfection 

Photodynamic antimicrobial polymers can produce reactive oxygen species (ROS) with 

oxygen in the surrounding and disinfect a range of pathogenic microorganisms when 

exposed to light illumination.37 Various antibacterial coatings were explored by 

incorporating photosensitizers with polymer substrates or matrixes.38, 39 In comparison with 

inorganic photocatalytic antibacterial agents, conductive polymers with delocalized 

structure possess many advantages including broad visible light absorption and easy 

processability. The first application of a series of water soluble cationic conjugated 

polyelectrolytes (CPEs) in photocatalytic antibacterial field was reported in 2008.40 From 

then on, polyaniline (PANI), polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) 

(PEDOT)) and polythiophene (PTh) have been incorporated with various semiconductor 
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nanomaterials to improve the photocatalytic activity of composites by extending their 

spectral responsive range and enhancing the separation efficiency of photogenerated 

electron-holes pairs.28 Among these conductive polymers, PTh is of great interest. The 

pioneering work of photocatalytic inactivation of bactericides based on PTh was reported 

in 2006.41 In this work, a novel composite photocatalyst was fabricated by incorporating 

thiophene with ZSM-5 zeolite. Under irradiation, reactive hydroxyl radicals were 

generated. The composite photocatalyst gives effective inactivation toward 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). In 2009, an anionic water-

soluble polythiophene (PTP) was incorporated with a cationic porphyrin (TPPN) to form a 

complex via electrostatic interaction. Efficient energy transfer occurs between PTP and 

TPPN and singlet oxygen (1O2) kill the bacteria effectively (Figure 2.7).42 

 

Figure 2.7. Schematic antibacterial mechanism of PTP/TPPN complex and chemical 

structures of PTP and TPPN by Xing, C. et al. 2009. 
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In 2010, a cationic polythiophene (PMNT) can act as a multifunctional agent for 

simultaneous killing cancer cells (cell carcinoma (A498)) and apoptosis imaging 

applications.43 In 2011, a polythiophene/MnO2 nanocomposite bactericide was reported. 

Under solar light irradiation, E. coli and S. aureus were killed efficiently. Almost all initial 

bacteria were killed in 6 h under solar light illumination. Hydroxyl radicals were found to 

play a vital role in the photocatalytic disinfection process.44 In 2013, a flexible anti-

microbial film was fabricated by incorporating polyterthiophene (PTTh) with porphyrin. 

Under white light, E. coli was efficiently killed by the singlet oxygen generated via 

fluorescence resonance energy transfer from PTTh to porphyrin.45 In 2014, Cu doped 

ZnO/PTh composite was fabricated by in situ polymerization of thiophene in the presence 

of as-prepared Cu doped ZnO. The nanocomposite with 80 wt% of Cu doped ZnO showed 

the largest inhibition zone (IZ) diameter against three bacteria including E. coli, S. aureus 

and Candida albicans (C. albicans) compared to pure PTh, Cu-doped ZnO and other 

nanocomposites with different content of Cu doped ZnO.46 In 2017, an imidazolium-

functionalized PTh (P3HT-Im) was fabricated via Grignard metathesis controlled 

polymerization. Under visible light illumination, P3HT-Im was found to kill gram-positive 

and gram-negative bacteria efficiently. Furthermore, it showed non-toxicity to mammalian 

cells at a low concentration, as shown in Figure 2.8. 47 

 

Figure 2.8. Chemical structure and photocatalytic disinfection mechanism of P3HT-Im by 

Huang, Y. et al. 2017. 

In 2018, P3HT-Im and P3HT-T which are functionalized poly(3-hexylthiophene) (P3HT) 

by imidazolium and tertiary amines with different sizes were reported to kill E. coli and 

Bacillus atrophaeus efficiently both under dark and when illuminated. Figure 2.9 shows 

the chemical structures and synthetic process of P3HT-Im and P3HT-T. This work 
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compared the disinfection mechanisms of these two polymers and investigated the effects 

of size on photocatalytic performance.48  

 

Figure 2.9. Synthetic route of P3HT-Im and P3HT-T by Brown, D. M. et al. 2018. 

In 2019, enantiopure polythiophene nanoparticles with R or S chiral carbons (Figure 2.10) 

were reported to demonstrate opposite antibacterial abilities toward E. coli and S. aureus. 

In addition, these two materials showed non-toxicity to living mouse fibroblast cells. 

However, the antibacterial activities of these two materials were not satisfactory.49 

 

Figure 2.10. Synthetic routes of R and S chiral polythiophenes by Palamà, I. E. et al. 

2019. 

2.5 Fabrications and applications of PU coatings in 
photocatalytic disinfection 

Polyurethane (PU) is a polymer consisting of a chain of repeating units connected by 

carbamate (urethane) links. It has been usually employed as biomaterials and matrix of 

photocatalysts thanks to its superior physical and mechanical properties and excellent 
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biocompatibility. Till now, TiO2/PU composites dominated PU based photocatalytic 

antibacterial coatings. In 2012, a stable TiO2/PU composite coating was fabricated by using 

2,2-bis(hydroxymethyl) propionic acid (DMPA) as a binder which connects TiO2 and PU 

by chemical bonding. Under solar light illumination, only 1 % of E. coli can survive within 

60 min.50 In 2013, Ag/TiO2 was electro-sprayed on the PU composite nanofiber mat to 

form a photocatalytic coating which showed better inactivation toward S. aureus compared 

to Ag/TiO2 and pure PU coating.51 In 2014, TiO2-fly ash/PU composite coating was 

fabricated by electrospinning the blend solution of TiO2, fly ash and polyurethane. 

Compared to pure PU, fly ash/PU, and TiO2/PU coatings protected mats, TiO2-fly ash/PU 

composite coating behaved superior antibacterial activity, as depicted in Figure 2.11.52 

 

Figure 2.11. Antibacterial performance of mats protected by different coatings against E. 

coli bacteria under UV radiation by Kim, H. J. et al. 2014. 

In 2015, waterborne PU/doped TiO2 was obtained by deposition the mixture of doped TiO2 

and waterborne PU and then drying at room temperature. E. coli growth was efficiently 

inhibited compared to PU coating.53 In addition, anatase and rutile TiO2 were mixed with 

waterborne PU to obtain composites by conditioning the mixture at 50 ºC for several days. 

This work showed that anatase TiO2/PU has better photocatalytic antifungal activity toward 

Aspergillus niger.54 Another paper on PU based photocatalytic coating is also about 

TiO2/PU coating which was fabricated by dipping stainless steel in a suspension of TiO2 

and PU. The composite coating demonstrated a reduction of 3.5-log CFU/cm2 in 2 h against 

E. coli.55 In 2016, rutile TiO2 was used  as a nanofiller of a styrene acrylic PU matrix to 

inhibit the growth of E. coli. The composite was fabricated by using ultrasonication. In 
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addition, the weight loss, impact strength and adhesion of the neat coating were greatly 

improved after the addition of  TiO2 nanoparticles.56 In 2017, a PU-Acrylate-Ag/TiO2 

coating was made by in-situ polymerization in the presence of dispersed Ag/TiO2 

nanocomposites particles which can function as photoinitiator. In this case, only 3 % of  

E.coli cells can survive within 150 min. 57 In 2018, a hydrophobic carbon quantum dots 

(hCQDs)/PU coating was fabricated by dipping PU pieces into hCQDs solution and the 

hCQDs were encapsulated in PU matrix. Then the swelling PU containing hCQDs was 

dried at 80 °C for 12 h to obtain composite coating. Under blue light illumination, S. aureus 

and E. coli showed 5-log reduction within 60 min.58 Dopamine/ZnO nanorod/PU ternary 

composite was obtained by immersing as-prepared electro-spun PU mats in the solutions 

of dopamine and precursor solution of ZnO in sequence. Then the composite was treated 

via a hydrothermal method to give dopamine/ZnO nanorod/PU ternary nanofiber, as 

illustrated in Figure 2.12. The composite nanofiber demonstrated better photocatalytic 

inactivation against E. coli and possessed excellent recycling stability. 59  

 

Figure 2.12. Fabrication process of Pdopa-ZnO/PU-coated nanofiber by Kim, J. H. et al 

2018. 
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In 2019, a ternary composite of Ag/TiO2/WPU was fabricated by a facile method where 

Ag nanoparticles, TiO2 and waterborne were integrated together as the emulsion reaction 

finished. Over 99 % of K. pneumoniae and S. aureus cells were killed by the composite 

coating after 24 h. Importantly, this coating gave excellent mechanical properties and was 

found not harmful to mammalian cells.60 RGO/TiO2/PUA was fabricated via in-situ 

polymerization method as illustrated in Figure 2.13. Only 14 % of S. aureus can survive 

within 150 min under VU-Visible light. This result is better than that of any samples 

including pure PUA and TiO2/PUA.61 A series of visible responsive FeOx/PU coatings 

were fabricated by using PU as substrate. FeOx was grown on the surface of PU via various 

deposited methods such as spraying and dip coating. In addition, the PU substrate was pre-

treated by using abrasion and acetone. Temperature, deposition time and pre-treatment 

methods on PU were investigated to be important factors in photocatalytic performance of 

antibacterial coatings.62 Ag/AgCl/PU/SF composite coating was attained by two steps. 

Firstly, PU/silk fibroin (SF) composite films were made via a wet phase inversion method. 

Then, Ag@AgCl NPs were grown on the surface of PU/silk fibroin (SF) composite films 

by impregnation-precipitation-photoreduction technique. Ag/AgCl/PU/SF composite film 

showed moderate disinfection effect toward E. coli and S. aureus and the maximum 

inhibition diameter were 12.93 and 13.70 mm toward S. aureus and E. coli. In addition, the 

composite film gave excellent recycling stability after four runs.63 

 

Figure 2.13. Scheme of formation of the rGO/TiO2/PUA nanocomposites by Li, X. et al. 

2019. 
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The achievements summarized above indicate the promising photocatalytic disinfection 

capability of PU/photocatalysts composite coatings. However, the majority of publications 

focused on TiO2/PU composites which can only be conducted under UV light. In addition, 

most composites were synthesized by physical mixing PU matrix and photocatalysts which 

led to the unsatisfactory stability resulting from the leaching of photocatalysts. So, visible 

responsive and stable photocatalytic PU coatings are still active goals of scientific interest. 

2.6 Applications of g-C3N4 and its composites in 
photocatalytic disinfection 

Graphitic carbon nitride (g-C3N4) is a conjugative polymeric mainly containing carbon and 

nitrogen elements and consisting of triazine or heptazine building units (Figure 2.14).64 

 

Figure 2.14. (a) Triazine and (b) heptazine structures of g-C3N4 by Ong, W.-J. et al. 2016. 

Metal-free and non-toxic g-C3N4 as a visible responsive and robust photocatalyst has 

attracted significant attention due to its appropriate energy band gap (~2.7 eV), suitable 

positions of valence and conduction bands, and high thermal and chemical stability.65  In 

addition, g-C3N4 can be synthesized easily via thermal polymerization from low-cost raw 

materials such as melamine, urea, cyanamide, thiourea and dicyandiamide.66 G-C3N4 

acting as a popular photocatalyst has obtained widespread applications in environmental 

renovation and energy exploration including pollutants removal, water splitting, CO2 

reduction and N2 fixation since the pioneering work reported in 2009 for photocatalytic 

hydrogen production.67 The first report of g-C3N4 in photocatalytic antibacterial field was 

reported in 2013. In this work, g-C3N4 nanosheets were incorporated with ɑ-S8 and reduced 

graphene oxide (RGO) to form a ternary composite which gave enhanced inactivation 
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against E. coli compared to any binary composites under aerobic and anaerobic conditions 

using visible light irradiation.68 From then on, the interest in the photocatalytic inactivation 

against bacteria, viruses and algae has been increasing every year, as shown in Figure 2.15.  

 

Figure 2.15. Number of annual publications on g-C3N4-based antimicrobials in recent 

years. 

Similar to the mechanisms of g-C3N4 in other photocatalytic fields, the active species such 

as e-, h+, •OH, •O2- and H2O2, are summarized  in the following equations (1-7).69 Similarly, 

the photocatalytic inactivation efficiency is dependent on the number and types of active 

species which further rely on the light absorption ability and dissociation efficiency of 

electron-hole pairs photo-generated when g-C3N4 was exposed to light.  

 

In order to overcome the bottlenecks of low separation efficiency of charge carriers and 

inadequate light absorption of bulk g-C3N4, various techniques such as modification of 

morphology, formation of heterojunctions, doping metal or nonmetal elements have been 



 

26 

 

shown to be successful for achieving this goal, as summarized in these reviews.69, 70 

Basically, there are two main methods to improve the photocatalytic performance of bulk 

g-C3N4. One is modification of bulk g-C3N4 by introducing porous structure or making 

ultrathin g-C3N4 nanosheets for increasing the surface area and active sites.71-75 Because 

ultrathin g-C3N4 nanosheets can shorten the migration distance of free charge carriers from 

the interior to the surface of the catalyst, which are involved in a series of chemical 

reactions to form active species. In addition, elemental doping is also an effective way to 

improve the photocatalytic performance of bulk g-C3N4 by extending the visible light 

absorption range and enhancing the separation efficiency of charge carriers.34 Design and 

fabricating heterojunctions systems such as binary and ternary composites by incorporating 

g-C3N4 with other photocatalysts is commonly utilized to enhance the photocatalytic 

antimicrobial activity. The synergistic effects of ingredients of composites can favor in 

harvesting solar light, facilitating dissociation of charge carriers and their transportation. 

Various composites based on g-C3N4 for photocatalytic antibacterial applications were 

previously summarized.76 Composites based on elemental Ag and g-C3N4 include Ag/g-

C3N4, AgBr/g-C3N4, AgCl/g-C3N4, Ag2WO4/mesoporous g-C3N4.32, 77-79 Generally, Ag 

based g-C3N4 composites demonstrated excellent antibacterial performance originating 

from the surface plasmon resonance (SPR) effect of Ag nanoparticles and the synergistic 

effect between them. Additionally, Ag for Ag+ can also kill bacteria efficiently in the dark. 

However, it should be noted that the leaching of Ag for Ag+ is an inevitable issue for the 

sake of practical application. TiO2 as a classical photocatalyst was used to fabricate a series 

of g-C3N4/TiO2 hybrids which demonstrate better antibacterial capabilities than that of any 

pure counterparts.80, 81 Additionally, bismuth based photocatalysts have gained significant 

attention due to their visible light absorption, low cost, non-toxicity and high stability in 

photocatalytic pollutants removal, hydrogen production and CO2 reduction. g-C3N4/m-

Bi2O4, Bi2MoO6/g-C3N4 NSs, BiVO4 QDs/g-C3N4, BiOBr/BiOI/g-C3N4 and g-

C3N4/Bi2MoO6 demonstrated superior antibacterial performance than those of their pure 

ingredients.82-85 As far as water safety is concerned, perspective, metal-free photoactive 

agents as antimicrobials can avoid the issue of metal leaching into environmental 

surroundings and are desirable. Carbon materials, C60 and C70 which were widely used in 

organic solar cells as acceptors were also reported to combine with g-C3N4  to fabricate 
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metal-free photocatalysts.86 In addition, GO as a layer material was extensively applied in 

the photocatalytic field was also used to construct g-C3N4 composites to improve 

antimicrobial activity owing to its large surface area and excellent transportation ability of 

electrons.87 These metal-free photoactive agents can function as candidates for removing 

pathogens from our polluted surroundings. 

Most model pathogens commonly used for evaluating the photocatalytic antimicrobial 

activity focused on E. coli, S. aureus, Bacillus anthracis (B. anthracis), and Salmonella. In 

addition, virus Bacteriophage MS2 and microalgae Microcystis aeruginosa were also used 

as models in several publications.76, 88-91 Up to now, there are no reports on photocatalytic 

killing of Protozoa and fungi. 

Although g-C3N4-based photocatalysts have obtained many achievements in antimicrobials, 

the exploration and research are still at an early stage yet and more endeavors are expected. 

In addition, E. coli dominated the model pathogens and some positive-gram bacterial cells 

were less investigated comparatively. 
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Chapter 3  

3 Synthesis and photocatalytic antibacterial properties of 
poly [2,11’-thiophene-ethylene -thiophene-alt-2,5-(3-
carboxyl)-thiophene]  

Conductive polymers have been demonstrated to be able to inactivate microbials under 

light irradiation due to their broad visible light absorption. Polythiophene (PTh) and its 

derivatives can generate singlet oxygen to kill microbials due to the presence of sulfur. In 

this chapter, the recent research progress of PTh based derivatives and composites for 

antimicrobials is reviewed. A new PTh derivative PTET-T-COOH for effective 

photocatalytic inactivation of two gram-positive bacteria including S. aureus and S. suis is 

presented. In addition, the recycling stability and the antibacterial mechanism of PTET-T-

COOH is discussed in detail.  

3.1 Abstract 
Designing new antimicrobial surfaces which are effective under visible light irradiation 

without leaching toxic ions is a current challenge for effective disinfection. This work 

examined the synthesis and characterization of a new polymeric system poly[2,11’-

thiophene-ethylene-thiophene-alt-2,5-(3-carboxyl)-thiophene] (PTET-T-COOH) with 

broad light absorption. Its photocatalytic disinfection performance against S. aureus and S. 

suis was evaluated, showing over 99.999 % inactivation for both bacteria under visible 

light irradiation at a low concentration of PTET-T-COOH (0.1 mg/mL). The active species 

generated and responsible for the photocatalytic disinfection were confirmed to be singlet 

oxygen and free electrons by using scavengers and electron spin resonance spectroscopy 

(ESR). PTET-T-COOH demonstrated excellent chemical stability under visible light 

irradiation, with the carboxyl group providing possibility for chemical bonding to suitable 

functionalities for the development of novel antibacterial coatings. 

3.2 Introduction 
Infectious diseases originating from bacteria have drawn increasing attention due to their 

causation for both disease and death.1 With the emergence of antibiotic resistant 
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microorganisms, antibiotics have gradually lost their activity for inactivating bacteria. New 

types of antimicrobial materials are required to kill antibiotic-resistant strains. 

Conventional antimicrobial materials such as metals (e.g. Ag+) or their ions can kill 

bacteria by physical and/or chemical interactions.2 However, they are restricted by their 

high cost or toxicity due to leaching.3 In recent years, photocatalytic technology has been 

of interest for environmental remediation and disinfection. Numerous inorganic photo-

catalysts (TiO2, ZnO, g-C3N4)4 have been examined which form reactive oxygen species 

(ROSs) when irradiated, to destroy microbes.4, 5  

Compared to inorganic photo-catalysts, investigation of organic photocatalysts is rather 

new in spite of their many advantages including chemically tunable electronic structure, 

excellent biocompatibility, low cost and low toxicity. Additionally, organic photocatalysts 

on the surfaces of polymer and textiles can be easily realized by chemical bonding. This 

makes the exploration of novel and efficient organic antimicrobial agents is of significant 

importance. 

Conductive polymers have been extensively explored in numerous applications including 

organic photovoltaics, sensors, emitting diodes, supercapacitors, transistors and 

photocatalytic applications.6, 7 Recent work with several conductive polymers including 

polyaniline (PANI),8 polypyrrole (PPy)9 and polythiophene (PTh)10 have shown 

antibacterial or photo sensitizer activity when incorporated with various inorganic photo-

active agents. By extending their light absorption spectrum and promoting the separation 

of photogenerated electrons and holes,5 the assemblies photocatalytic activity was 

enhanced. 

As one of the most potent conducting polymers, sulfur-containing polythiophene (PTh) 

and its derivatives can absorb visible and near infrared light for yielding triplet states to 

excite the triplet oxygen followed by efficient production of singlet oxygen and other 

ROSs.11 Functional group modification of PTh and incorporation with other inorganic or 

organic ingredients were exploited for broadening its application scope. Many efforts have 

been focused on the applications of PTh and its derivatives in photocatalytic water splitting 

to produce hydrogen,12 photodegradation of organic pollutants 13 and photocatalytic 
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organic synthesis.14 Several composite photocatalysts based on PTh and its derivatives also 

have been reported for photo-induced disinfection. For example, Ai et al. utilized 

PTh/MnO2 composite to kill 99.9 % Escherichia coli (E. coli) and staphylococcus aureus 

(S. aureus) cells upon 6 h solar light exposure (1 mg/mL).15 Synergistic effects in Cu-doped 

zinc oxide/polythiophene ternary composites were found to provide better antibacterial 

activities than those from either individual component.16 Organic semiconductors have 

many merits including low cost, good stability and biocompatibility, adjustable band gap, 

and abundant element resources.17 A complex was formed between water-soluble 

polythiophene and a cationic porphyrin through electrostatic interactions. Efficient energy 

transfer from polythiophene to porphyrin occurred in this complex and yielded singlet 

oxygen and photocatalytic disinfection under exposure to white light.18 In addition, a 

flexible, thin and transparent anti-microbial film of polyterthiophene/porphyrin was 

fabricated on PET sheets and behaved efficient inactivation toward E. coli.19    

Compared to these composite photocatalysts, single PTh-based photocatalysts provide 

potential for enhanced stability and less leaching problems. Although several pristine PTh 

derivatives have demonstrated good photocatalytic inactivation ability, the disinfection 

performance, the stability and recyclability still needs to be enhanced. 11, 20 Herein, a novel 

conductive polymer PTh derivative, PTET-T-COOH was synthesized in this work and its 

photocatalytic inactivation effects on S. aureus and S. suis were investigated 

comprehensively with the reusability and photocatalytic antimicrobial mechanism being 

examined in detail. 

3.3 Experimental Section 

3.3.1 Materials 

N-bromosuccinimide (C4H4BrNO2), thiophene-3-carboxylic acid (C5H4O2S), tetrakis 

(triphenylphosphine) palladium (C72H60P4Pd), thiophene-2-carbaldehyde, n-butyllithium 

(n-BuLi, 2.4 M in hexanes), titanium tetrachloride (TiCl4), trimethyltin chloride, 2-

(tributylstannyl)thiophene and bromobenzene were purchased from Energy Chemical 

(Shanghai, China). Tetrahydrofuran (THF), zinc (Zn), sodium carbonate (Na2CO3), 

magnesium sulfate (MgSO4), petroleum ether, hexane, dichloromethane (CH2Cl2), 
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chloroform (CHCl3), methanol, acetic acid and toluene was purchased from Sinopharm 

Chemical Reagent Beijing Co., Ltd. (Beijing, China). Nitrogen gas (N2) was supplied by 

Siping Hongyuan Gas Co., Ltd. (Siping, China). Tryptic soy broth (TSB) and tryptic soy 

agar (TSA) were purchased from Qingdao Hope Bio-Technology Co., Ltd (Qingdao, 

China). Phosphate buffered saline (PBS) (pH = 7.2) was purchased from Beijing Solarbio 

Science & Technology Co., Ltd. (Beijing, China). SYTO-9 and propidium iodide (PI) were 

purchased from invitrogen (American). 3, 4-Dihydro-2-methyl-1,1-dimethylethyl ester-

2H-pyrrole-2-carboxylic acid-1-oxide (BMPO), 5,5-di-methyl-1-pyrroline N-oxide 

(DMPO) were purchased from DOJINDO (Japan) and 4-hydroxy-2,2,6,6-tetramethyl-1-

piperidine (TEMP) were supplied by Sigma-Aldrich. Ethylenediamine tetraacetic acid 

disodium salt (EDTA-2Na) was purchased from Changchun Tianjia Biological Techonogy 

Co., Ltd. (Changchun, China), tertbutyl alcohol (TBA), K2Cr2O7, and NaN3 were 

purchased from Sinopharm Chemical Reagent Beijing Co., Ltd (Beijing, China). L-

Ascorbic acid was purchased from Beijing Bailingwei Technology Co., Ltd. (Beijing, 

China). 

3.3.2 Synthesis of poly[2,11’-thiophene-ethylene-thiophene-alt-
(2,5-(3-carboxyl) -thiophene] (PTET-T-COOH)  

Synthesis of compound T-E-T 21: Thiophene-2-carbaldehyde (5 g, 44.6 mmol) was 

dissolved in dry THF (50 mL) at -18 °C before the addition of titanium tetrachloride (3.4 

g, 18 mmol in 18 mL of THF). After being stirred at -18 °C for 0.5 h, the reaction mixture 

was warmed to room temperature. Subsequently, Zn (21 g, 320 mmol) in batches was 

added and the mixture was refluxed for 4 h and then cooled to room temperature. Na2CO3 

(5 g) was added to quench the reaction and to bring the pH value of the resulting mixture 

to 6-8. After that, the mixture was extracted with CH2Cl2 (2×30 mL). The organic phase 

was dried over MgSO4 and concentrated under vacuum at 45 °C. The residue was purified 

by column chromatography on silica gel using petroleum ether/dichloromethane (1:20) as 

an eluent followed by rotary evaporation to afford a pale yellow solid (3 g, 70%). 1H NMR 

(400 MHz, CDCl3), δ (ppm): 7.18 (d, 2H), 7.06 (s, 2H), 7.04 (d, 2H), 6.99 (t, 2H). 13C 

NMR (100 MHz, CDCl3), δ (ppm): 142.3, 127.6, 126.0, 124.3, 121.4. 
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Synthesis of compound T-E-T-Tin 22: n-BuLi (2.4 mL, 2.4 M in hexanes) was added 

dropwise to a solution of T-E-T (2 g, 10 mmol) in anhydrous THF (50 mL) at -78 °C (low 

temperature thermostatic bath of EYELA) under nitrogen gas protection. After being 

stirred at -78 °C for 2 h, the reaction mixture was warmed to room temperature and stirred 

for 0.5 h. Subsequently, the mixture was cooled to -78 °C again before the addition of 

trimethyltin chloride (2.3 g, 24 mmol). After being stirred at -78 °C for an additional 2 h, 

the solution was warmed to room temperature and then quenched with H2O (30 mL). The 

reaction mixture was extracted with CH2Cl2 (2×30 mL). The organic phase was dried over 

anhydrous MgSO4. After the solvent had been removed under vacuum at 45 °C, the residue 

was purified by recrystallization from ethanol to yield a yellow needlelike solid (1.54 g, 

28%). 1H NMR (400 MHz, CDCl3), δ (ppm): 7.12 (d, 2H), 7.09 (s, 2H), 7.07 (d, 2H), 0.37 

(t, 18H). 13C NMR (100 MHz, CDCl3), δ (ppm): 148.2, 137.5, 135.7, 127.0, 121.2, -8.3. 

Synthesis of compound 2,5-dibromothiophene-3-carboxylic acid 23: In a dry two-necked 

round-bottomed flask, thiophene-3-carboxylic acid (5 g, 39 mmol) was dissolved in CHCl3 

under nitrogen, with acetic acid (20 mL) added dropwise. After the addition of N-

bromosuccinimide (14.4 g, 81.9 mmol) in portions at 0 °C, the reaction mixture was stirred 

for 1 h at 0 °C. The mixture was further stirred overnight after being warmed to room 

temperature. After that, the mixture was poured into ice-water (30 mL) and extracted with 

CH2Cl2 (2×30 mL). After removal of the dichloromethane using a rotary evaporator at 

45 °C, the crude products were purified by column chromatography on silica gel using 

petroleum ether/dichloromethane (1:1) to give a white solid (6.7 g, 60 %). 1H NMR (400 

MHz, CDCl3), δ (ppm): 7.41 (s, 1H). 13C NMR (100 MHz, CDCl3), δ (ppm): 165.4, 132.0, 

130.7, 121.4, 111.7. 

Synthesis of polymer PTET-T-COOH: T-E-T-Tin (329 mg, 0.634 mmol) and 2,5-

dibromothiophene-3-carboxylic acid (180 mg, 0.634 mmol) were dissolved in anhydrous 

toluene (40 mL). The mixture solution was purged with nitrogen for 20 min before 

Pd(PPh3)4 (70 mg, 0.060 mmol) was added. After being degassed for another 20 min, the 

mixture was then stirred at 110 °C for 72 h. Then 2-(tributylstannyl) thiophene (100 mg) 

and bromobenzene (100 mg) as end-cappers were added in sequence and allowed to stir at 

110 °C for 12 h, respectively. The mixture was poured into methanol (200 mL) and filtered. 
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After Soxhlet extraction with hexane, methanol and chloroform for 24 h each, the polymer 

was reprecipitated from methanol to afford a purple solid (180 mg, 89 %). Solid-state 13C 

NMR (500 MHz), δ (ppm): 170.5, 142.5, 135.8, 127.4. 1H NMR (600 MHz, DMSO-d6), δ 

(ppm): 7.48 (Br, protons of carbonyl adjacent thiophene), 7.23-7.06 (protons of 

di(thiophen-2-yl) ethane). 

3.3.3 Measurements 

Fourier transform infrared (FT-IR) spectra of samples were investigated by FT-IR 

spectrometer (PE Frontier, USA) within the wavelength range of 500-4000 cm-1 by mixing 

samples with KBr to form KBr pellets. Field emission scanning electron microscope 

(FESEM) (JSM-7800F, Japan) and energy-dispersive spectroscopy (EDS) (X-Max80 

(OXFORD, Britain) were employed for analyzing the samples. UV-visible absorption 

spectra were collected on UV-Vis-NIR spectrophotometer (UV-3600, Shimadzu, Japan). 

X-ray diffraction (XRD) of PTET-T-COOH was obtained using an X-ray diffractometer 

(Thermo Fisher Scios. America). The X-ray photoelectron spectroscopy (XPS) were 

conducted by Excalab 250Xi (thermofisher America). 1H NMR spectrum of polymer 

PTET-T-COOH was collected using a Varian INOVA 600 spectrometer at 25 °C. Sample 

was dissolved in DMSO-d6 and the chemical shifts were referenced to tetramethylsilane 

(TMS; 0.0 ppm). Molecular weight and dispersity (Đ) of the synthesized polymer PTET-

T-COOH were measured on a Polymer Laboratories (A Varian, Inc. Co.) Cirrus gel 

permeation chromatography (GPC) system (PL-GPC 220) using a refractive index detector 

and 3 × PLgel 10 μm MIXED-B (Varian, Inc.) columns. THF eluent flow rate was 1 

mL/min; temperature was 30 °C; the system was calibrated using a series of polystyrene 

narrow standards with peak molecular weight Mp = 580 - 6,035,000 Da).  

 

3.3.4 Testing of photocatalytic antibacterial properties of PTET-T-
COOH 

Gram-positive S. aureus (USA 300) and S. suis were chosen as model bacteria which were 

cultured in TSB at 37 °C for 12 h and then purified by high-speed freezing centrifuge at 

12000 rpm for 2 min and washed twice with 1mL PBS, resulting in a cell count of 
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approximately 7~8×108 colony forming units (cfu)/mL. Typically, 3 mg of photocatalyst 

were dispersed in 30 mL of PBS solution (0.1 mg/mL) in a 120 mL self-designed glass 

jacketed reactor containing 600 μL of bacteria solution (7~8×108 cfu/mL). The bacteria 

concentration for photocatalytic antibacterial test was about 107 cfu/mL. The reaction was 

carried out in a GHX-3 photochemical reaction instrument equipped with a 250 W Xenon 

arc lamp and an optical cutoff filter (λ< 420 nm). The visible light intensity was fixed at 

80 mW/cm2. The temperature was kept at 30 °C using a cryostatic tank. At given time 

intervals, 100 μL of tested suspension sample was pipetted out and serially diluted using 

PBS and spread on nutrient TSA plates. After incubation at 37 °C for 18 h, the cell densities 

were checked to determine the survival bacterial numbers. Control experiments (S. aureus 

or S. suis with PTET-T-COOH in dark and S. aureus or S. suis without PTET-T-COOH 

under irradiation) were also carried out. All materials and glassware had been autoclaved 

at 121 °C at 0.1 MPa for 20 min before use and all the experiments were repeated for three 

times. The process of photocatalytic antibacterial test is illustrated in Figure 3.1. 

 

Figure 3.1. The illustration of photocatalytic antibacterial test. 
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3.3.5 Study of photocatalytic antibacterial mechanism 

Rabbit plasma test  

Staphylococcal coagulase is an important virulence factor for S. aureus. Coagulase 

converts host prothrombin to staphylothrombin, leading to activation of the protease 

activity of thrombin. It was predicted that coagulase could protect bacteria from phagocytic 

and immune defenses by causing localized clotting. The interaction between PTET-T-

COOH and bacteria culture was to examine whether the expression of coagulase in S. 

aureus survival. A tube coagulation assay based on freeze-dried rabbit plasma was 

performed. PTET-T-COOH (3 mg) was added to bacteria culture (30 mL) and allowed to 

react for 0 min, 30 min, 60 min and 120 min. 300 μL of reaction solution collected at 

different times were added to 500 μL of PBS solution containing rabbit plasma in small 

ampoule of glass tubes. The mixture samples were incubated at 37 °C for 6 h, and rabbit 

plasma coagulation was examined. 

Fluorescence microscopy observation of bacteria 

Fluorescent-based cell live/dead tests were conducted for investigating the integrity of 

bacterial cell membranes. In brief, the bacterial liquids before and after 120 min irradiation 

treatment in the control and experimental groups were collected and centrifuged at 8000 

rpm for 2 min with the supernatant discarded. The obtained bacteria were dispersed in 50 

μL sterile PBS solution and stained with 25 μL of SYTO-9 (6 mg/mL in sterilized deionized 

water) and 25 μL of PI (6 mg/mL in sterilized deionized water) solution for 15 min in the 

dark at room temperature. Lastly, 10 μL of stained bacterial liquid was taken out and 

dropped on the center of slide and then imaged using a laser scanning confocal microscopy 

(Nikon Ti-s, Japan).   

Active species trapping experiments 

In order to study the active species generated in PTET-T-COOH, ethylenediamine 

tetraacetic acid disodium salt (EDTA-2Na, 0.5 mmol/L), tertbutyl alcohol (TBA, 10 

mmol/L), L-Ascorbic acid (2 mmol/L), K2Cr2O7 (2 mM) and NaN3 (2 mmol/L) were used 
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as the traps of holes (h+), hydroxyl radicals (•OH), superoxide (•O2−), electrons (e-) and 
1O2, respectively. Electron spin resonance (ESR) analysis was conducted on using a Bruker 

EMX-Plus spectrometer and the concentration of spin traps of DMPO, BMPO and TEMP 

is 0.22 mmol/L in deionized water.  

Photoelectrochemical measurements 

Photocurrent tests were studied using a CHI 760D electrochemical workstation (Shanghai 

Chenhua Instrument Co. Ltd., China) in a conventional three-electrode structure with an 

as-prepared sample as the working electrode. A Pt plate was the counter electrode and an 

Ag/AgCl electrode was the reference electrode. A 0.5 mol L-1 Na2SO4 aqueous solution 

was the electrolyte. Each working electrode was fabricated as follows: 10 mg photocatalyst 

was ultrasonically dispersed in 1 mL DMF to achieve homogeneous suspension. 

Subsequently, the obtained suspension was dropped onto a pre-cleaned ITO sheet (0.25 

cm2). Finally, the electrode was dried at 60 °C for 4 h. 300 W xenon lamp was used as the 

visible light source (λ>420 nm). 

3.4 Results and Discussion 

3.4.1 Synthesis and characterization of PTET-T-COOH 

The conjugated polymer PTET-T-COOH was synthesized in three steps as shown in 

Figure 3.2. Starting from 2-thiophene-carboxaldehyde, the (E)-1,2-di(thiophen-2-yl) 

ethane (T-E-T) was prepared with a McMurry reaction under the catalysis of titanium 

tetrachloride. 

 

Figure 3.2. Synthetic scheme for PTET-T-COOH. 

The T-E-T-Tin was further synthesized with lithiation of n-BuLi and nucleophilic additions 

of trimethyltin chloride. The targeted conjugated polymer PTET-T-COOH was obtained 
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through the palladium-catalyzed Stille coupling polymerization between T-E-T-Tin and 

2,5-dibromothiophene-3-carboxylic acid. The intermediate compounds and PTET-T-

COOH were characterized by FT-IR (Figure 3.3), 1H NMR (Figure 3.4) and 13C NMR 

(Figure 3.5) spectroscopies. Conventional synthetic strategies for synthesizing PTh and 

PTh derivatives usually utilize oxidative polymerization, Grignardmeta thesis 

polymerization, or Kumada catalyst-transfer polycondensation and typically afford 

homopolymers or block copolymers.24, 25 In this work, 2,5-di bromothiophene-3-carboxylic 

acid monomer and T-E-T-Tin monomer with a larger planar structure were copolymerized 

by adopting palladium-catalyzed Stille polymerization to easily afford alternating PTET-

T-COOH. 

As seen in Figure 3.3a, there are three major peaks in the spectrum of T-E-T-Tin at 936, 

773, and 532 cm-1. These peaks are attributed to =C-H out of plane deformation vibration 

CH3 rocking, and Sn-C asymmetric stretching modes, respectively. The two peaks in the 

FT-IR spectrum of the reactant 2,5-dibromothiophene-3-carboxylic acid at 3102 and 1692 

cm-1 (Figure 3.3b) are ascribed to carboxylic O-H and C=O stretching modes, respectively 

while the peaks at 1528, 1438, and 1250 cm-1 are attributable to the ring vibration mode. 

When polymerizing the dibromo carboxylic acid with T-E-T-Tin to form the final product, 

PTET-T-COOH, several major FT-IR peaks are observed at 3098, 3063, 3014, 2915, 1696, 

1559, 1426, 1397, 933, and 791 cm-1. In addition to the peaks at 3098 and 1696 cm-1 

attributed to carboxylic O-H and C=O stretching modes, respectively, the peaks at 3063, 

3014, and 2915 cm-1 are attributed to C-H stretching modes. The peaks at 1559, 1426 and 

1397 cm-1 are ascribed to ring vibration. The peaks at 933 and 791 cm-1 are assigned to =C-

H out of plane deformation and ring C-H deformation vibrations, respectively. These FT-

IR results demonstrate successful synthesis of T-E-T-Tin, 2,5-dibromothiophene-3-

carboxylic acid and PTET-T-COOH. Moreover, 1H and 13C NMR spectra of the 

synthesized T-E-T, T-E-T-Tin, and 2,5-dibromothiophene-3-carboxylic acid (Figure 3.4 

and 3.5) further confirmed successful syntheses of these intermediates. The targeted 

conjugated polymer PTET-T-COOH exhibits insolubility in common organic solvents, 

such as chloroform and toluene, but there is certain solubility in highly polar solvents, such 

as dimethyl sulfoxide (DMSO) and o-dichlorobenzene. 
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Figure 3.3. FT-IR spectra of (a) T-E-T-Tin, (b) 2,5-dibromothiophene-3-carboxylic acid, 

and (c) PTET-T-COOH. 
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Figure 3.4. 1H NMR spectra of compound 2,5-dibromothiophene-3-carboxylic acid, T-E-

T and T-E-T-Tin in CDCl3. 

 

Figure 3.5. 13C NMR spectra of 2,5-dibromothiophene-3-carboxylic acid, T-E-T and T-

E-T-Tin in CDCl3. 

The polymer PTET-T-COOH was dissolved in DMSO-d6 and characterized by 1H NMR 

spectrum (Figure 3.6). The proton signals of carbonyl adjacent thiophene at 7.48 ppm were 

observed for PTET-T-COOH and the signals of down field resonance ranged from 7.23 to 

7.06 ppm were assigned to proton signals of T-E-T units, which agreed well with the proton 

signals of monomers before polymerization, respectively. Besides, the characteristic broad 

peaks were observed for PTET-T-COOH after polymerization like other conjugated 

polymers. Solid-state 13C NMR spectrum of the final polymer PTET-T-COOH is provided 

in Figure 3.7, showing a resonance at 170.5 ppm for the carboxyl carbon (-C=O), 

confirming the presence of carboxyl group.26 Signals in the range from 127 to 142 ppm are 

assigned to sp2-hybridized carbon atoms within the vinyl spacers and the thiophene 

moieties.27  
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Figure 3.6. 1H NMR spectrum of polymer PTET-T-COOH in DMSO-d6. 

 

 

Figure 3.7. Solid-state 13C NMR spectrum of polymer PTET-T-COOH. 

The XPS survey spectrum demonstrates that the surface of PTET-T-COOH consists of C, 

O and S (Figure 3.8 a). The high-resolution spectra of C 1s, O 1s and S 2p are shown in 
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Figure 3.8 b-d. The high-resolution C 1s spectrum of PTET-T-COOH can be decomposed 

into five peaks. Two conspicuous peaks centered at 284.2 and 284.8 eV are observed, 

representing C-C sp2 and C-C sp3 in the framework of PTET-T-COOH, respectively.28 The 

characteristic peak of C-S bond at 285.1 eV in C 1s spectra reveals the S atom in the 

thiophene of PTET-T-COOH.28 The peak centered at 287.1 eV is typical for the C-O bond. 

Moreover, the weak signal at 288.7 eV can be attributed to the C=O units in the carboxyl 

groups. 29 The O1s spectra of PTET-T-COOH can be deconvoluted into two peaks which 

correspond to O-H (531.7 eV) and C=O (532.7 eV), respectively. The sulfur in PTET-T-

COOH was also examined in the S 2p XPS spectra. The binding energies of 164.1 and 

165.3 eV from the S 2p spectrum of PTET-T-COOH with spin-orbital splitting of 1.2 eV 

indicates the S 2p3/2 and S 2p1/2 states of sulfur in the thiophene units.30 
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Figure 3.8. (a) XPS spectrum of PTET-T-COOH. (b) High-resolution C1s peak in the XPS 

spectrum of PTET-T-COOH. (c) High-resolution O 1s peak in the XPS spectrum of PTET-

T-COOH. (d) High-resolution S2p peak in the XPS spectrum of PTET-T-COOH. 

In addition, the synthesized polymer PTET-T-COOH was also characterized by SEM, EDS 

and UV-Vis. SEM images show that PTET-T-COOH possesses bulky morphology and the 

C, O and S elements are observed in the EDS spectrum (Figure 3.9). The optical properties 

of PTET-T-COOH were analyzed by UV-Vis absorption spectrum (Figure 3.10). The 

PTET-T-COOH film exhibited a broad absorption band covering UV and almost the entire 

visible light range, attributed to localized π-π∗ transition between the aryl units.31 

Furthermore, the weak shoulder peak indicates that the majority of the conjugated polymers 

were self-organized forming aggregates in the solid state.32 The synthesized PTET-T-

COOH exhibited an absorption edge (λonset) at 650 nm. The optical band gap (Egopt) was 

calculated to be 1.90 eV according to the empirical equation Egopt = 1240/λonset. In 

comparison, poly(3-hexylthiophene) P3HT, a popular semicrystalline polymer, is the 

dominant light-harvesting absorber of incident sunlight, has a similar Egopt of 1.9∼2.1 eV.39  

In addition, PTET-T-COOH exhibits a much broader absorption spectrum in comparison 

to that of P3HT, attributed to the increased polarizability in the structure.38 

 

Figure 3.9. SEM images and EDX spectrum of PTET-T-COOH. 
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Figure 3.10. UV-Vis absorption spectra of PTET-T-COOH. 

3.4.2 Photocatalytic antibacterial properties of PTET-T-COOH 

Two gram-positive bacteria, S. aureus and streptococci suis, were chosen to investigate the 

antibacterial activity of PTET-T-COOH. Light control without adding PTET-T-COOH, 

dark control with adding PTET-T-COOH and photocatalytic disinfection by mixing PTET-

T-COOH powder in the bacterial suspension were performed. As displayed in Figure 3.11, 

negligible disinfection activity on S. aureus cells was found for the two control experiments, 

visible light control without adding PTET-T-COOH and dark control while adding PTET-

T-COOH. On the contrary, S. aureus was efficiently destroyed in the presence of PTET-

T-COOH under visible light with approximately 98 % and 99.9999 % of bacteria being 

killed in 30 min and 2 h, respectively, with a low concentration of 0.1 mg/mL. The amount 

of S. aureus bacteria decreased with the increase of illumination time up to 2h as 

demonstrated in the images (Figure 3.11c). For comparison of antibacterial capability and 

stability, we reviewed the disinfection performances of some photocatalysts based on PTh 

(its derivatives) and graphic carbon nitride (g-C3N4) which is one of the most popular 

visible light responsive photocatalysts and have been widely studied in various 

photocatalytic fields.27, 33 The inactivation efficiency of our PTET-T-COOH on S. aureus 

cells is among the best results (Table 3.1) with a much lower concentration of antibacterial 

materials than those in g-C3N4 based systems. 
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Figure 3.11. (a) Photocatalytic inactivation efficiency and (b) cell density of PTET-T-

COOH against S. aureus; (c) Images of S. aureus colonies on an agar plate before and 

under different visible light irradiation time. 

Table 3.1. The representative photocatalysts based on PTh derivatives and g-C3N4 with 

their concentration, target microorganisms and photocatalytic disinfection performances. 

Photocatalyst Concentration Bacteria Photocatalytic 

performance 

PTP/TPPN 9 [TPPN] 3.0 µM, 

 [PTP] 12.0 µM 

E. coli. killing efficiency 

70 % 5 min 

polythiophene/ 

MnO2 15 1000 μg/mL S. aureus 6 log 360 min 

Polythiophene/Porphyrin19 film E. coli  killing efficiency 

65% 

(blue light) 
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polythiophene/ 

CuxZn1-xO 16 

minimal inhibitory 

concentration  

10 μg/mL 

S. aureus inhibition zone  

35.4 mm 

P3HT-Im 20 10 μg/mL S. aureus killing efficiency 

99.8% 

P3HT-Im 

P3HT-T 11 

10 μg/mL Bacillus 

atrophaeus 

killing efficiency 

99.9% 

Ag/g-C3N4 34 60 μg/mL S. aureus 
killing efficiency 

 ~ 100% 30 min 

g-C3N4-AgBr 35 100 μg/mL S. aureus 6.4 log 150 min 

g-C3N4/ZnO/stellerite 36 100 μg/mL S. aureus 7 log 120 min 

g-C3N4-BiFeO3- 

Cu2O 37 
150 μg/mL S. aureus 

inhibition zone 

18±0.5 mm 

g-C3N4/BiOI 38 200 μg/mL S. aureus 7 log 60 min 

1/0.3-CNS/TNS/CuBA 39 1000 μg/mL S. aureus 7 log 90 min 

g-C3N4-nitride nanosheet 
40 

100 μg/mL S. aureus 4.24 log 120 min 

CDQs/g-C3N4 41 1000 μg/mL S. aureus 7 log 220 min 

g-C3N4/α-Fe2O3/CeO2 42 200 μg/mL S. aureus 
inhibition zone  

14 ± 0.5 mm 

g-C3N4 quantum dots 43 100 μg/mL S. aureus 
killing efficiency 

90 % 180 min 
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C3N4/PDINH 44 500 μg/mL S. aureus killing efficiency 

90 % 

Bi@Co@CN 45 200 μg/mL S. aureus 7 log 30 min 

PTET-T-COOH  

(This work) 

100 μg/mL S. aureus 6 log 120 min 

Streptococci are another kind of gram-positive antibiotic-resistant strain which live in pairs 

or chains of varying length. Diseases caused from S. suis range from strep throat to 

necrotizing fasciitis.46 Photocatalytic disinfection activity PTET-T-COOH against S. suis 

is depicted in Figure 3.12. Similar to its activity on S. aureus cells, negligible disinfection 

activity on S. suis was found for the two control experiments, visible light control without 

adding PTET-T-COOH and dark control with adding PTET-T-COOH. Under visible light 

irradiation, PTET-T-COOH killed approximately 98 % and over 99.999 % of S. suis cells 

in 30 min and 2 h, respectively, with a low concentration of 0.1 mg/mL. The number of S. 

suis bacteria decreased continuously with increasing illumination time up to 2 h, as 

demonstrated in the images (Figure 3.12c). 
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Figure 3.12. (a) Photocatalytic inactivation efficiency and (b) cell density of PTET-T-

COOH against S. suis; (c) Images of S. suis colonies on an agar plate before and under 

different visible light irradiation time. 

In our study, cycling runs of PTET-T-COOH were carried out to study its photocatalytic 

stability against S. aureus. PTET-T-COOH was collected from the photocatalytic 

disinfection and sterilized by high temperature for repeating use. After five cycles, PTET-

T-COOH still exhibited excellent inactivation efficiency as demonstrated in Figure 3.13. 

Cell densities of S. aureus were decreased from 7-log to 1.3-log for the first three cycles, 

to around 2.5-log for the fourth and fifth runs. Slight decrease of photocatalytic activity of 

PTET-T-COOH is probably due to the loss of PTET-T-COOH during recycling treatment.  

 

 

Figure 3.13. Stability test of PTET-T-COOH on S. aureus (107 cfu mL-1, 30 mL) under 

visible light for five successive applications. 

The chemical stability of PTET-T-COOH before and after the five cycle antibacterial 

reactions against S. aureus was evaluated by FT-IR and powder X-ray diffraction (XRD). 

As seen in Figure 3.14, the FT-IR spectra of PTET-T-COOH before and after the five 

cycles are almost identical, indicating that the chemical structure did not change 

substantially during the 5 runs of visible light photocatalytic disinfection experiments. 

XRD showed that PTET-T-COOH samples before and after the five cycles were 
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predominantly amorphous with some degree of preferred ordering in the low-angle region. 

The presence of the weak and broad reflection peaks with 2ɵ values of around 23.5 for 

PTET-T-COOH before and after the five cycles can be assigned to the π-π stacked 

interlayer form.47 The similar XRD patterns of PTET-T-COOH samples before and after 

the five cycles also confirmed the chemical stability of PTET-T-COOH in 5 runs of visible 

light photocatalytic disinfection experiments. 

 

 

Figure 3.14. (left) FT-IR spectra and (right) XRD patterns of PTET-T-COOH (a) before 

and (b) after five runs. 

Apart from S. aureus and S. suis, the photocatalytic disinfection efficiency of PTET-T-

COOH against gram-negative strain E. coli was also examined in our study. Unfortunately, 

almost no inactivation effect was observed (Figure 3.15). This phenomenon always occurs 

in various photosensitizers which are generators of singlet oxygen. Compared to Gram-

positive bacteria, Gram-negative bacteria such as E. coli have an additional outer 

membrane which can hinder the interaction between photocatalyst and bacteria and the 

interception of singlet oxygen. 
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Figure 3.15. Photocatalytic inactivation efficiency of PTET-T-COOH against E. coli. 

3.4.3 Photocatalytic antibacterial mechanism of PTET-T-COOH 

For studying the mechanism underlying the inactivation performance of PTET-T-COOH 

toward S. aureus, rabbit plasma coagulation was carried out. Live S. aureus can produce 

plasma coagulase which can be released into the rabbit plasma which leads to the 

coagulation of rabbit plasma. Figure 3.16 exhibits the effect of S. aureus exposed to 

different times of irradiation at 0, 30, 60 and 120 min on freeze-dried rabbit plasma. After 

60 min, due to the increase of dead bacterial cells, the amount of plasma coagulase 

decreased, and the rabbit plasma began to flow. After 120 min of irradiation treatment with 

PTET-T-COOH photocatalyst, rabbit plasma became liquid from solid state completely 

owing to the lack of plasma coagulase implying S. aureus cells were killed efficiently. 
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Figure 3.16. Images of flowability of Rabbit Plasma in the presence of S. aureus and 

PTET-T-COOH upon increasing irradiation times. 

Additionally, for studying the integrity of S. aureus cell membranes, fluorescence-based 

live/dead experiments of bacterial cells were performed. SYTO-9 and PI fluorescent 

nucleic acid dyes were used to stain the cells. SYTO-9 is a live bacterial cell stain which 

can permeate through an unbroken membrane and show green fluorescence, while PI is a 

cell-impermeable stain with red fluorescence which labels only dead cells. As depicted in 

Figure 3.17, few dead cells were observed in the control experiment after 2 h of visible 

light irradiation. However, a stronger red fluorescence was observed in the bacterial cells 

with PTET-T-COOH photocatalysts in comparison with the control. This implied that the 

cell membranes of S. aureus were seriously destroyed during the disinfection process.  

 

Figure 3.17. Fluorescent staining of control and PTET-T-COOH. 

Reactive oxygen species (ROSs) including hole (h+), electron (e−), hydroxyl radical (•OH), 

superoxide radical (•O2−) and 1O2 were reactive species reported in the photocatalytic 

disinfection. For interpreting the mechanism of the polymer-induced disinfection, EDTA-

2Na, TBA, L-Ascorbic acid, K2Cr2O7, and NaN3, were applied as the scavengers of holes 

(h+), hydroxyl radicals (•OH), superoxide (•O2−), electrons (e-) and 1O2, respectively.27 As 

displayed in Figure 10a, scavengers have no effect of bacterial inactivation alone under 

illumination. Different levels of bacterial inactivation were observed after adding PTET-

T-COOH (Figure 3.18). The addition of K2Cr2O7 and NaN3 decreased the bacterial 
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inactivation significantly in comparison to the addition of other scavengers. This proved 

that e− and 1O2 species played vital roles in the reaction process. Additionally, electron spin 

response (ESR) was employed for further exploring the active ROSs. BMPO is a cyclic 

nitrone spin trap that can also be used for the detection and characterization of superoxide 

anions in vitro or in vivo. DMPO is a nitric oxide trap which can be used to detect hydroxyl 

radicals.48 TEMP is a piperidinol molecule which is used to detect singlet oxygen of PTh 

derivative (P3HT) because TEMO can react with 1O2 to produce 2,2,6,6-tetramethyl-4- 

piperidone-N-oxyl (TEMPO). 49 For DMPO-•OH and BMPO-•O2− under visible light 

irradiation and TEMP-1O2 in the dark, no obvious signals were detected (Figure 3.19). 

However, the characteristic 1:1:1 triplet signal of the TEMP-1O2 adduct provided direct 

evidence of singlet oxygen generation in the photocatalytic system under illumination 

which is characteristic of photosensitizers including polythiophene and its derivatives.11 

The sulfur in the repeat unit of PTET-T-COOH can result in spin-orbit coupling and 

efficient singlet-triplet intersystem crossing. This can yield triplet excited state and 

sensitize the triplet oxygen (ground state of oxygen) to produce singlet oxygen and destroy 

S. aureus and S. suis cells.50 It has been reported that P3HT, as an important PTh derivative 

and a p-type semiconductor, can be degraded by •O2−.51 This poses a disadvantage to 

decrease the stability of organic solar cells using P3HT.52 In addition, it was previously 

demonstrated that 1O2 was unreactive to P3HT.49, 53 According to the trapping experiments 

and the ESR results, 1O2 is the responsible ROSs rather than •O2−. This can help explain 

the excellent chemical stability of PTET-T-COOH even after 5 cycling runs.  
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Figure 3.18. Photocatalytic inactivation efficiency against S. arueus (a) before and (b) 

after adding PTET-T-COOH using different scavengers under visible light irradiation. 

 

Figure 3.19. Spin trapping-ESR spectra of PTET-T-COOH solution after visible light 

irradiation. 

In order to evaluate the separation efficiency of photogenerated electron-hole pairs, 

photocurrent responses of PTET-T-COOH and g-C3N4 which was used as a reference 

sample were measured. As depicted in Figure 3.20, PTET-T-COOH demonstrated stronger 

photocurrent signals than that of g-C3N4, indiacting efficient dissociation and 

transportation of charege carriers occurred in PTET-T-COOH conjugated system.  
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Figure 3.20. Transient photocurrent responses and EIS changes of bulk g-C3N4 and 

PTET-T-COOH. 

3.5 Conclusions 
A conductive polymer PTET-T-COOH was successfully synthesized and characterized by 

detailed NMR, FT-IR and XPS characterization. The photocatalytic antibacterial properties 

of PTET-T-COOH against two Gram-positive bacteria S. aureus and S. suis under visible 

light irradiation were investigated. Both S. aureus and S. suis were efficiently destroyed in 

the presence of PTET-T-COOH under visible light with approximately 98 % and over 

99.999 % of bacteria being killed in 30 min and 2 h, respectively, with a low PTET-T-

COOH concentration of 0.1 mg/mL. The photocatalytic antibacterial mechanism of PTET-

T-COOH was studied in detail by using ROSs scavengers and ESR, revealing that the 

generated singlet oxygen and free electrons were responsible for the disinfection process. 

In addition, the synthesized PTET-T-COOH demonstrated excellent chemical stability and 

reusability.  
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Chapter 4   

4 Fabrication and photocatalytic antibacterial properties of 
PTET-T-COOH/PU coating 

Polyurethanes (PUs) are among the most popular polymers due to their wide variety of 

industrial applications. Various antibacterial materials were incorporated with PUs’ to 

prevent the colonization of bacteria and fungi on the surface of PUs products. 

Photocatalytic disinfection of materials consisting of PU and photocatalysts has been 

shown to be an efficient way to kill bacteria during the past decade due to its low cost, 

efficiency and non-toxicity. Up to now, most reports are focused on TiO2/PU composites 

which have shown antibacterial properties under UV light. Thus, exploring visible light 

responsive photocatalytic antibacterial coating based on PUs is of great importance.  

4.1 Abstract 
Exploring of novel visible region responsive antimicrobial coating is of great significance 

for antibacterial activity applications owing to widespread multidrug-resistant infections. 

Herein, the photocatalytic disinfection performance of a poly [2,11’-thiophene-ethylene-

thiophene-alt -(2,5-(3-carboxyl)-thiophene] (PTET-T-COOH)/polyurethane (PU) coating 

was evaluated. The coating showed excellent photocatalytic bactericidal effect on S. aureus 

(7-log inactivation) in 4 h under visible-light exposure. PTET-T-COOH/PU coating 

demonstrated plausible stability and their antibacterial activity underwent over five runs. 

The chemical interaction between PTET-T-COOH and NCO-terminated pre-PU was 

confirmed by ATR-FTIR analyses.  

4.2 Introduction 
Inorganic photocatalytic ingredients were incorporated into polymers for antibacterial 

and/or self-cleaning coatings by physical blending processes which led to limited surface 

antibacterial capacity.54 In addition, strong agglomeration and leaching of inorganic 

photocatalysts are hindrances for their practical applications. Therefore, it is urgent to 

achieve efficient and stable antibacterial coating. Self-cleaning polymers for paints and 

coatings possess tremendous potential for both industrial and household settings. The merit 
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of conductive polymers coating is their process ability, compared with other conductive 

materials such as organic small molecules or inorganic photocatalysts.55 Herein, a PTET-

T-COOH/PU coating was fabricated successfully and their photocatalytic inactivation 

effects on S. aureus were explored. PTET-T-COOH/PU coating was found to exhibit 

excellent antimicrobial activity and stability on S. aureus under visible light. PTET-T-

COOH/PU active layer was uniformly grown on a polyurethane substrate by spin coating 

and the polyurethane substrate provided an ideal support for convenient recycling. In 

addition, chemical bonding between carboxyl groups of PTET-T-COOH and isocyanate 

groups of pre-polyurethane was formed and confirmed by a series of ATR-FTIR 

measurements.  

4.3 Experimental Section 

4.3.1 Materials 

N, N-Dimethylformamide (DMF, chromatographically pure) was purchased from Energy 

Chemical (Shanghai, China). Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA) were 

purchased from Qingdao Hope Bio-Technology Co., Ltd (Qingdao, China). Phosphate 

Buffered Saline (PBS) was purchased from Beijing Solarbio Science & Technology Co., 

Ltd. (Beijing, China). 1, 4-butanediol (C4H10O2), poly (ethylene glycol) (HO(CH2CH2O)nH, 

PEG2000 (average molecular weight 2000 g/mol) and isophorone diisocyanate 

(C12H18N2O2, IPDI) were purchased from Saen Chemical Technology Co., Ltd. (Shanghai, 

China). IPDI and PEG600 (average molecular weight 600 g/mol) used in preparation of 

samples for ATR-FTIR determination were purchased from SigmaAldrich. The water used 

in all experiments was deionized (DI). 

4.3.2 Fabrication of PTET-T-COOH/PU coating 

A bilayer PTET-T-COOH/PU coating was prepared by coating a bottom layer of PU onto 

a glass slide followed by linking a top layer of PTET-T-COOH/PU to the bottom layer of 

PU as shown in Figure 4.1. In a typical experiment, to a solution of 15.07 g (0.0075 mol) 

of poly (ethylene glycol) (PEG2000) in 30 mL anhydrous DMF in a three-neck round-

bottom flask, 4.45 g (0.02 mol) of isophorone diisocyanate (IPDI) was slowly added with 

mechanical stirring under nitrogen protection. After the solution was stirred at 70 °C for 
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2.5 h, a viscous transparent pale yellowish pre-polyurethane was obtained. A part of the 

pre-polyurethane was reacted with 3 drops of 1, 4-butanediol as chain extender at 95 °C 

for 30 min under stirring to achieve polyurethane (PU) as the materials for the bottom layer 

coating. 10 mL of polyurethane were spin-coated onto a glass slide (2 cm × 3 cm) and dried 

in a vacuum oven at 60 °C for 12 h to make the bottom layer of PU coating. Afterwards, 3 

mg of PTET-T-COOH and 1 mL of the pre-polyurethane were dissolved in 1 mL of 1,2-

dichlorobenzene by sonication for 4 h followed by filtration using a syringe filter to get a 

transparent solution. The solution was then spin-coated onto the bottom layer of PU coating. 

The sample was heated at 60 °C for 12 h to obtain a bilayer PTET-T-COOH/PU coating. 

The detailed scheme of chemical reactions is displayed in Figure 4.1.  

 

Figure 4.1. Illustration of fabrication process of PTET-T-COOH/PU coating. 
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Figure 4.2. Reaction scheme for the synthesis of bilayer coating of PTET-T-COOH/PU. 

4.3.3 Preparation of samples for ATR-FTIR determination 

In order to confirm the reaction between PTET-T-COOH and NCO groups of IPDI using 

FTIR technique, a series of experiments were designed carried out. As the content of 

PTET-T-COOH in PTET-T-COOH/PU coating is low, this leads to the challenges for the 

detection of new peaks. Firstly, to verify the successful synthesis of pre-polyurethane, 1g 

of IPDI (4.5 mmol) and 1g of PEG600 (1.7 mmol) were added into a vial and then the 

mixture was heated at 60 °C for 5 h to form NCO terminated pre-polyurethane (pre-PU). 

Then, to confirm the chemical reaction between PTET-T-COOH and IPDI, 15 mg of 

PTET-T-COOH powder and 12 mg of IPDI liquid were mixed thoroughly and then the 

mixture was heated at 60 °C for 12 h in a vial to obtain hard and crisp polyamide product. 

Finally, for verifying formation of chemical bonding between carboxyl groups of PTET-

T-COOH and isocyanate group of IPDI, 14.6 mg of PTET-T-COOH and 32 mg of pre-PU 

was mixed and heated at 60 °C for 12 h to obtain PTET-T-COOH/PU powder. 

Simultaneously, 14.6 mg of PTET-T-COOH was ultrasonically dispersed in 1 mL CHCl3 

to achieve homogeneous suspension and dropped onto a surface of pre-PU in a vial. Then 

the mixture was also heated at 60 °C for 12 h to obtain PTET-T-COOH/PU coating.  
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4.3.4 Measurements 

In order to determine the chemical composition of PTET-T-COOH/PU coating, FTIR 

spectra of samples were measured using attenuated total reflectance (ATR) technique on a 

Nicolet 6700 spectrometer at ambient temperature within the wavenumber range of 600-

4000 cm-1 for 64 scans at 4 cm−1 resolution for each sample. X-ray photoelectron 

spectroscopy (XPS) was conducted by Excalab 250Xi (thermofisher America) to analyze 

the surface chemical composition of the coatings. Field emission scanning electron 

microscope (FESEM) (JSM-7800F, Japan) was employed for analyzing the morphology 

of the coatings. UV-visible absorption spectra were collected on a UV-Vis-NIR 

spectrophotometer (UV-3600, Shimadzu, Japan).  

4.3.5 Testing of photocatalytic antibacterial property of PTET-T-
COOH/PU coating  

Gram-positive S. aureus (USA 300) was chosen as model bacteria which were cultured in 

TSB at 37 °C for 12 h and then purified by high-speed freezing centrifuge at 12000 rpm 

for 2 min and washed twice with 1 mL PBS, resulting in a cell count of approximately 

7~8×108 colony forming units (cfu)/mL. Briefly, A glass plate covered by PTET-T-

COOH/PU with 2×3 cm was immersed in 30 mL of PBS solution (0.1 mg/mL) in a 120 

mL self-designed glass jacketed reactor containing 600 μL of bacteria solution. The 

bacteria concentration for photocatalytic antibacterial test was about 107 cfu/mL. The 

reaction was carried out in a GHX-3 photochemical reaction instrument equipped with a 

250 W Xenon arc lamp and an optical cutoff filter (λ< 420 nm). The visible light intensity 

was fixed at 80 mW/cm2. The temperature was kept at 30 °C using a cryostatic tank. At 

given time intervals, 100 μL of tested suspension sample was pipetted out and serially 

diluted using PBS and spread on nutrient TSA plates. After incubation at 37 °C for 18 h, 

the cell densities were checked to determine the survival bacterial numbers. Control 

experiments including S. aureus with PTET-T-COOH/PU in dark, S. aureus without 

PTET-T-COOH and with PU under irradiation) were also carried out. All materials and 

glassware were firstly autoclaved at 121 °C at 0.1 MPa for 20 min before use and all the 

experiments were repeated for three times. 
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4.4 Results and Discussion 

4.4.1 Characterization of PTET-T-COOH/PU composite and 
coating  

The pre-polyurethane was successfully synthesized and confirmed by FTIR technique. 

Figure 4.3 provides the FTIR spectra of IPDI, PEG600, mixture of IPDI and PEG600 

before reaction and the pre-polyurethane formed between IPDI and PEG600. In the 

spectrum of pre-polyurethane, the new peak at 1716 cm-1 is assigned to C=O from urethane 

and band at 1531 cm-1 stems from amide II mode which was ascribed to a mixed 

contribution of N-H in-plane bending and the C-N stretching vibrations. In addition, the 

peak at 3328 cm-1 is attributed to NH stretching vibrations.3, 4 Hydroxyl association peak 

of PEG600 (Figure 4.3a and c) appears at 3454 cm-1. Peaks at 2951 and 2867 cm-1 are 

attributed to CH stretching vibrations of IPDI and PEG600, respectively. Characteristic 

peaks from isocyanate of IPDI are located at 2245 cm-1. C-O absorption peaking at 1102 

cm-1 is observed in PEG600 (a), mixture of PEG600 and IPDI (c), and pre-polyurethane 

(d). 
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Figure 4.3. ATR-FTIR spectra of (a) PEG600, (b) IPDI, (c) mixture of PEG600 and 

IPDI, and (d) pre-polyurethane. 

The generation of chemical bonding between the carboxyl group and isocyanate of IPDI 

was verified by FTIR technique. Figure 4.4 shows the infrared spectra of IPDI, PTET-T-

COOH and the synthesized polyamide from these two ingredients. Compared to IPDI and 

PTET-T-COOH, new bands at 3307 cm-1 belonged to NH stretching vibrations and the 

peak at 1627 cm-1 is attributed to C=O stretching vibrations in polyamide. Peaks at 1553 

and 1430 cm-1 are ascribed to ring vibration of PTET-T-COOH in polyamide. 

Simultaneously, the bands at 929 and 787 cm-1 are ascribed to =C-H out of plane 

deformation and ring C-H deformation vibrations from PTET-T-COOH, which are clearly 

evident. In addition, peaks at 1462 and 1363 cm-1 originated from IPDI. These results 

indicated the successful chemical interaction was formed between NCO from IPDI and 

carboxyl groups from PTET-T-COOH. 

 

Figure 4.4. FTIR spectra of (a) IPDI, (b) PTET-T-COOH and (c) the synthesized 

polyamide. 
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The successful linkage of PTET-T-COOH and PU by chemical bonding was also 

confirmed by FTIR. The characteristic bands of NH stretching vibrations at 3180-3450 cm-

1 can be observed in pre-polyurethane, PTET-T-COOH/PU powder, PTET-T-COOH/PU 

coating and polyamide from IPDI and PTET-T-COOH, as shown in Figure 4.5. Pre-

polyurethane, PTET-T-COOH/PU powder and PTET-T-COOH/PU coating all possessed 

C=O from urethane at 1715 cm-1 and amide II mode at 1530 cm-1 as well as peak at 1100 

cm-1 from material PEG600. C=O stretching vibrations peaks can be seen in PTET-T-

COOH/PU powder (1634 cm-1), PTET-T-COOH/PU coating (1632 cm-1) and polyamide 

(1626 cm-1). In addition, the peak at 932 cm-1 existed in these three samples is attributed to 

=C-H out of plane deformation and vibrations from PTET-T-COOH. The peak at 1362 cm-

1 in the four samples come from material IPDI. These results suggested the chemical 

bonding between IPDI and PTET-T-COOH in PTET-T-COOH/PU composite was formed 

successfully. 

 

Figure 4.5. FTIR spectra of (a) pre-polyurethane, (b) polyamide, (c) PTET-T-COOH/PU 

coating, and (d) PTET-T-COOH/PU powder. 
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The surface composition of PTET-T-COOH, PU and PTET-T-COOH/PU was also 

investigated by the XPS technique. The XPS survey spectra show the presence of carbon, 

nitrogen, oxygen, and sulfur elements and all the peaks found in the heterostructure 

belonged to the PU and PTET-T-COOH, as shown in Figure 4.6. 

 

Figure 4.6. XPS survey spectra of PTET-T-COOH/PU, PU and PTET-T-COOH. 

High resolution XPS spectra of C1s in PTET-T-COOH/PU, PU and PTET-T-COOH are 

given in Figure 4.7. The C1s spectrum in PTET-T-COOH peaking at 289.59, 286.79, 

286.32, 285.09 and 284.61 eV are attributed to carboxy C(=O)-O, alkoxy C-O-H, C-S, 

C=C (sp3 bonded carbons) and C=C (sp2 bonded carbons), respectively. These values and 

their assignments are in agreement with those reported in literature and are summarized in 

Table 4.1.56, 57 The characteristic peaks of C1s spectrum in PTET-T-COOH/PU coating 

changed to lower energy level due to the formation of chemical bonding between the 

carboxyl groups in PTET-T-COOH and isocyanate groups in pre-polyurethane. The 

characteristic peaks of N-C(=O) appeared at 399.77 eV and 399.86 eV in PU and PTET-

T-COOH/PU coating, as demonstrated in Figure 4.8.  
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Figure 4.7. High resolution XPS spectra of C1s in PTET-T-COOH/PU, PU and PTET-T-

COOH. 

 

 

Figure 4.8. High resolution XPS spectra of N1s in PTET-T-COOH/PU and PU. 

High resolution XPS spectra of O1s in PTET-T-COOH/PU, PU and PTET-T-COOH are 

given in Figure 4.9 and are summarized in Table 4.1. These values are in accordance with 

other publications. In PTET-T-COOH/PU, peaks at 532.97 eV and 532.36 eV could be 

ascribed to O=C and O-C, respectively. In PU, apart from O=C and O-C peaks, obvious 

OH peak at 531.95 eV can be found.  
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Figure 4.9. High resolution XPS spectra of O1s in PTET-T-COOH/PU, PU and PTET-T-

COOH. 

High resolution XPS spectra of S2p in PTET-T-COOH/PU and PTET-T-COOH are 

depicted in Figure 4.10 and are summarized in Table 4.1. The peaks at 165.32 and 164.16 

arising from S2p3/2 and S2p1/2 in PTET-T-COOH became weak in PTET-T-COOH/PU, 

attributed to the incorporation of the large PU moiety.  

 

Figure 4.10. High resolution XPS spectra of S2p in PTET-T-COOH/PU and PTET-T-

COOH. 

Table 4.1. High-resolution C 1s, O 1s, S2p and N 1s spectra of PTET-T-COOH, PU and 

PTET-T-COOH/PU. 
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  PTET-T-COOH PU PTET-T-COOH/PU 
C 1s C=O 288.23 286.51 289.59 

 C-O 286.31 285.19 286.79 

 C-S 284.58 \ 286.32 

 C-C sp3 284.22 284.73 285.09 

 C-C sp2 283.51 284.35 284.61 
O 1s O-H \ 531.95 \ 

 O=C 532.16 531.45 532.97 

 O-C 531.32 530.99 532.36 

S 2p S-C 2p3/2 165.32 \ 165.09 

 S-C 2p1/2 164.16 \ 164.36 
N 1s N-C(=O)-O \ 399.77 399.86 

SEM images of PTET-T-COOH powder (a), PU (b) and PTET-T-COOH/PU coatings 

before and after reactions are demonstrated in Figure 4.11. PTET-T-COOH shows a bulky 

morphology. After integration into PU coating, a smooth surface is evident and the PTET-

T-COOH particles are distributed evenly throughout the PU substrate. 

 

Figure 4.11. SEM images of (a) PTET-T-COOH powder, (b) PU coating and PTET-T-

COOH/PU coatings (c) before and (d) after reaction. 
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The optical properties of PU, PTET-T-COOH and PU/PTET-T-COOH in solid films were 

analyzed by UV-Vis absorption spectra. The broad band of PU edged at 250 nm is assigned 

to the n-π* transition of the carbonyl groups.58 The PTET-T-COOH membrane exhibited 

broad absorption band centered at 450 nm attributed to localized π-π∗ transition between 

the aryl units, indicating the enhanced interchain interactions due to the increased 

polarizability in the film.31 The characteristic absorption peaks all appeared in the UV-Vis 

absorption spectra of PU/PTET-T-COOH membrane when PTET-T-COOH was 

incorporated with PU. PTET-T-COOH and PU/PTET-T-COOH membrane exhibited an 

absorption edge (λonset) at 564 and 580 nm, respectively. The PTET-T-COOH/PU 

membrane showed blue-shifted UV-visible absorption spectra in comparison to those in 

the PTET-T-COOH membrane. This indicates that weaker solid-state π-π stacking 

occurred and the coplanarity between conjugated polymer backbones became more 

torsional in the composites due to strong interfacial interactions of PU and PTET-T-COOH. 

Furthermore, a significant absorption peak ranged from 360 to 390 nm was observed, 

indicating that the heterostructures were linked together by chemical bondings between 

functionalized groups.44 

  

Figure 4.12. UV-vis absorption spectra of PTET-T-COOH, PU and PTET-T-COOH/PU 

coatings. 
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The contact angles of pristine PU and PTET-T-COOH/PU coatings were measured to 

investigate their hydrophobicity, as shown in Figure. 4.13. The average contact angles of 

pure PU and PTET-T-COOH/PU are 76.7° and 89.5°, respectively. This indicates the 

incorporation of PTET-T-COOH into PU structure contributed to hydrophobicity. 

 

Figure 4.13. Contact angles of PU and PTET-T-COOH/PU coatings. 

4.4.2 Photocatalytic antibacterial properties of PTET-T-COOH/PU 

Photocatalytic activity of PTET-T-COOH/PU toward S. aureus was evaluated, as shown 

in Figure. 4.14. Here (a) compares the cell density of sample against S. aureus under 

different conditions. PTET-T-COOH/PU in the dark and under illumination as well as PU 

coating under irradiation had almost no effect on S. aureus. However, S. aureus can be 

efficiently killed in the presence of PTET-T-COOH/PU coating under visible light. Over a 

period of 4 h of visible light irradiation, PTET-T-COOH/PU demonstrated 7-log 

inactivation of S. aureus concentration (100 %) inactivation efficiency. The images (Figure. 

4.15) showed that adding the catalysts caused an obvious decrease of S. aureus cells with 

increasing illumination time. In addition, the disinfection cycle test results demonstrated 

that PTET-T-COOH/PU coating possesses satisfactory disinfection activity on S. aureus. 

After three cycles, PTET-T-COOH/PU still exhibited high inactivation efficiency of 100 %. 

Cell densities of S. aureus decreased 7-log for the first three cycles and the inactivation 

were 4-log and 2-log for the fourth and fifth runs, respectively. The decrease of 

photocatalytic activity of PTET-T-COOH was mainly due to the leaching of excessive 

PTET-T-COOH from polyurethane surface. Hence, it is necessary to optimize the ratio of 
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PTET-T-COOH to pre-polyurethane and make sure strong interaction between these two 

ingredients through chemical bonding and avoid any aggregation. In order to compare the 

disinfection effects of PTET-T-COOH/PU, the representative PU based photoactive agents 

were surveyed, as summarized in Table 4.2.  

 

Figure 4.14. (a) Photocatalytic inactivation efficiency and (b) cell density of PTET-T-

COOH/PU against S. aureus (107 cfu mL-1, 30 mL). 

 

Figure 4.15. Images of S. aureus colonies on an agar plate before and after visible light 

irradiation for 4 h using PTET-T-COOH/PU coating for the first run. 

Table 4.2. The representative photocatalysts based on PU with their target 

microorganisms and photocatalytic disinfection performances. 
Photocatalyst Bacteria Photocatalytic 

performance 
Journal Year 
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TiO2/PU reactor59 L. 
pneumophila 

 J. Hazard. Mater. 2010 

TiO2/PU60 E. coli killing efficiency 
99% 60 min 

(UV-Vis) 

Nanotechnology 2012 

Ag/TiO2/PU61 E. coli killing efficiency 
99.9% 60 min 

(UV light) 

Int. J. Nanotechnol. 2013 

FA/TiO2/PU62 E. coli 3.5 log 180 min 
(UV light) 

Ceram. Int. 2014 

TiO2/WPU63 Aspergillus 
niger 

antifungal 
capacity 

(UV light) 

Colloid Surface A 2015 

TiO2/PU64 E. coli 3.5 log 120 min 
(UV light) 

J. Food. Sci 2015 

TiO2/PU65 E. coli killing efficiency 
92% 10 min  

(UV) 

LWT-Food. Sci. Technol. 2016 

R-TiO2/styrene acrylic 
PU/ 

66 
E. coli 6 log 90 min 

(UV) 
Adv. Nat. Sci.: Nanosci. 

Nanotechnol. 
2016 

TiO2/PU67 C. albicans killing efficiency 
85%  
(UV) 

Appl. Surf. Sci. 2017 

PU acrylate-
Ag/TiO2

68 
E. coli. killing efficiency 

97% 150 min 
(UV) 

Int. J. Polym. Mater. 2017 

ZnO/PU69 E. coli 3.5 log 180 min 
(UV) 

J. Colloid. Interf. Sci. 2018 

hCQDs/PU70 S. aureus 5 log 60 min 
(visible) 

ACS Biomater. Sci. Eng.  2018 

Ag-TiO2/WPU71 Bacillus 
atrophaeus 

killing efficiency 
over 99 % 

(UV) 

Photochem. Photobiol. 2018 

Ag@AgCl-PU/SF72 E. coli. Inhibition zone 
diameter  

12.93 mm 
(UV-Vis) 

Eur. Polym. J. 2019 

Polyurethane acrylate 
PUA/rGO/TiO2

73 S. aureus 

killing efficiency 
86% 150 min 

(UV-Vis) Int. J. Polym. Mater. 2019 
FeOx /PU74 E. coli  5 log 30 min 

(UV-Vis) 
Appl. Catal. B-Environ. 2019 

PTET-T-COOH/PU S. aureus 100 % 120 min  
6 log 120 min 

(visible) 

This work  

The results summarized above demonstrate that antibacterial materials incorporated in the 

PUs’ polymeric matrices are mainly TiO2 and their photocatalytic disinfection can only be 

conducted under UV light. Only limited systems such as Ag/TiO2, FeOx/PU, Ag@AgCl-
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PU/SF and hCQDs/PU can work under UV-Vis light irradiation. In our case, PTET-T-

COOH/PU coating shows 100 % disinfection (6-log inactivation) against S. aureus in 2 h 

under visible light irradiation. These values are amongst the best results reported on PU 

based photocatalytic antibacterial coatings.  

The appearance variation of PTET-T-COOH/PU during the photocatalytic reaction for 

various cycles was investigated. Figure 4.16 presents optical photos of PTET-T-COOH/PU 

coating on glass substrate before reaction and after five recycling runs. The as-prepared 

PTET-T-COOH/PU coating is dark red and opaque. After the first reaction run, the PTET-

T-COOH/PU coating was also opaque, but the color turned to orange from red, indicating 

that excess PTET-T-COOH was removed from the surface of the coating. After the second 

run, PTET-T-COOH/PU coating became transparent and the color changed to yellow. 

There was almost no obvious difference in appearance between the coatings after the third, 

fourth and fifth cycles, suggesting PTET-T-COOH was tightly bonded with PU. 

 

Figure 4.16. Photos of PTET-T-COOH/PU coating before reaction and after each cycle. 

In order to obtain stable and transparent PTET-T-COOH/PU coating and avoid any 

leaching problems, the fabrication process of PTET-T-COOH/PU coating was optimized. 

Briefly, the dosage of PTET-T-COOH in 1 mL 1,2-dichlorobenzene was decreased to 1 

mg from 3 mg. In addition, the solution treated by sonication was further filtered by using 

a syringe filter to achieve transparent solution. As demonstrated in Figure 4.17, transparent 
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PTET-T-COOH/PU was obtained and there was no obvious change in color and 

transparency after the photocatalytic reaction. However, obvious swelling of coating was 

also observed, and the fabrication process of PU should be further optimized. 

 

Figure 4.17. Photos of optimized coating before and after reaction. 

The survival rate and cell density of S. aureus under different conditions were estimated 

and provided in Figure 4.18. In the dark control (with PTET-T-COOH/PU coating), light 

control (S. aureus under illumination alone) as well as PU coating under irradiation, more 

than 67 % of S. aureus cells survived after 4 h.  However, S. aureus can be efficiently killed 

in the presence of PTET-T-COOH/PU coating under visible light. Over a period of 4 h of 

visible-light irradiation, PTET-T-COOH/PU demonstrated 5-log inactivation of S. aureus 

(100% inactivation efficiency). Further repeating experiments can be followed to test the 

recycling stability of PTET-T-COOH/PU coating.  
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Figure 4.18. (left) Photocatalytic inactivation efficiency and (right) cell density of 

optimized PTET-T-COOH/PU against S. aureus (107 cfu mL-1, 30 mL). 

4.5 Conclusions 
Efficient photocatalytic antimicrobial PTET-T-COOH/PU coatings by using PU as 

protective layer and PTET-T-COOH/PU composite as photoactive layer were fabricated. 

ATR-FTIR and XPS techniques were used to confirm the successful formation of chemical 

bonding between carboxyl groups of PTET-T-COOH and NCO-terminated pre-

polyurethane. PTET-T-COOH/PU coating can kill S. aureus completely in 4 h and behaved 

moderate recycling stability. By optimizing fabrication process of PTET-T-COOH/PU 

coating, transparent and efficient coating was obtained. This work offered a promising 

platform for exploration environmentally friendly, low cost and sustainable antimicrobial 

surface.  
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Chapter 5  

5 Synthesis and photocatalytic antibacterial properties of 
g-C3N4-NH2 nanosheets 

Metal-free polymer graphitic carbon nitride (g-C3N4) material has witnessed a surge of 

interest during the past decade in various photocatalytic fields including water splitting,1 

CO2 reduction,2, 3 N2 fixation,4 pollutants removal5 and so on due to its low cost, no toxicity, 

and high activity.6 From 2013, g-C3N4 has become active in photocatalytic disinfection.7 

A range of g-C3N4 with different morphologies including porosity and ultrathin sheets,8 

doping g-C3N4 and g-C3N4 based composites have been reported in succession for 

inactivation bacteria, viruses and algae. 

In order to overcome small surface area and high recombination rate of electrons and holes 

in bulk g-C3N4, thin g-C3N4 nanosheets with rich amino groups (g-C3N4-NH2) and a 

reference sample bulk g-C3N4 were prepared in this study. The photocatalytic antibacterial 

activities of these two samples toward S. aureus were compared and reasons for better 

disinfection performance of g-C3N4-NH2 were also discussed.  

5.1 Abstract 
G-C3N4 and g-C3N4-NH2 nanosheets were synthesized via thermal polymerization from 

urea. g-C3N4-NH2 nanosheets possess efficient electron-holes separation, which was 

confirmed by photoluminescence intensity, photocurrent density and EIS. Thus, g-C3N4-

NH2 nanosheets have superior photocatalytic antibacterial property against S. aureus to 

bulk g-C3N4. 

5.2 Introduction 
Graphitic carbon nitride (g-C3N4) is a popular material in photocatalytic fields such as 

water splitting to produce hydrogen, carbon dioxide reduction, nitrogen fixation and 

organic synthesis owing to its suitable bandgap (≈2.7 eV), low cost and non-toxicity. In 

2013, g-C3N4 based antimicrobials was firstly reported.7  From then on, the number of 

publications of g-C3N4 based photocatalysts for photocatalytic disinfection applications 
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has increased rapidly every year.9 Various g-C3N4 with different morphologies and 

compositions were reviewed by several groups.9-11 At present, high surface area g-C3N4 

with porosity and ultrathin sheet structures were reported in photocatalytic disinfection 

applications.12-14 The secondary semiconductors incorporation with g-C3N4-based mainly 

focused on sliver metal and salts (Ag nanoparticles, AgBr, AgCl, Ag2WO4),15-17 bismuth 

oxide or salts (Bi2O4, Bi2MoO6, BiVO4 BiOBr, BiOI)18-20 and carbon materials (C60, 

graphene).21, 22 However, compared to study of g-C3N4 in other photocatalytic fields special 

water splitting, the research of g-C3N4 based antimicrobials is not sufficient and needs to 

be carried out in detail for their future practical applications. In this thesis, we fabricated 

g-C3N4 nanosheets with rich NH2 groups (g-C3N4-NH2) by NH3 exfoliation and using urea 

as raw material. G-C3N4-NH2 showed better photocatalytic inactivation toward S. aureus 

than bulk g-C3N4. The main reasons were investigated by comparing the 

photoluminescence intensity, photocurrent density and Electron spin resonance (ESR). 

5.3 Experimental Section 

5.3.1 Materials 

Urea and nitric acid were purchased from Aladdin (Shanghai, China) and anhydrous 

ammonia was obtained from Zhongpu (Zhenjiang, China). 

5.3.2 Synthesis of g-C3N4-NH2 nanosheets 

Figure 5.1 illustrated the synthesis process of g-C3N4 and g-C3N4-NH2. In detail, 5 g of 

urea was added to a porcelain boat with a cover for drying 24 h in an oven. Then, bulk g-

C3N4 was obtained under static air at 550 °C for 4 h with a heating rate of 2.5 °C/ min (4 

g, 80 %) in a muffle furnace. After that, bulk g-C3N4 was added into 200 mL HNO3 solution 

(1 mol L-1) for etching 24 h to obtain thin g-C3N4 nanosheets. An additional oxidization 

and etching under air at 500 °C for 4h to form porous oxygen-rich g-C3N4 nanosheets. 

Lastly, calcination under an NH3 atmosphere at 520 °C for 1 h with a heating rate of 2.0 °C/ 

min was carried out to exfoliate and to form -NH2 groups on the resulting g-C3N4-NH2 

nanosheets (0.8 g, 16 %).  
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Figure 5.1. Syntheses of g-C3N4 and g-C3N4-NH2. 

5.3.3 Measurements 

The crystallinity of g-C3N4 and g-C3N4-NH2 was obtained by X-ray diffractometer (XRD, 

Rigaku, D/MAX-2500) with Cu Kα radiation. Scanning electron microscopy (SEM) was 

performed using a Hitachi S-4500 field emission SEM. All samples were taken at 10 kV at 

varying magnifications for different views. The UV-vis diffuse reflectance spectra (DRS) 

were performed on UV-vis spectrophotometer (Shimadzu UV-2450) with BaSO4 as the 

reference.  

5.3.4 Testing of photocatalytic antibacterial properties of g-C3N4-
NH2 nanosheets 

Gram-positive S. aureus (USA 300) were chosen as model bacteria which were cultured in 

TSB at 37 °C for 12 h and then purified by high-speed freezing centrifuge at 12000 rpm 

for 2 min and washed twice with 1mL PBS, resulting in a cell count of approximately 

7~8×108 colony forming units (cfu)/mL. Typically, 3 mg of photocatalyst was dispersed in 

30 mL of PBS solution (0.1 mg/mL) in a 120 mL self-designed glass jacketed reactor 

containing 600 μL of bacteria solution (7~8×108 cfu/mL). The bacteria concentration for 

photocatalytic antibacterial test was about 107 cfu/mL. The reaction was carried out in a 

GHX-3 photochemical reaction instrument equipped with a 250 W Xenon arc lamp and an 

optical cutoff filter (λ< 420 nm). The visible light intensity was fixed at 80 mW/cm2. The 

temperature was kept at 30 °C using a cryostatic tank. At given time intervals, 100 μL of 

tested suspension sample was pipetted out and serially diluted using PBS and spread on 
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nutrient TSA plates. After incubation at 37 °C for 18 h, the cell densities were checked to 

determine the survival bacterial numbers. Control experiments including S. aureus with g-

C3N4 or g-C3N4-NH2 in dark and S. aureus without photocatalyst under irradiation were 

carried out. All materials and glassware had been autoclaved at 121 °C at 0.1 MPa for 20 

min before use and all the experiments were repeated three times. 

5.3.5 Study of photocatalytic antibacterial mechanism of g-C3N4-
NH2 nanosheets 

The separation efficiency of electron-holes is mainly analyzed by photoluminescence (PL) 

spectra using PerkinElmer LS 55 spectrophotometer. Photocurrent density and 

electrochemical impedance spectra (EIS) were carried out on VersaSTAT3 and CHI 760E 

electrochemical workstations.  

5.4 Results and Discussion 

5.4.1 Characterization of g-C3N4-NH2 nanosheets 

The microstructures of samples were examined by SEM determination. Figure 5.2 showed 

the differences of morphology between g-C3N4 and g-C3N4-NH2. Apparently, the size of 

g-C3N4 particles g-C3N4-NH2 nanosheets is similar (about 500 nm). However, the g-C3N4-

NH2 sheet structure could be more efficient in photocatalytic process because it can provide 

a large surface area, more reactive sites and short exciton diffusion length.  

 

Figure 5.2. SEM images of g-C3N4 and g-C3N4-NH2 nanosheets. 
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XRD spectra were measured to study the chemical structure of samples. As depicted in 

Figure 5.3, two characteristic peaks exist in g-C3N4 and g-C3N4-NH2. The high-angle peak 

at 27.5° (002) was attributed to the interlayer stacking of the conjugated polymer and the 

diffraction peak at 13.1° (100) belonged to the in-plane tri-s-triazine units, indicating the 

successful syntheses of samples.23 In addition, the characteristic peak (002) intensity of g-

C3N4-NH2 was much stronger than that of g-C3N4. This suggested that crystallinity of g-

C3N4-NH2 was enhanced and the transfer of electrons in the plane can be efficient, thus 

improvement of photocatalytic performance.24 

 

Figure 5.3. XRD spectra of g-C3N4 and g-C3N4-NH2 nanosheets. 

UV-Visible light absorption ability of a photocatalyst plays an important role in its 

photocatalytic process. Figure 5.4 depicted the UV-Visible absorption spectra of g-C3N4 

and g-C3N4-NH2. G-C3N4-NH2 showed a small redshift compared to g-C3N4, 

corresponding to the band gaps of 2.71 eV and 2.64 eV for g-C3N4 and g-C3N4-NH2, 

respectively (Figure. 5.4b). 
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Figure 5.4. UV–vis DRS spectra and plots of (ahv)1/2 versus (hv) of as-prepared samples 

of g-C3N4 and g-C3N4-NH2 nanosheets. 

Contact angles were determined for studying the hydrophilicity of samples. Figure 5.5 

demonstrated the water contact angles of g-C3N4 and g-C3N4-NH2 were 49.2 º and 31.5 º, 

implying the rich -NH2 groups increased the hydrophilicity of g-C3N4. In addition, this 

could also provide efficient chemical interaction between g-C3N4 nanosheets with 

polyurethane and form stable antibacterial coating based on g-C3N4/polyurethane. 

 

Figure 5.5. Water contact angles of g-C3N4 and g-C3N4-NH2 nanosheets. 

5.4.2 Photocatalytic antibacterial properties of g-C3N4-NH2 
nanosheets 

The photocatalytic disinfection inactivation of g-C3N4 and g-C3N4-NH2 against S. aureus 

were evaluated, as demonstrated in Figure 5.6. In the dark and light control experiments, 

antibacterial effects can be ignored (less than 20%), indicating that both g-C3N4 and g-

C3N4-NH2 themselves had almost no cytotoxicity to S. aureus. As expected, g-C3N4-NH2 

has superior photocatalytic antibacterial property to g-C3N4. The number of S. aureus cells 
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decreased upon visible light irradiation and more than 80 % of S. aureus was killed 2 h 

later.  However, the survival rate was 54.5 % for g-C3N4 against S. aureus and less than 

half of S. aureus cells was killed at this time.  

 

Figure 5.6. Photocatalytic inactivation efficiency of g-C3N4 and g-C3N4-NH2 against S. 

aureus. 

5.4.3 Photocatalytic antibacterial mechanism of g-C3N4-NH2 
nanosheets 

The intensity of photoluminescence (PL) was always used to study the charge carriers’ 

separation efficiency for studying the mechanisms of photocatalyst. Figure 5.7 displayed 

the PL spectra of g-C3N4 and g-C3N4-NH2.  G-C3N4-NH2 exhibited weaker fluorescence 

intensity than g-C3N4, indicating more efficient dissociation of photogenerated electrons 

and holes and transportation happened in the g-C3N4-NH2, and more active species can be 

generated to take part in the photocatalytic reaction.  
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Figure 5.7. PL spectra of g-C3N4 and g-C3N4-NH2 nanosheets. 

In addition, photocurrent and electrochemical impedance spectroscopy (EIS) are effective 

tools for investigating the separation and transport efficiency of charge carriers in 

photocatalyst. Figure 5.8 suggested g-C3N4-NH2 had higher separation and transport 

efficiency of electrons and holes than g-C3N4. As we can see, the photocurrent density 

(0.17 mA cm-2) of g-C3N4-NH2 is much higher than that (0.1 mA cm-2) of g-C3N4. In 

addition, g-C3N4-NH2 possesses smaller semicircle EIS than g-C3N4, suggesting that the 

rapid transfer of photogenerated of charge carriers (Figure 5.8b) occurred in g-C3N4-NH2. 

This was the main reason why g-C3N4-NH2 behaved superior photocatalytic inactivation 

ability compared to g-C3N4.  
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Figure 5.8. Transient photocurrent responses and EIS changes of bulk g-C3N4 and g-

C3N4-NH2 nanosheets. 

5.5 Conclusions 
G-C3N4 and g-C3N4-NH2 were synthesized by thermal polymerization using urea as raw 

material. G-C3N4-NH2 demonstrated more efficient photocatalytic inactivation against S. 

aureus than bulk g-C3N4 thanks to its high crystallinity and efficient separation and 

transportation of charge carriers. Importantly, this work would provide a reasonable way 

to combine g-C3N4 with NOC-terminated pre-polyurethane to fabricate stable 

photocatalytic antibacterial coating because rich amino groups of g-C3N4 can react with 

isocyanate groups of pre-polyurethane to form urea easily.  
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6 Summary and Recommendations 

6.1 Summary 
In this thesis, the syntheses and structural characterization of PTET-T-COOH powder, 

PTET-T-COOH/PU coating and g-C3N4 based photocatalysts are reported. The 

photocatalytic antibacterial performance and mechanism of these three systems towards S. 

aureus were investigated. The main conclusions are listed as follows: 

A novel polythiophene derivative, PTET-T-COOH, was designed and synthesized. The 

chemical structure of PTET-T-COOH was confirmed by FTIR, NMR, SEM and XPS 

techniques. PTET-T-COOH exhibited potent photocatalytic disinfection activity against 

gram-positive bacteria S. aureus and S. suis. Upon 2 h visible light exposure, 99.99 % of 

both bacteria were killed by PTET-T-COOH powder in solution with a very low 

concentration of 0.1 mg/mL. PTET-T-COOH demonstrated 5.9-log and 5.1-log 

inactivation of S. aureus and S. suis concentration, respectively. Rabbit plasma test and 

fluorescence microscopy observation were used to evaluate the disinfection effects of 

PTET-T-COOH against S. aureus. Electrons and singlet oxygen played vital roles in 

photocatalytic antibacterial process which was confirmed by trapping experiments and 

ESR measurements. This result provided neutral polythiophene derivative with promising 

photocatalytic disinfection application prospect. 

Efficient and stable photocatalytic antimicrobial bilayer coatings were designed and 

fabricated. The protective layer of PU and photoactive layer of PTET-T-COOH/PU were 

both fabricated by spin coating on glass substrate in sequence.  The formation of chemical 

bonding between carboxyl groups from PTET-T-COOH and isocyanate groups from pre-

polyurethane was confirmed by ATR-FTIR and XPS techniques. Antimicrobial coatings 

can kill S. aureus completely with 7-log inactivation of S. aureus concentration upon 4 h 

light exposure for the first three recycling runs. The transparent antimicrobial bilayer 

coating was achieved by optimizing the fabrication process and behaved 5.1-log 

inactivation against S. aureus upon 4 h visible light exposure. This work could be of great 
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significance for exploring highly efficient antimicrobial coatings for their practical 

applications. 

To further improve the photocatalytic disinfection performance of bulk g-C3N4, g-C3N4-

NH2 nanosheets with rich amino groups was fabricated by thermal polymerization. As 

expected, g-C3N4-NH2 nanosheets demonstrated better antibacterial performance than bulk 

g-C3N4 owing to its high crystallinity and efficient separation and transportation of charge 

carriers which were confirmed by XRD, fluorescent emission, photocurrent and EIS 

measurements. Most importantly, this work could provide a strategy for fabricating stable 

g-C3N4 based coatings because NH2- in g-C3N4-NH2 can react with isocyanate groups in 

pre-polyurethane to form urea at low temperature. 

6.2 Recommendations 
Some suggestions for future work are listed as follows: 

Polymer PTET-T-COOH powder and PTET-T-COOH/PU coating exhibit high 

photocatalytic antimicrobial activation against gram-positive bacteria such as S. aureus and 

S. suis, other gram-positive bacteria such as diplococcus and bacillus anthracis should be 

chosen to testify whether these two systems are effective to all gram-positive bacteria. In 

addition, these two systems have no effect on E. coli. Other gram-negative bacterial can be 

tested and the mechanism of selectively photocatalytic disinfection can be examined. 

Swelling problems appeared after PTET-T-COOH/PU coating was applied in solution. So, 

the fabrication process of PU can be further optimized to obtain stable antimicrobial 

coating without deformation.  

G-C3N4-NH2 possesses rich -NH2 groups and incorporation of g-C3N4-NH2 with 

polyurethane via generation of urea to fabricate stable photocatalytic antibacterial coating 

can be followed. In addition, its photocatalytic disinfection performance needs to be further 

improved by modification such as quantum dots.  

In addition, future directions for research can be expanded to antibacterial or antiviral 

applications in areas where LED or indoor lighting can be used as irradiation source.  
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