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ABSTRACT 

 Infectious diseases caused by bacteria continue to be a major problem in our daily life. The 

discovery of antibiotics has helped improve human health and medical treatments dramatically 

since 1940s. However, the number of infections associated with drug-resistant bacteria keeps 

increasing in recent years. Inorganic nanomaterial is considered as a promising candidate to solve 

such a difficult problem. This dissertation focuses on exploring three novel inorganic antimicrobial 

nanomaterials, carbon dots, CuBi2O4 and CuxFeyOz, and their morphological, structural, optical, 

antimicrobial and other properties. 

 The carbon nanodots with a size around 5 nm are modified with a layer of surface 

passivation of 2,2′-(Ethylenedioxy)bis(ethylamine) (EDA) molecules. They show visible light 

induced photodecay rate of 0.307 ± 0.0002 h-1 against methylene blue (MB), and demonstrated 4 

logs of Escherichia coli (E. coli) reduction after 30 min treatment with visible light illumination. 

Narrow bandgap semiconductor CuBi2O4 microstructures with different morphologies such as 

three dimensional hierarchical microspheres, microflowers, one dimensional microrods and 

nanorods are fabricated through a hydrothermal synthesis approach by systematically changing the 

synthesis conditions. Among them, the hierarchical micro-flower shaped CuBi2O4 sample at a 



concentration of 1 mg/ml shows a high photodecay rate of 0.114 ± 0.002 h-1 against 30 μM MB, 

and a high antibacterial effect against E. coli, with ~ 93% bacteria reduction after 6 h illumination 

by a commercial white LED light (10 mW/cm2) comparing with the negative controls. In addition 

to these two antimicrobial photocatalysts, the CuxFeyOz nanostrucutres fabricated by microwave-

assisted hydrothermal synthesis exhibit highly antimicrobial properties without light illumination. 

The optimized CuxFeyOz nanoparticles (1 mg/ml) can kill 109 CFU/ml E. coli in PBS in 15 min 

and 1010 CFU/ml Staphylococcus aureus (S. aureus) in 1 hr. Similar effect is found for highly 

drug-resistant bacteria such as K. Pneumoniae 148 and H. pylori X47. These CuxFeyOz suspensions 

are also effective in inhibiting the bacterial growth in fresh media and are low toxic to mouse 

fibroblast cells at 1 mg/ml.  

 This dissertation work demonstrates that inorganic nanomaterials are promising candidates 

for antimicrobial applications. 
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CHAPTER 1 

INTRODUCTION 

1.1    Development of antimicrobial materials 

Throughout the human societal development, infectious diseases have accounted for a large 

portion of human death. Even today, infectious diseases are still the second leading cause of death, 

the leading cause of disability-adjusted life years worldwide (1 disability-adjusted life year is 1 

lost year of healthy life), and the third leading cause of death in the United States. [1-3] Among 

those, bacteria caused infections contribute to a large portion of overall infections. The leading 

pathogens include Salmonella, Escherichia coli (E. coli), Shigella, etc. As reported, 31 known 

foodborne pathogens such as E. coli O157:H7 and Salmonella spp. are responsible for 9.4 million 

illnesses in the United States each year [4]. Many methods have been developed to inactivate the 

pathogenic bacteria for different situations throughout history. For example, from the medical 

aspect, there are three common methods of sterilization for medial materials/devices: ethylene 

oxide exposure, g-irradiation, and steam sterilization. [5] However, these methods have serious 

drawbacks, such as they are expensive, the residue of ethylene oxides are toxic to bio-systems, and 

hard to be directly applied to biomaterials. [5] Thus, the development and use of appropriate 

antimicrobial agents are important for the human society. 

In 1928, an important millstone for the development of antimicrobial agents was set. A 

substance produced by a blue mold (a fungus from the Penicillium genus) was discovered effective 

to inhibit the growth of Staphylococcus aureus (S. aureus) by a Scottish scientist Alexander 

Fleming, and this substance was named as penicillin. [6] Penicillin came into the clinical use in 



 

2 

1940s and saved tens of thousands of lives during World War II. After penicillin, many other 

effective antibiotics were found. For example, sulfonamide was discovered in 1935, 

aminoglycoside, chloramphenicol, tetracycline, macrolide, and vancomycin in 1950s. [6] 

Improvement of each category of antibiotics were achieved in the past decades. For example, 

evolutions and improvements of penicillin has been achieved. As shown in Figure 1.1, the group 

of penicillin antibiotics has been developed from penicillin G to methicillin, ampicillin and 

piperacillin. Originally, penicillin was effective on Gram-positive bacteria, such as S. aureus. Later 

on, methicillin was developed to fight against the penicillin-resistant S. aureus. Ampicillin was 

developed to inhibit some Gram-negative bacteria, such as E. coli. From the structure of ampicillin, 

piperacillin (even effective on Gram-negative Pseudomonas aeruginosa) was derived to be 

effective on broader antimicrobial spectrum. [6] 

 

Figure 1.1. Evolution of penicillin antibiotics. Reprint from [6]. 
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However, because of the widespread and frequently use of antibiotics for a very long time, 

the targeted infectious bacteria have gradually adapted to the antibiotics and changed its respond 

to the drugs. In the research nowadays, the speed of antibiotic development has been reduced 

because of such emergence of drug resistant bacteria (when bacteria don’t respond to the drugs 

designed to inhibit their activities [7]). According to U.S. Centers for Disease Control and 

Prevention, more than 2 million of severe infections were caused by the antibiotic resistant bacteria 

annually. For example, Carbapenem-resistant Enterobacteriaceae (CRE) are bacteria that are 

resistant to nearly all antibiotics and spread easily.[7] New antimicrobial approaches other than 

the use of antibiotics have been proposed and developed, such as photodynamic therapy [8] and 

bacteria inactivation by nanoparticles [9-10]. Inorganic nanomaterials are considered as a group 

of promising alternative materials. [11] Here, the inorganic antimicrobial materials can be divided 

into two major catalogs based on their mechanisms of actions, the photocatalytic antimicrobial 

materials and metal/metal oxide nanomaterials that can directly lead to bacteria elimination or 

death. Due to the advanced oxidation processes induced by photocatalytic properties, metal oxides 

based photocatalytic nanomaterials have shown great promise as effective non-targeted 

disinfectants against a wide range of microorganisms and decomposition of chemical 

contaminants.[12-22] The highly reactive oxygen species generated by inorganic photocatalysts 

serves as the main oxidant, and are capable of inactivating microorganisms including viruses, 

bacteria, spores and protozoa. At the early stage of antimicrbial application of photocatalysts, 

ultraviolet (UV) light is usually utilized to activate their antibacterial function due to the energy 

bandgaps of the photocatalyst. [23-25] For example, the well-known nanostructured titanium 

dioxide (TiO2) has been demonstrated to have a high antimicrobial efficiency under UV light 

irradiation.[26]  However, from a practical point of view, an ideal photocatalytic antimicrobial 
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material should be able to utilize the energy of natural sunlight or indoor illumination. Thus, over 

the past decades, many efforts have been attempted to develop visible light driven antimicrobial 

photocatalysts based on those large bandgap materials through different strategies, such as 

doping,[27-28] coupling with other semiconductor materials, [29-30] coupling with carbon based 

materials, [31-33] etc. For example, the visible light induced bactericidal ability of N-doped TiO2 

has been reported by Wong et al. [28] It has been demonstrated to be effective on killing different 

kinds of human pathogens such as S. flexneri, L. monocytogenes, and V. parahaemolyticus under 

visible light illumination. A hybrid CuxO/TiO2 nanocomposite reported by Qiu et al. has been 

shown to be efficient for volatile organic compound (VOC) decomposition and antipathogenic 

(bacteria and viruses) effects under indoor conditions. [34]  An alternative approach is to explore 

new semiconductor materials with narrow energy bandgaps. Ag3PO4, with a bandgap of 2.36 − 

2.43 eV, is considered as a highly efficient visible light photocatalyst. [35] However, Ag3PO4 is 

not stable during photocatalysis. [35] Other Ag3PO4 related heterostructures, such as 

Ag3PO4/TiO2/Fe3O4 nanocomposites [29] and P25/Ag3PO4/graphene oxide heterostructures [36] 

have also been reported as antimicrobial materials. Bai et al. have fabricated “corn-like” ZnO/Cu 

hierarchical structures through a two steps hydrotehrmal synehsis. The as-syntehsized material has 

shown about 7 log reduction of E. coli under visible light irradiaiton at a dosage of 0.1 g/L for 30 

min. [37] Graphene based materials are also a popular study subject in the research of photocatalyst 

due to their unique chemical and physical properties, such as high electron conductivity and large 

surface area. They are promising materials to enhance the photocatalytic activities of the 

semiconductor based photocatalysts. [38-40] For example, Gao et al. have used graphene oxide to 

modify CdS. The GO-CdS composite has shown much less leaking of Cd2+ (3.5 wt%, for pure CdS 

which is 38.6 wt%). This composite also showed nearly 100 % bacterial inhibition of both Gram-
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positive (Bacillus subtilis (B. subtilis)) and Gram-negative (E. coli) bacteria within 25 min under 

visible light illumination. [38]  

Other than the photocatalysts, metal oxides/metal nanoparticles which can directly 

introduce oxidative stress to the bacterial cells are also popular antimicrobial materials. For 

example, Ag nanoparticles are widely studied for antimicrobial applications. [9-10] The study of 

Baker et al. has shown that with Ag nanoparticles surface concentration as low as 8 μg of Ag/cm2, 

the surface is completely cytotoxic to E. coli. [41] Other metal nanoparticles have also been 

investigated. Cu nanoparticles with a size of 2 – 5 nm in diameter embeded into sepiolite have 

been reported to be able to  kill both S. aureus and E. coli (with a starting concentration from 

2.5 × 105 to 10 × 105 CFU/ml) by 99.9%. [42] Jia et al. have prepared Cu nanoparticle coated 

cellulose films, and these films have shown effective antibacterial activities against S. aureus (4 

log reduction) and E. coli (3 log reduction) after 0.5 hrs exposure in PBS at 37 oC. [43] Similarly, 

the antimicrobial acitivities of other metal oxides nanoparticles have also been studied. [44] 

Perelshtein et al. have coated the surface of cotton fabrics with 15 nm CuO nanocrystals, the 

resutled CuO-cotton composite are demonstrated as effective to inactivate both S. aureus and E. 

Coli in NaCl solutions, even with a 1% coating dosage. [45] The study of Saravanan et al. has 

shown that the inhition zones of S. aureus and E. coli by ZnO/Ag/Mn2O3 nanocomposite is twice 

as large as that of ZnO under the same conditions. [46]  

 

1.2    The mechanisms of antimicrobial activities of different materials 

1.2.1 Structure of bacterial cells 

To understand the mechanisms of the antimicrobial activities, it is important to understand 

the structures of the bacterial cells first. Here we will briefly discuss about the structure of a  
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Figure 1.2. Illustration of a bacteria cell (bacillus type, Gram-positive). Reprint from [47]. 

 

bacteria cell. Figure 1.2 illustrates of a bacillus type bacteria cell, which mainly includes the cell 

wall, plasma membrane, ribosomes, chromosome, cytoplasm, capsule, pili, and flagella. [47] The 

structure of the bacterial cells differs from the structure of mammalian cells and other plant cells. 

One of the fundamental differences is that a bacterial cell does not have the intracellular organelles.  

In the structure of the bacterial cells, the cell wall and the plasma membrane play important 

roles of protecting and holding the structure of the bacteria. The wall of a bacterium is much 

stronger than the cell walls of higher plants at a unit thickness due to the special chemical and 

physical structure of the bacterial wall. [48] Although the bacterial cell walls vary from organism 

to organism, peptidoglycans are the major parts of bacterial cell walls. The peptidoglycans consist 

of large amino acid molecules, they are cross-linked to molecules of polysaccharides to form a 

network. [48] Figure 1.3(a) and (b) show the top and side views of the structure of the polymeric 

peptidoglycan segment of the cell wall. [49] And the structures of the cell wall of the Gram-

positive bacterial cell and the Gram-negative cell are different. The Gram-positive cell walls are 
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thick and the peptidoglycan layer constitutes almost 95% of the cell wall, while the Gram-negative 

bacteria have as little as 5-10 % peptidoglycan of the cell wall (Figure 1.3(c)). The plasma 

membrane of the bacterial cell is composed of a phospholipid bilayer, and it works as a 

permeability barrier. Pili and flagella are the external structures of bacteria. Pili are the extending 

parts out from the membrane and can attach the cell to a surface. Flagella are the parts that the 

bacterium uses to swim.  

Inside of the cell wall and membrane, the bacterial structure is simpler than the internal 

structure of a mammalian cell. The cytoplasm of a bacterium is a matrix composed of water, 

enzymes, nutrients, wastes, and gases; it also contains bacterial cell structures such as ribosomes, 

a chromosome, and plasmids. Thus, the cytoplasm of the bacterial cell is responsible for the 

functions for cell growth, metabolism, and replication, etc. 

 

 

Figure 1.3. (a) and (b) Top and side views of the structure of the polymeric peptidoglycan segment. 

Reprint from [49]. (c) Depiction of Gram-positive and Gram-negative cell envelopes: CAP: 

covalently attached protein; IMP: integral membrane protein; LP: lipoprotein; LPS: 

lipopolysaccharide; LTA: lipoteichoic acid; OMP: outer membrane protein; WTA: wall teichoic 

acid. Reprint from [50]. 
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1.2.1 Traditional antimicrobial agents 

Throughout the history, many disinfection methods to remove or inhibit the activities of 

bacteria have been developed, and they mainly include two categories, the chemical, and physical 

disinfections. [51] A major part of the disinfectants are based on chemicals such as phenol, alcohol 

and aldehydes. The detailed antimicrobial principles of the chemical disinfectants vary from 

chemical to chemical and they might be hard to identify. They mainly include oxidation, reduction, 

and introducing cytotoxicity to bacterial cells. The physical disinfection methods mainly include 

raising the temperature, fumigation, drying, and filtration. [51] However, for the medical 

treatments, nowadays, antibiotics are the most important antimicrobial agents. For example, as 

mentioned earlier, the discovery of penicillin is one of the important millstone in human health 

history. The antimicrobial activity of the antibiotics includes several steps. Generally, the antibiotic 

has to be able to enter the bacterial cells firstly. Then it needs to be stable enough in the bacterial 

cells to accumulate to inhibitory concentrations. [52] However, the detailed principles of actions 

of different antibiotics are different. Several categories of antibiotics can inhibit the cell-wall 

synthesis, then stop the replication of the bacteria cells, such as the β-Lactams antibiotics (e.g. 

penicillins, cephalosporins, cefotaximes, and carbapenems), glycopeptides (e.g. vancomycin), and 

streptogramins (e.g. virginiamycins, quinupristin and dalfopristin). Some antibiotics can inhibit 

the protein synthesis of bacteria then stop bacteria activities, such as aminoglycosides antibiotics 

(e.g. streptomycin, gentamycin, tobramycin and amikacin). There are several other kinds of 

antimicrobial mechanisms for antibiotics, such as disrupting the DNA replication of the bacterial 

cell, inhibiting ribsosomal complex, etc. The antimicrobial actions of selected antibiotics are 

summarized in Table 1.1. Since the chemical structures of the antibiotics discovered until early 

1970s have been used as leads to generate new generations of clinically useful antibiotics by 



 

9 

chemical modification, [53] here the antimicrobial mechanism of penicillin is discussed as an 

example. The mechanism of bacteria killing by penicillin is illustrated in Figure 1.4. Overall, the 

bacteria cells are killed by the specifically inhibiting the transpeptidase of penicillin (for instance, 

penicillin binding proteins (PBP)). The transpeptidase catalyzes the final step in cell wall 

biosynthesis, the cross-linking of peptidoglycan. [54] As shown in Figure 1.3, the cell wall 

contains polymeric peptidoglycan segments. And the peptidoglycan consists sugars (such as N-

acetylglucosamine (NAG) and N-acetylmuramic acid (NAM)) and amino acids. As shown in 

Figure 1.4(a), the bacterial cell wall consists of strands of repeating NAG and NAM subunits. 

And the peptide chains are attached to the NAMs.  The NAG and NAM strands are cross-linked 

together by the amino acids such as alanine. These amino acids are linked by the transpeptidase, 

such as PBP (Figure 1.4(b) and (c)).  Once the penicillin is added into the system, it enters the 

active site of the PBP and binds to PBP (Figure 1.4(d)). The binding between the PBP and 

penicillin activate the antibiotic and inactivate the transpeptidase enzyme (Figure 1.4(e)). Thus, 

the cell wall synthesis can be inhibited by penicillin. [55] Due to the difference of cell wall 

structures shown in Figure 1.3(c) between the Gram-positive and the Gram-negative bacteria, the 

actions of penicillin are different on these types of bacteria. It is clear that penicillin works more 

effective on the Gram-positive bacteria than the Gram-negative type. 



 

10 

 

Figure 1.4. Penicillin and other β-lactam antibiotics act by inhibiting penicillin-binding proteins, 

which normally catalyze cross-linking of bacterial cell walls.(a) The bacterial cell wall consists of 

strands of repeating NAGs and NAMs. The peptide chains attached to NAMs. (b) The PBP binds 

the peptide side chains and forms the cross-link with the expulsion of one D-Alanine from one 

peptide side chain. (c) The PBP dissociates from the wall once the cross-link has been formed. (d) 

Penicillin enters the systems, binds to the active site of the PBP and reacts with the serine group 

that is important in its enzymatic activity. (e) The beta-lactam ring of penicillin (represented here 

as the top of the "P") is irreversibly opened during the reaction with the PBP. Penicillin remains 

covalently linked to the PBP and permanently blocks the active site. Reprint from [55]. 
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Figure 1.5. Bacterial intrinsic mechanisms of resistance. Antibiotic A, Antibiotic B, and Antibiotic 

C are used to represent three different β-lactams antibiotics. Reprint from [56]. 

 

However, with the broad using of antibiotics, the drugs designed to inactivate the bacteria 

tend to be less and less effective. Drug resistant bacteria start to threaten human health in recent 

years. The antibiotic resistance is a natural phenomenon, Figure 1.5 shows an overview of the 

mechanisms of the bacterial intrinsic resistance of the β-lactams antibiotics (A, B, and C are used 

to represent three different β-lactams antibiotics). As shown in Table 1.1, the β-lactams kill the 

bacteria by inhibiting the synthesis of cell wall. However, as shown in Figure 1.5, the β-lactams 

antibiotics are targeting the PBP. Antibiotic A gets through the outer membrane and enters the 

bacterial cell via a membrane-spanning porin protein. Then it reaches the target and inhibits the 

synthesis of peptidoglycan. Antibiotic B can also enter the cell via the pores, but it can be removed 

by efflux of the cell, then it cannot effectively work to inhibit the cell wall synthesis. And antibiotic 

C cannot cross the outer membrane then is unable to target the PBP. [56] Most antibiotics bind 

with its specific targets then prevent the normal activity of the targets. [56] However, the mutation 
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of the bacterial cells lead to the changes in the structures of the antibiotic targets, which can prevent 

the binding of the antibiotics. And such development in antibiotic resistance has grown as one of 

the biggest challenges to the modern medical treatment of the infectious disease. Seeking new 

antimicrobial approaches is urgent to improve medical treatments of infectious diseases.  

 

Table 1.1 Representative antibiotics and their modes of action. [52] 

Category Example members  Mode of action 

β-Lactams 
 Penicillins, Cephalosporins, Cefotaximes, 

Carbapenems  

Inhibition of cell wall 

synthesis 

Aminoglycosides 
Streptomycin, Gentamycin, 

Tobramycin,Amikacin 

Inhibition of protein 

synthesis 

Quinolones Ciprofloxacin, Ofloxacin, Norfloxacin 
Inhibition of DNA 

replication 

Glycopeptides Vancomycin 
Inhibition of cell wall 

synthesis 

Tetracyclines Tetracycline Inhibition of translation 

Rifamycins  Rifampin Inhibition of transportation 

 

1.2.2 Inorganic antimicrobial agents 

Combining the wide range of material choice provided by the inorganic materials, and the 

unique properties of nanomaterials, the inorganic nanomaterials provide a promising future as the 

antimicrobial agents. It might be one of the most promising approaches to overcome microbial 

drug resistance. As shown in Figure 1.6, nanoparticles can inactive the bacterial cells in multiple 

ways depending on the properties of the applied materials, such as generating reactive oxygen  
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Figure 1.6. Various mechanisms of antimicrobial activity of nanoparticles. Reprint from [57]. 

 

species (ROS), releasing irons to the cells, disrupting the enzyme activities, inhibiting the DNA 

replication, and interrupting electron transportation of the cell membrane, etc.[57] Here we will 

discuss different mechanisms of the inorganic antimicrobial materials. They are classified into 

three categories, photocatalysts, metal nanoparticles, and metal oxides nanoparticles. 

 

1.2.2.1 Photocatalysts 

Since the first report of the photocatalysis of TiO2 in 1972 [58], thousands of literature 

have been  devoted to the study of photocatalysts. The photocatalytic antimicrobial activity of the 

TiO2 against E. coli and other strains has been demonstrated by Matsunaga et al. in 1985. [26] 

Antimicrobial photocatalysts are usually semiconductor materials, and their photocatalytic 

antimicrobial performances is strongly affected by their electronic band structures.  In the 

electronic band structure of a semiconductor, the conduction band and the valance band are close 

enough to the Fermi level so that the thermally populated electrons or holes can be produced.  The 

photocatalytic activity of a photocatalyst involves three major steps [59-60]: (1) photons with 
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energy equal to or larger than the band gap energy of the semiconductor is absorbed by the 

photocatalyst, which leads to the generation of free electron (e-) - hole (h+) pairs inside the 

photocatalyst; (2) the photogenerated electrons and holes separate and migrate to the surface of 

photocatalysts; (3) the absorbed chemicals on the surface of the photocatalyst are reduced and 

oxidized by the photogenerated electrons and holes. Figure 1.7 summarized the photocatalytic 

activity of TiO2. As shown in Figure 1.7, the TiO2 nanoparticle can absorb and utilize the UV light 

that has photon energy greater than its band gap energy (~ 3.2 eV). [61] The absorbed photon 

energy then excites the electrons from the valance band to the conduction band, then leaves holes 

on the valance band. The generated electrons on the conduction band can reduce the surface 

absorbed oxygen to generate the superoxide radical, while the holes on the valance band can 

oxidize the surface absorbed water molecules to generate hydroxyl radicals. [61] Both the 

superoxide radicals and the hydroxyl radicals are part of the ROS. 

 

.  

Figure 1.7.  The UV-responsive TiO2 photocatalytic reaction. Reprint from [61]. 
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The ROS generated by photocatalysis can affect the activity of the bacterial cells directly 

or indirectly. As shown in the scanning electron microscope (SEM) images of Figure 1.8, after 

the treatments with light and photocatalysts, bacterial flagella, parts of the cell wall, and the cell 

membrane are disappeared. Some ‘holes’ on the cells have appeared. It indicates the damage of 

cell integrity by the photocatalysis. More interestingly, the transmission electron microscope 

(TEM) images (Figure 1.9) show that interior damage of the cells also occur after the 

photocatalytic disinfection. Comparing with the healthy cell, dark mass aggregates have appeared 

in the 2-hour treated E. coli cells. [62] 

 

 

Figure 1.8. SEM images of E. coli cells (a) untreated; (b) and (c) after photocatalytic inactivation 

treatment for 2 h; and, (d) after photocatalytic inactivation treatment for 30 min. Reprint from [62]. 
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Figure 1.9. TEM images of E. coli (a) untreated; (b), (c), and (d) after photocatalytic inactivation 

treatment for 2 hrs. Reprint from [62]. 

 

It is pretty clear that the ROS affects the bacterial cells strongly. The ROS is chemically 

reactive oxygen forms radicals (e.g. OH• and O2
•-) or reactive oxygen forms non-radical molecules 

(e.g. H2O2 and O3). These ROSs are readily to take parts in the oxidation reactions. Thus, they are 

potentially toxic to bacterial cells. [63] The ROS can destroy the activities of metalloenzymes and 

the integrity of DNA in bacterial cells, forcing bacteria to protect themselves with scavenging 

enzymes and repair systems. [64] In the model of E. coli, the cell damage caused by ROS is lead 

through different steps. The autoxidation of redox enzymes (such as the oxidation of FADH2 

(flavin adenine dinucleotide accepted two electrons and two protons) on flavoproteins) leads to 

continuous hydrogen peroxide (H2O2) and superoxide (O2
•-) formation.  Enzymes such as 
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catalases, peroxidases, and superoxides dismutases would work to minimize the accumulation of 

these two oxidants. However, both ROSs can damage [4Fe–4S] dehydratases and mononuclear 

iron enzymes. On the other hand, H2O2 also reacts directly with the unincorporated Fe2+, which is 

linked with other biomolecules such as DNA. The resultant damage of DNA requires the action of 

repair enzymes. Once the amount of ROS rises high enough to disable the enzymes, the metabolic 

pathways fail. Then the bacterial cell recovery cannot be completed. [64] The disabled enzymes 

are continuously repaired, so their steady-state activities represent the balance between damage 

and repair processes. As shown in Figure 1.10, inorganic nanoparticles can generate and affect the 

cells in different ways, both through internal and external activities. [63] Other than the 

photocatalysis, nanoparticles can also introduce ROS through different ways to interact with 

bacteria. In principle, the ROS generation mechanisms are similar but still differ from material to 

material. By introducing nanoparticles, ROS can be generated by chemical reactivity of material 

properties and impurities (crystal lattice, dissolution, Fenton reactions), and/or by direct physical 

interactions of the nanoparticles with biological redox-catalyzing subcellular structures. [63] 
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Figure 1.10. Illustration of cellular mechanisms of ROS generation by nanoparticles via 

extracellular chemical reactivity (top), intracellular chemical reactivity (left-hand side) or via 

physical interactions with subcellular compartments (right-hand side). Reprint from [63]. 

 

1.2.2.2 Metal nanoparticles 

Because of the unique optical, electronic, and catalytic properties, metal nanoparticles such 

as Au, Ag and Cu are explored and can be used in many different areas. In particular, Ag and Cu 

nanoparticles are considered as novel antimicrobial nanomaterials due to their strong antimicrobial 

activities against different bacterial strains. [65] The antimicrobial mechanisms of metal 

nanoparticles are different from that of the photocatalysts. Here, Ag nanoparticles are chosen as a 

representative example to discuss the detail mechanism. 
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Figure 1.11. TEM images of (a) E. coli cell treated with 50 µg cm−3 of silver nanoparticles in 

liquid LB medium for 1 h. (b) Enlarged view of the membrane of this cell. Reprint from [66]. 

 

The antimicrobial properties of silver compounds have been used in many applications for years. 

[67] Now, since Ag nanoparticles have shown antibacterial activity even in the ultra-low 

concentrations, it has been more and more popular in the antimicrobial studies. The mechanism of 

the antimicrobial action of Ag nanoparticles is considered related to the amount of silver and the 

rate of silver released. [68] Thus, the antimicrobial activity of Ag nanoparticles is mainly 

contributed by the metallic Ag, the Ag ions, and the nano-sized particle. [69] The TEM images in 

Figure 1.11 are E. coli cell treated with 50 µg/cm3 of Ag nanoparticles (diameter ~ 12 nm) in 

liquid lysogeny broth (LB). It confirms that the Ag nanoparticles can invade into the cell and 

aggregate onto cell wall. And the zoomed-in TEM image shows that the integrity of the cell was 

compromised because of the treatment with Ag nanoparticles. [66] It is reported that the Ag 

nanoparticles can also generate ROS, such as OH-, [70] and this process has also been considered 

as a primary mode of cytotoxic action of Ag nanoparticles. The high oxidative stress introduced 

by these Ag nanoparticles can lead to the cell inactivation. [69] On the other hand, the dissolution 

of the Ag nanoparticles introduces Ag ions (Ag+) into the treatment system through different ways. 
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As shown in Figure 1.12, Ag ions (Ag+) can be introduced by the surface passivation of the 

nanoparticle, the ligand replacement (by Ca2+), oxidative dissolution, etc. The Ag ions process a 

very high affinity for organic amines, phosphates, selenol and most notably thiols, with which they 

forms a quasi-covalent bond. Ag ions can also work as the bridging agent between some of the 

thiols in bacterial cells to form chains and aggregations of the thiol bearing molecules. [71] So that 

the activities of a healthy bacterial cell can be disrupted. Surface properties of Ag nanoparticles 

have a crucial impact on their potency, as they influence both physical (aggregation, affinity for 

bacterial membrane, etc.) activities and chemical (dissolution, passivation, etc.) reactions. For 

example, smaller Ag nanoparticles have been demonstrated exhibiting better antimicrobial 

properties. [72] 

 

 

Figure 1.12. Illustration of several phenomena affecting Ag nanoparticles dissolution. Reprint 

from [69]. 
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1.2.2.3 Metal oxides nanoparticles other than photocatalysts 

Various metal oxides nanoparticles such as CuO, MgO, CeO2, Co3O4 and ZnO are reported 

as effective antimicrobial materials both against the Gram-positive and the Gram-negative 

bacteria.[57] The underlying antimicrobial mechanisms of these particles are not fully understood 

yet, and the proposed mechanisms differ from each other. Overall, their antimicrobial activities 

depend on particle size and concentration. [57] Among all these materials, CuO and ZnO are the 

most studied materials. The antimicrobial properties of CuO and ZnO are mainly based on the 

ROS generation on the particle surfaces. And it is also reported that CuO nanoparticles can cross 

the bacteria cell membrane and then causing damages on enzymes of bacteria. [73] Here CuO 

nanoparticles are chosen to discuss their antimicrobial activities. 

 

 

Figure 1.13. Environmental SEM images of CuO targeted bacterial cells. (a)  E. coli and (b) S. 

aureus untreated cells after overnight growth; (c) E. coli and (d) S. aureus treated with CuO 

Nanoparticles. Reprint from [74]. 
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From the environmental SEM images shown in Figure 1.13, the morphologies of the same type 

of bacterial cells are different when treated or untreated with CuO nanoparticles. [74] The treated 

cells show that the cell membranes and cell walls are damaged. More interestingly, the CuO 

nanoparticles can accumulate on the surfaces of the cells. The possible antimicrobial mechanisms 

are shown in Figure 1.14.  The changes of the bacterial morphologies and inactivation after CuO 

treatment are demonstrated mainly because of ROS produced. The oxidative stress introduced by 

the ROS combined with the strong adherence of the CuO nanoparticles on the cell surfaces, the 

CuO nanoparticles are capable of breaking down the cell wall and cell membrane, then causing 

the leakage of the cell internal materials and cell death. [74]  

 

 

Figure 1.14. Illustration of the antibacterial mechanisms of CuO nanoparticles against (a) Gram-

negative bacteria, and (b) Gram-positive bacteria. Reprint from [74]. 
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Other than the activities mentioned above, it has also been found that the leaching of copper ions 

from CuO nanoparticles by bacterial amino acids is required for their antimicrobial toxicity. [75-

76]  

 

1.3    Contents of dissertation 

This dissertation is devoted to study and explore new inorganic antimicrobial materials. It 

consists of six chapters.  

Chapter 1 presents the background and development of the antimicrobial materials, 

especially inorganics. Different antimicrobial agents/ methods are discussed, mainly including the 

modern antimicrobial technologies based on nanomaterials. The antimicrobial mechanisms of 

different antimicrobial materials, such as antibiotics, photocatalysts and other inorganic 

nanomaterials are presented in detail.  

Chapter 2 focuses on the experimental techniques used for the material synthesis and 

characterizations in this dissertation. The development and studies of traditional hydrothermal 

synthesis and the microwave assisted hydrothermal synthesis are mainly discussed. The material 

characterization techniques including Zeta-potential measurement, XRD, SEM, TEM, and UV-

Vis tests are introduced. 

Chapter 3 covers the study of the visible light driven photocatalytic activities of EDA [EDA 

= 2,2’-(ethylenedioxy)bis(ethylamine)] modified carbon dots. The dye degradation (against 

methylene blue, MB) and antimicrobial (against E. coli) activities of EDA-carbon dots are given. 

Chapter 4 introduces the study of the visible light induced photocatalytic activities of 

CuBi2O4 nanostructures/microstructures. Five different CuBi2O4 samples are synthesized by a 

hydrothermal method. Their morphologies, crystal structures, and optical properties are 
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characterized. The photoelectrichemical (PEC), visible light induced dye degradation (against 

methylene blue, MB), and antimicrobial (against E. coli) activities are also measured and 

discussed. 

Chapter 5 shows the study of a novel inorganic mixture antimicrobial material CuxFeyOz. 

Microwaved assisted hydrothermal synthesis method is used to synthesize the nanostructured 

CuxFeyOz. The morphologies, crystal structures, and dye degradation capabilities (both MB and 

methyl orange (MO)) of as synthesized samples are characterized. The antimicrobial activities 

against both the Gram-positive and the Gram-negative bacterial strains, including drug resistant 

strains, are also carried out. It is demonstrated that the CuxFeyOz nanoparticles are a highly efficient 

antimicrobial material. 

Chapter 6 briefly summarizes the dissertation and presents the future work.  
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

  

2.1    Hydrothermal synthesis 

Among numerous nanomaterial synthesis/ fabrication techniques, hydrothermal synthesis 

stands out as a facile, effective, and low cost method. The term of hydrothermal synthesis refers 

to the synthesis of materials by chemical reactions of substances in aqueous media above ambient 

temperature and pressure. [77] In another word, the hydrothermal processing is a heterogeneous 

reaction in the presence of aqueous solvents or mineralizers under high temperature and pressure, 

the materials that are relatively insoluble under ambient conditions can be dissolved and 

recrystallized during the chemical reaction. [78] It provides many advantages in the processing of 

advanced materials, which have great potential for various applications, such as catalysis, 

biomedical, energy storage, etc. As shown in Figure 2.1, various fundamental science and 

technologies branches can be directly benefited from, or linked with hydrothermal technique. The 

field of hydrothermal technology has gradually been applied from geo-technology to other fields, 

such as bio-technology and nano-technology due to its possibilities of processing new advanced 

nanomaterials. Clearly, the hydrothermal tree would not be limited to the branches shown in 

Figure 2.1, this technique will keep on expanding in the future to serve the interests from 

geologists, physicists, chemists, ceramists, engineers, biologists, and so on. [78]  
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Figure 2.1. Hydrothermal tree showing different branches of science and technology. Reprint from 

[78]. 
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2.1.1 A brief history of hydrothermal synthesis 

As a fascinating fabrication method, hydrothermal synthesis has been initiated from the 

middle 19th century. [79] The first reported hydrothermal growth of crystals was performed by a 

geologist named Karl Emil von Schafhäutl in 1845 to fabricate microscopic quartz crystals.[80] 

Followed by this, the hydrothermal synthesis of various metal oxides began. Commercial 

application of the hydrothermal technique started in 1908 when K.J. Bayer leached bauxite mineral 

under hydrothermal conditions to obtain aluminum. [81] In 1982, the first International 

Hydrothermal Symposium was held at Japan. It brought scientists from different research areas 

together to promote the further development of hydrothermal technique. [82] Since then, the 

hydrothermal method became more and more popular in the processing of a wide range of 

materials, from the bulk material to mesoscopic materials with sizes all the way down to nanoscale 

with various morphologies.  

 

2.1.2 Hydrothermal synthesis in the development of material science 

Due to the specific physical and chemical properties of solvents used in hydrothermal 

synthesis, different types of reactions for advanced materials can be achieved. Some typical 

applications of hydrothermal synthesis are listed below. 

(a) Synthesis of new crystal phases of new materials.  

(b) Crystal growth of different inorganic compounds from one pot to complexes. 

(c) Design of materials with desired size and morphology for specific applications. 

(d) Decomposition, alternation, corrosion and etching of the bulk materials. 
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Table 2.1 Comparison of different metal oxides synthesis methods. [82-83] 

Parameter 
Solid state 

reactions  
Co-precipitation  Sol–gel  Hydrothermal 

Cost 
Low to 

moderate 
Moderate High Moderate 

State of 

development 
Commercial 

Demonstration/co

mmercial 

Research & 

Development 

Research & 

Development/ 

demonstration 

Composition Poor Good Excellent Good/excellent 

Morphology Poor Moderate Moderate Good 

Purity <99.5 % >99.5 % >99.9 % >99.5 % 

Calcination step Yes Yes Yes No 

Milling step  Yes Yes Yes No 

 

 

Figure 2.2. Difference in particle processing by hydrothermal and conventional techniques. 

Reprint from [78, 84]. 
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Figure 2.3. Examples of nanomaterials fabricated through hydrothermal synthesis. (a) 

Monodisperse Fe3O4 nanoparticles. Reprint from [85]. (b) ZnO nanowires. Reprint from [86]. (c) 

ZnO nanotriangles. Reprint from [87]. (d) KTi2(PO4)3 nanocubics. Reprint from [88]. (e-f) Fe3O4 

/C core-shell nanorings. Reprint from [89]. 

 

Comparing to other metal oxides synthesis methods, such as solid state reactions, co-

precipitation, sintering, firing and sol-gel methods, hydrothermal method shows better control over 

the composition, morphology, and size of the as-synthesized products (Table 2.1, Figure 2.2). The 

excellent control over the crystal structures of the products from hydrothermal synthesis does not 

require other extra processing steps such as calcination and milling. [82] For example, Wang et al. 

have fabricated α- and β-MnO2 single crystal nanowires through hydrothermal synthesis. [90] 

Without expensive equipment, catalysts, or templates, high purity MnO2 nanowires have been 

obtained through the low temperature synthesis route. With further development, numerous well 

defined nanostructures have been synthesized by hydrothermal method. As the SEM images shown 

in Figures 2.3 (a) to (f), uniform Fe3O4 nanoparticles,[85] ZnO nanowires,[86] ZnO nanotriangles, 
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[87] KTi2(PO4)3 nanocubics [88] and Fe3O4 nanorings [89] have been obtained by hydrothermal 

methods. In the past decades, hydrothermal synthesis has been successfully used to fabricate 

materials for different applications, such as energy storage, microwave absorption, drug delivery 

and optical applications. [87-89, 91] For example, in the work of Meligrana et al., high surface 

LiFePO4 nanomaterials have been synthesized by an easy, quick and low cost hydrothermal 

method as lithium-ion battery cathode. [92] These high surface area phospho-olivine LiFePO4 

nano-powders have shown capacities near the theoretical value. In the work of Yu et al., ZnO 

hollow spheres with porous crystalline shells have been synthesized by a one-pot hydrothermal 

method with of glucose and ZnCl2 as precursors. [93] The as-fabricated ZnO hollow spheres have 

shown stable photocatalytic activity of degrading Rhodamine B (RhB), and have the potential in 

the applications such as solar cell, and catalysis. Mesoporous structures nowadays are also a 

popular studying subjects due to their ultra-high surface areas. They have attracted a lot of 

attentions in biomedical applications, for instance, drug delivery. [94-96] As shown in Figure 2.4, 

ordered uniform mesoporous carbon nanospheres ((a) – (b)) and strontium hydroxyapatite (SrHAp) 

nanorods ((c) – (d)) can be both fabricated through hydrothermal synthesis. More interestingly, by 

using a novel low-concentration hydrothermal approach, the obtained mesoporous carbon 

nanospheres shown in Figure 2.4 (a) and (b) are with uniform diameter and body-centered cubic 

Im3̅m symmetry. And they are low-toxic to cells and the cell permeability is excellent. The 

mesoporous SrHAp nanorods shown in Figures 2.4 (c) and (d), also fabricated by hydrothermal 

method, have shown self-activated luminescence at room temperature and they are potential 

candidates as drug carriers with controlled release. [96] 
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Figure 2.4. Mesoporous nano-structures fabricated through hydrothermal synthesis. (a) and (b) 

Mesoporous carbon spheres. Reprint from [94]. (c) and (d) Mesoporous strontium hydroxyapatite 

nanorods. Reprint from [96]. 

 

In addition to the precursors used, the synthesis temperature and pressure, the hydrothermal 

synthesis is also controlled by the solvent. The fundamental understanding of the hydrothermal 

nowadays are mainly about the behavior of the solvent (such as the pH value, viscosity, density, 

and so on) under the synthesis conditions. Thermodynamic studies, such as solubility, stability 

dissolution-precipitation studies help us understand more about the chemistry under hydrothermal 

conditions. However, so far, the crystallization process under hydrothermal conditions is still not 

fully understood yet. In recent years, the thermochemical modeling and prediction of the chemical 

reaction under hydrothermal conditions have been attracted lots of attentions. The thermodynamic 

models make it possible to select effective and inexpensive precursors, and suitable reaction 

conditions to achieve a high yield hydrothermal synthesis. [97-98] For example, in the work of 
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Lencka et al., a comprehensive thermodynamic model has been developed to predict the 

hydrothermal synthesis of pure phase strontium zirconate. [98] As shown in Figure 2.5, the 

calculated phase stabilities under 25oC and 160oC are compared in (a) and (b). The stability of 

ZrO2 under acidic conditions is higher at 160oC than that at 25oC. However, under alkaline 

conditions, the temperature effect is small. [98] 
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.  

Figure 2.5. (a) Calculated phase stability and yield diagram for the Zr hydrothermal system at 298 

K. (b) Calculated phase stability diagram for the Zr hydrothermal system at 433 K. The symbols 

ZRO2PPT, ZROHION, ZROH2ION, ZROH3ION, ZROH4AQ, and ZROH5ION denote ZrO2(s), 

ZrOH3+, Zr(OH)2 
2+, Zr(OH)3 

+, Zr(OH)4(aq), and Zr(OH)5 
-, respectively. Reprint from [98]. 
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2.1.3 Hydrothermal synthesis equipment 

The definition of the hydrothermal synthesis tells us that it requires a pressure vessel 

capable of containing a highly corrosive solvent at high temperature and pressure.[78] The 

hydrothermal synthesis experimental configuration in our lab is shown in Figure 2.6. As shown 

Figure 2.6(a), the forced air electric oven (Fisherbrand™ Isotemp™) is used to create an 

environment with a constant desired temperature, which can be in the range of 50 oC to 250 oC. 

Figure 2.6(b) shows a set of stainless steel hydrothermal reactor (autoclave) for the synthesis. The 

stainless steel holder of the autoclave help to maintain the appropriate pressure condition required 

in chemical reactions when sealed. The autoclave liner is made by the Teflon inert material, which 

can be stable till about 260 oC. It ensures that the chemical reactions would not be affected by the 

degrading of the reactor liner.  

 

 

Figure 2.6. The experimental configuration for general hydrothermal synthesis. (a) An electric 

oven with wide temperature range: 50 oC to 250 oC. (b) Stainless steel autoclave with Teflon liner. 
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2.2    Microwave assisted hydrothermal synthesis 

The first report of using microwave ovens for synthesis in modern chemistry was in 1986, 

and after then it becomes an indispensable tool. [99] Numerous papers of microwave assisted 

synthesis are reported in the past decades. Figure 2.7 shows a comparison of conventional and 

microwave heating assisted chemical reactions. [100] The use of microwave heating has brought 

many benefits to the chemical synthesis, such as dramatically reduced processing time, increased 

yield, increased efficient and higher product purity, and better product properties. [101] 

 

 

Figure 2.7. (a) Conventional heating. (b) Microwave heating. Reprint from [100]. 
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Figure 2.8. Two main heating mechanisms under microwave irradiation: (a) dipolar polarization; 

(b) ionic conduction. Reprint from [99, 102]. 

 

2.2.1 Fundamental of microwave assisted synthesis  

Microwaves are electromagnetic radiation with frequencies in the range of 0.3 to 300 MHz. 

[103] This irradiation can heat up the solvents mainly by two main mechanisms, dipolar 

polarization and ionic conduction, based on polar/nonpolar solvent or conductive solvent. [101] 

The heating process is dependent on the characteristics of a particular solvent. [100, 102] As shown 

in Figure 2.8(a), for the dipolar polarization, the microwave irradiation can result in the alignment 

of the molecular dipoles of the solvent in the applied electric field. [99] With the oscillation of the 

electric field, the molecular dipoles then would try to re-align along the alternating electric field. 

During this process, the applied energy can be lost in the form of heat from molecular friction of 

the solvent molecules and also dielectric loss. Depending on the time scales of the orientation and 

disorientation phenomena relative to the frequency of the irradiation, different amounts of heat can 

be produced. [99] If the dipole does not have enough time to realign (high-frequency irradiation) 

or reorients too quickly (low-frequency irradiation) with the applied field, no heating will occur. 

[101] For the ionic conduction (Figure 2.8(b)), the microwave irradiation can result alignment of 
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the ions in the electric field. [99] With the oscillation of the ions caused by the microwave 

irradiation, more collisions will happen between neighboring molecules or atoms. These collisions 

then can cause agitation or motion of these molecules or atoms, which eventually results in heating. 

These ion conductivity heating provides a stronger heat-generating capacity than the dipolar 

rotation mechanism. However, these effects are only particularly evident in the case of ionic liquids 

under microwave irradiation. [100-101, 104-105] 

 

2.2.2 Microwave assisted hydrothermal synthesis in nanotechnology 

Microwave assisted hydrothermal synthesis can provide a better control in crystal phase, 

size, shape, topology and composition for the products. [101]  

 

 

Figure 2.9.  SEM images of MnO2 samples fabricated by microwave−hydrothermal synthesis. (a) 

γ-MnO2 + trace β-MnO2, (b) β- MnO2 + trace γ-MnO2, (c) β-MnO2, and (d) α-MnO2. Reprint from 

[106]. 
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Figure 2.10.  Morphology evolution of the α-Fe2O3 fabricated by microwave assisted 

hydrothermal synthesis: TEM images of the products obtained at 220 °C after (a) 10 s, (b) 50 s, 

and (c) 5 min; High-magnification TEM images of individual disk-like α-Fe2O3 with (d) no hole 

after 50 s, (e) a small hole after 100 s, and (f) a large hole after 25 min. Scale bars in (d)- (f): 20 

nm. (e) Schematic illustration of α-Fe2O3 nanoring formation through microwave assisted 

hydrothermal synthesis processes. Reprint from [107]. 

 

As shown in Figure 2.9, through the microwave assisted hydrothermal synthesis, the crystal 

phases of MnO2 can be tuned. The morphologies of α-, β-, and γ-MnO2 also can be varied from 

rods, plates to wires. [106] Another example of the control of α-Fe2O3 nanorings morphologies 
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fabricated by microwave assisted hydrothermal synthesis is shown in Figure 2.10. With the 

increasing exposure time to the microwave irradiation, a hole can be gradually formed and 

expanded in the center of the disk-like α-Fe2O3, which eventually would form a nanoring structure 

after 25 min irradiation. [107] Similar to traditional hydrothermal synthesis, microwave assisted 

hydrothermal synthesis is applied to fabricated advanced materials for different applications. For 

example, Wang et al., have fabricated a graphene based Au-TiO2 by microwave assisted 

hydrothermal method. [108] The product has shown efficient H2 generation under visible light 

illumination. In the work of Qi et al., a microwave assisted hydrothermal method has been used to 

fabricate hydroxyapatite hierarchically porous hollow microsphere (Figure 2.11). [109] The 

obtained porous hollow nanostructures consist of nanosheets/nanorods as the building blocks, 

which have shown high drug (ibuprofen) loading capacity and high protein adsorption ability. 

[109] 

 

 

Figure 2.11. Illustration of the microwave assisted hydrothermal method for the fabrication of 

hydroxyapatite hierarchically nanostructured porous hollow microspheres. Reprint from [109]. 
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2.2.3 Microwave assisted hydrothermal synthesis equipment 

Figure 2.12(a) shows a commercially available microwave reactor (Anton Parr Monowave 

400) used in our lab, which can provide 850 W unpulsed microwave output. It is equipped with a 

built-in IR sensor, a fiberoptic sensor, a magnetic stirrer and a camera, which allow in-situ access 

to the measurementd of temperature and pressure, and even the real-time visual observation of the 

reaction. Figure 2.12(b) shows a 10 ml silicon carbide (SiC) reaction vessel and a 10 ml glass 

vessel. The SiC vessel is highly corrosion resistant, and the glass vessel allows the microwave 

interact directly with the reaction reagents. By choosing different solvents, the synthesizing 

conditions can be varied in a large range. This system can be operated under maximum 30 bar 

pressure. And the IR temperature can hold up to 300oC.  

 

 

Figure 2.12. The experimental configuration for microwave assisted hydrothermal synthesis. (a) 

A microwave reactor. (b) A 10 ml SiC reaction vial and a 10 ml glass reaction vial. 
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2.3    General characterization techniques  

For the studies of advanced materials, the characterizations of the as-synthesized materials 

are important. For example, as mentioned in Chapter 1, an effective photocatalyst requires specific 

metal oxides phases with proper bandgap energy for utilizing light with different wavelength, the 

size of the photocatalyst also affects the recombination of the photo-generated electron–hole pairs 

and the charge transportation distance. Thus, the general characterization methods of the 

morphology, size, surface property, structure, composition and optical property for the following 

chapters are discussed as follows.  

Morphologies of the samples have been investigated by a field-emission scanning electron 

microscope (FESEM) equipped with an energy dispersive X-ray spectroscopy (FEI Inspect F). 

Transmission electron microscopy (TEM)/scanning transmission electron microscope (STEM) 

analysis and corresponding selected area electron diffraction (SAED) have been carried out using 

a Hitachi HF-3300 TEM/STEM at 300 kV to further investigate the morphologies and atomic 

structures of the products. For the electron microscopes, the imaging relies on the interaction 

between the electron beam and specimen. When an energetic electron strikes the specimen, 

scattering will occur. The scattering signals can reveal information on the specimen’s composition, 

topography, and crystallography. SEM mainly utilizes the information from the back-scattered 

electrons and secondary electrons to image the sample. The characteristic X-rays produced during 

the interaction of electron beam and the sample provides the composition information of the 

sample. On the other hand, TEM mainly collects the elastically scattered transmitted electrons for 

imaging and electron diffraction. 

The crystal structures of all the as-prepared samples have been characterized by an X-ray 

diffractometer (XRD; PANalytical X'Pert PRO MRD) with a Cu Ka source (λ = 1.5405980 A) at 
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45 kV and 40 mA. The diffraction angle scanning range is from 15° to 70° at an angular step of 

0.02°.  For the fundamental understanding, the crystalline atoms can cause a beam of incident X-

rays to diffract into many specific directions. The XRD records the angles and intensities of these 

diffracted beams to generate an XRD pattern of the sample. On the XRD pattern, the peak shape 

and width tell the information of the crystallinity, the crystallite size and orientation, strains, and 

defects of the sample. Locations of diffraction peaks are related to d-spacings of lattice planes 

(related to the size and shape of the unit cell). Relative intensities of diffraction peaks can yield 

information about the arrangement (atomic position) of atoms in the crystal structure. The 

fundamental rule of XRD is the Bragg’s Law. L. Bragg and W.H. Bragg discovered that the X-ray 

diffraction could be treated as reflection from evenly spaced planes if monochromatic X-ray 

radiation was used. In Bragg’s Law (Equation 2.1), the incoming X-rays are scattered specularly 

from each crystal plane of the sample. If the path difference for reflection from successive crystal 

planes is nλ, then diffraction can occur. 

                                                                     2 sind n  ,                                                       (2.1) 

where n is an integer, λ is the X-ray wavelength, d is the spacing between planes, and  is the 

diffraction peak angle.  

The optical properties of the samples have been characterized by analyzing the UV-Vis 

transmittance, extinction (absorption and scattering) and diffuse reflectance absorption. The UV-

Vis transmittance and extinction of the suspension samples are recorded by a double-beam UV-

Vis spectroscopy (JASCO V-570). The fundamental principle for such a measurement is the Beer–

Lambert law, where the optical absorbance A of a sample is linearly dependent on the optical depth 

l and concentration c of the sample, 

                                                                         A lc  ,                                                            (2.2) 
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where α is the molar extinction coefficient, l is the light path length, and c is the concentration of 

the sample/suspension. The diffuse reflectance absorption spectra of the powder samples are 

measured by a Shimdzu 2450 UV-Vis spectrometer. To determine the optical band gap energies 

of a semiconductor, a Tauc plot is used, where (αhν)1/r is plotted against the light energy hν (here 

h is the Plank constant and v is the frequency of light). Here the value of r depends on the type of 

semiconductor materials. Usually, r = 1/2 for a direct-band gap semiconductor and r = 2 for an 

indirect-band gap semiconductor. 

Zeta potential of the samples have been measured by a Malvern Zetasizer Nano ZS system 

at 25oC. The zeta potential is caused by the net electrical charge contained in the interfacial double 

layer. And it is a measure of the magnitude of the electrostatic or charge repulsion/attraction 

between particles. 
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CHAPTER 3 

VISIBLE LIGHT ACTIVATED ANTIMICROBIAL FUNCTIONS OF CARBON 

QUANTUM DOTS 

 

3.1    Introduction 

 As discussed in Chapter 1, bacterial infections present a major healthcare challenge, 

especially with the increasing bacterial resistance to antibiotics, [110-111] demanding the 

development of alternative antimicrobial strategies. Visible light activation considerably broadens 

the reach of the photochemical antimicrobial agents, enabling potentially their uses under solar 

irradiation or natural light exposure to inhibit the growth of pathogens and other infectious agents. 

Our focus has been on exploring the newly developed carbon "quantum" dots, or more 

appropriately called carbon dots for the lack of the classical quantum confinement behavior,[112] 

for their visible light-activated bactericidal functions. 

 Carbon dots (Figure 3.1),[112] generally defined as small carbon nanoparticles with 

various surface passivation schemes,[113] have emerged as a new class of quantum dot-like 

nanomaterials, with their optical properties and photocatalytic functions resembling those found 

in conventional nanoscale semiconductors.[113-119] For example, in addition to their bright and 

colorful fluorescence emissions, carbon dots have been demonstrated as effective visible-light 

photocatalysts for oxidation and reduction reactions.[119-120] The same photoinduced redox 

processes responsible for the photocatalytic activities should make carbon dots an excellent 

candidate as antibacterial agents, for which a major advantage is the broad and strong optical 
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absorption of carbon dots over the visible spectral region, extending into the near-infrared (IR). 

Here we report the experimental confirmation on the antimicrobial activities of photoexcited 

carbon dots. EDA-carbon dots [EDA = 2,2’-(ethylenedioxy)bis(ethylamine)] were selected for 

their being compact in structure (referring to structurally compact and very small in the overall 

size) and well-characterized (optical and morphological properties, and NMR) in previously 

reported study.[121] The evaluation of the antimicrobial properties of EDA-carbon dots were 

performed under household LED lighting or ambient laboratory light conditions, and the results 

showed that carbon dots inhibited E. coli cells in different experimental settings. These results and 

their mechanistic implications were discussed in this chapter. 

 

 

Figure 3.1. Cartoon illustrations of (left) a carbon dot, with a small carbon nanoparticle core and 

the surface functionalization molecules forming a soft shell; and (right) the photoexcited state 

species and processes, with the rainbow color showing fluorescence from the dot surface. 
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3.2    Experimental Methods 

 Carbon Dots. Carbon nanoparticles were used as the precursor for carbon dots synthesis. 

An as-supplied carbon nanopowder sample (1 g) was refluxed in an aqueous nitric acid solution 

(5 M, 90 mL) for 48 h. The reaction mixture was cooled back to ambient temperature and then 

dialyzed against fresh water for up to 3 days. The post-dialysis mixture was centrifuged at 1,000g 

to retain the supernatant, followed by the removal of water to obtain the desired carbon 

nanoparticle sample.  

 In the synthesis of the EDA-carbon dots using a previously reported procedure,[121] the 

carbon nanoparticle sample obtained from the processing above was refluxed in neat thionyl 

chloride for 12 h, followed by the removal of excess thionyl chloride under nitrogen. The post-

treatment carbon nanoparticle sample (50 mg) was mixed well with carefully dried EDA (500 mg) 

in a flask, and heated to 120 ºC, and stirred vigorously under nitrogen protection for 3 days. The 

reaction mixture was cooled to ambient temperature, dispersed in water, and then centrifuged at 

20,000g to retain the dark supernatant as an aqueous solution of the as-synthesized sample. The 

solution was dialyzed in a membrane tubing (cutoff molecular weight ~ 500) against fresh water 

to remove free EDA and other impurities to obtain the EDA-carbon dots in aqueous solution. For 

microscopy characterization only, the EDA-carbon dots were very lightly coated with gold by 

visible-light irradiation of the solution with HAuCl4 for a few minutes.[122] 

 Photocatalytic Dye Degradation. The photocatalytic dye degradation activities against 

methylene blue (MB) of the EDA-carbon dots samples were carried out with a 250 W Halogen 

light at an intensity of ~ 65 mW/cm2. In the test, 1.5 ml EDA-carbon dots with a concentration of 

1.0 mM were mixed with 1.5 ml MB solution with a concentration of 30 μM. The degradation of 
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the MB molecules was recorded by the UV-Vis spectra a desired time interval after exposing to 

the Halogen light. 

 Light-Activated Antimicrobial Functions. Three different sets of antimicrobial 

experiments were performed. For one set of experiments, E. coli (K-12) cells were cultured in 

fresh nutrient broth overnight, and optical density (OD) values at 600 nm (OD600) of these cultures 

were measured and then standardized to 1 OD/mL. The bacteria suspension at 0.2 OD/mL per well 

was inoculated in a 12-well plate. Four treatment groups with different concentrations of carbon 

dots at 0.25 μM, 0.50 μM, 1 μM, and 2 μM were exposed under light in a safety cabinet for  a time 

period t = 0, t = 15, t = 30, and t= 60 min, respectively. Then, the 12-well plate was incubated at 

37 °C for 21 h. The OD600 of each well was recorded, and the readings were standardized to that 

of the T = 0 control plate. 

 In another set of experiments, fresh grown E. coli (K-12) cells in nutrient broth (Fisher 

Scientific, Pittsburgh, PA) were washed three times and then re-suspended in deionized water. 

With the use of 96-well plates, to a well was added a bacteria-carbon dots mixture (150 µL), in 

which the bacteria concentration was fixed at 1.0×106 CFU/mL and the concentration of carbon 

dots was varied (triplicates for each concentration). The plates were either exposed to visible light 

(12 V 36 W light bulb) or kept in dark for 30 min. The solutions in the wells were then transferred 

to 1.5 mL centrifuge tubes, followed by centrifugation at 8,000 rpm for 5 min. The supernatants 

were discarded, and the bacterial pellets were washed with deionized water twice. The cells were 

re-suspended in 500 µL nutrient broth, with 150 µL distributed into the wells of a 96-well plate 

for incubation at 37 °C. The growth of the carbon dots-treated bacterial cells and that of the 

untreated cells (as controls) were monitored by measuring the OD values at 595 nm (OD595) at 

various time points on a Spectra Max M5 spectrophotometer (Molecular Devices, LLC, 
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Sunnyvale, CA). 

 For the viable cell number determination by using the traditional plating method, the 

suspended E. coli cells post-treatment with various concentrations of the carbon dots were 

centrifuged and washed twice. The cells were re-suspended in phosphate-buffered saline (PBS), 

and series dilutions were made with PBS. Aliquots of 100 L appropriate dilutions were surface-

plated on Luria-Bertani agar plates (Fisher Scientific, Pittsburgh, PA), and the plates were 

incubated at 37 °C for 24 h. The number of colonies was counted, and the viable cell numbers of 

the treated samples and the controls were calculated in CFU/mL. 

 Last, E. coli (Top 10) stock culture was activated in fresh trypticase soy broth (TSB) at 37 

°C overnight. The bacteria culture (1 mL) was washed twice by a combination of centrifuging at 

4,000 rpm and re-suspended into sterile PBS. The resulting cell suspension was 10-fold serially 

diluted in PBS. For the detection of cell concentration, aliquots of 100 µL dilutions were plated 

onto TSB agar (TSA) plates, and incubated at 37 °C overnight before counting. Separately, the E. 

coli suspension (50 µL) at a concentration of 1.3×103 CFU/mL was mixed with aqueous solution 

of EDA-carbon dots (50 µL) at a concentration of 1 mg/mL. The mixture was then plated onto 

TSA plates, which were exposed to LED light (Osram Sylvania LED A19 lamp, ~10 mW/cm2) for 

up to 6 h, along with the dark control (without light exposure), light control (without carbon dots), 

and negative control (no carbon dots and no light). The carbon dots-treated plates with the light 

exposure and all control plates were incubated at 37 °C for 24 h before counting to determine the 

viable cell numbers. 

 All experiments were performed in triplicates or more. Statistical analysis of experimental 

results was performed using Student t test, with P < 0.05 considered as significant difference. 
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3.3    Optical properties, morphologies, and photocatalytic dye degradation 

3.3.1    Optical properties and morphologies 

 Carbon nanoparticles as precursor to carbon dots were obtained from the commercially 

supplied carbon nanopowder sample by following an established protocol including the refluxing 

of the as-supplied sample in an aqueous nitric acid solution, dialysis, centrifuging to retain the 

supernatant, and then drying to recover the carbon nanoparticles. The nanoparticles were surface-

functionalized with 2,2’-(ethylenedioxy)bis(ethylamine) (EDA) under amidation reaction 

conditions to yield EDA-carbon dots.[121, 123] The EDA-carbon dots solution appeared optically 

transparent (Figure 3.2), stable without any precipitation over an extended period of time (many 

months). The solubility and solution stability may be expected for these dots being small carbon 

nanoparticles with the surface well-functionalized by hydrophilic molecules (Figure 3.1). 

According to results from atomic force microscopy and transmission electron microscopy 

characterizations, the EDA-carbon dots were on the order of 5 nm in diameter (Figure 3.3).  

 
Figure 3.2. Top: The absorption spectrum of the EDA-carbon dots in an aqueous solution (photo 

in the inset). Bottom: Fluorescence spectra of the EDA-carbon dots in an aqueous solution excited 

at the indicated wavelengths. 
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Figure 3.3. TEM (top) and AFM (bottom) images of the EDA-carbon dots on commercial TEM 

grid and mica, respectively. 

 

 The optical absorption of carbon dots is due to π-plasmon transition in the carbon 

nanoparticle core, with a broad absorption spectrum covering most of the visible region (Figure 

3.2). The carbon dots in aqueous solution are brightly fluorescent, with the emission colors 

dependent on the excitation wavelengths (Figure 3.2), which along with the broad fluorescence 

spectra suggests a distribution of emissive excited states. It is known in the literature that the 

fluorescence emissions of carbon dots could be quenched effectively with either electron donors 

or acceptors, supporting the notion that the redox characteristics in the photoexcited states of 

carbon dots is responsible for their observed photocatalytic activities. [113, 124-125] The same 
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characteristics was exploited in this study for their visible light-activated antimicrobial functions.  

 

3.3.2     Photocatalytic dye degradation 

The photocatalytic activity of the EDA-carbon dots was firstly characterized by the MB 

degradation. As shown in the UV-Vis spectra in Figure 3.4 (Right), with the exposure to the light 

illumination, the MB absorption at λ  = 664 nm kept decreasing, which indicates the 

decomposition of MB molecules. The normalized MB absorbance α(t)/α(0) at λ = 664 nm is shown 

in Figure 3.4 (Left), where α(t) and α(0) are the absorbance at time t and t = 0 for different samples 

during the photodegradation process. The absorbance data can be fit into a first-order exponential 

decay equation, 
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                                                            (3.1) 

where κ is the photodegradation rate. The photodecay rate is estimated as κ = 0.307 ± 0.0002 h-1 

with carbon dots concentraton at 0.5 μM. 

 

 

Figure 3.4. Left: The UV-Vis spectra of the MB (15 μM) – carbon dots (0.5 μM) mixture after 

light treatments. Right: The plot of the normalized MB absorbance α(t)/α (0) versus photodecay 

time t for EDA-carbon dots. 
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3.4    Antimicrobial activities 

 For the first set of antimicrobial experiments, as shown in Figure 3.5, the OD600 values 

of the E. coli K12 cells with or without carbon dots treatments clearly suggest that there were 

substantial antimicrobial effect of the EDA-carbon dots with light exposure on the E. coli cells. In 

the literature there was a report on some antibacterial activities of the carbon dots obtained from 

the carbonization of glucose and poly(ethyleneimine), with the dots quaternized with benzyl 

bromide before bacteria experiments.[126] While no deliberate light exposure was mentioned in that 

report, the ambient experimental conditions could have contributed to the reported observations.  

 

 

Figure 3.5. Photoinduced bacteria inactivation measured by OD600 for the EDA-carbon dots 

(presented as mean  standard deviation of quadruplicate experimental results). 
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Figure 3.6. Growth curves of E. coli cells post-treatment with the EDA-carbon dots for 30 min 

with or without light, in terms of measuring OD595 values. 

 

Figure 3.6 shows the growth curves of E. coil K12 cells in brain heart infusion (BHI) 

medium post-treatment with EDA-carbon dots, along with the control (untreated cells), based on 

OD595 values (the second set of antimicrobial experiments). The treated cells exhibited much 

prolonged lag phases (7-8 h) compared to the control, indicating that the EDA-carbon dots 

inhibited/inactivated the growth of bacterial cells. The effect was somewhat more pronounced (the 

lag phase longer by 1 h) when the treatment included exposure to visible light (Figure 3.6), but 

the difference of the light versus dark inhibition was not as obvious as what is shown in Figure 

3.5 (for which the experiments were performed in different laboratories at different times). 

Therefore, to address the inconsistency issue at the quantitative level for the OD measurement 

method, separate experiments with the same parameters and conditions were performed for the 
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inhibition effect probed by the more quantitative method of determining the viable cell numbers 

post-treatment.  

 Again the samples of E. coli with and without (control) the carbon dots were treated in the 

light box (12 V, 36W light bulb) or in the dark for 30 min. The viable cell numbers in the treated 

samples were determined, and according to the results shown in Figure 3.7, the EDA-carbon dots 

treatment coupled with visible light illumination was obviously effective for bacteria killing, with 

about 4 logs of E. coli cells killed. When compared to the results shown in Figure 3.5, the bacteria-

killing effect seemed more dramatic in these experiments. A significant contributing factor might 

be the use of a lamp instead of ambient light for the photoexcitation of carbon dots, though more 

systematic and quantitative experiments are needed in further investigation. Nevertheless, the 

results are all consistent in terms of confirming the visible light-activated bactericidal functions of 

EDA-carbon dots.  

 Figure 3.8 shows the experimental results performed on TSA plates. Upon the exposure 

of the plates to visible light (~10 mW/cm2) for up to 6 h, there were obvious differences between 

the treated plate and the controls (Figure 3.8), again suggesting substantial bactericidal effect of 

carbon dots with visible light illumination. The plates were read for CFU counts, and according to 

the results, the photoexcited carbon dots were very effective to inactivate the growth of bacteria 

cells (Figure 3.8). 
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Figure 3.7. Reductions in the viable cell number after E. coli cells were treated with the EDA 

carbon dots for 30 min with or without light (presented as mean ± standard deviation of triplicate 

experimental results, and the data were also analyzed using the Student t-test with P < 0.05 as a 

significant difference). 

  

The results presented above, which were obtained in different laboratories of the 

participating research groups under various experimental settings, provide consistent and 

unambiguous evidence for the highly effective bactericidal functions of carbon dots under visible 

light illumination, including even the common household lighting conditions. Mechanistically, 

carbon dots have been demonstrated for photodynamic effects on cancer cells,[127-128] and 

similar effects on bacterial cells might be a logical extension. The current mechanistic framework 

for the know optical properties of carbon dots is such that upon photoexcitation there are efficient 

charge separations for the formation of radical anions and cations (electrons and holes in a 

somewhat different description), which are "trapped" at various passivated surface sites. The 

radiative recombination of the redox pairs is responsible for the observed fluorescence emissions, 

with their associated emissive excited states of lifetimes on the order of a few nanoseconds. [129-
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131] The redox species and emissive excited states could in principle be responsible for the 

observed bactericidal functions. However, in the fluorescence decay measurements, the rise time 

for the fluorescence was generally within the instrumental response function (1 ns or less), 

suggesting rather fast radiative recombination and short lifetimes of the radical ion species. 

Therefore, the emissive excited states are more likely being responsible for the photodynamic 

effects.  

 There have been no reports in the literature that explicitly describe the apparently effective 

bactericidal functions of photoexcited carbon dots. As related, there have been a few studies of 

using "graphene quantum dots" as photodynamic agents.[132-134] In the study by Ristic, et al., 

[132] antibacterial activities were observed with 470 nm light irradiation of the graphene quantum 

dots obtained from the electrochemical method. Those dots are essentially graphitic nanoparticles, 

which share similar optical properties with the precursor carbon nanoparticles for carbon dots. 

[118] However, the surface passivation of the carbon nanoparticles in carbon dots (or similarly in 

surface-passivated graphene quantum dots) substantially improves the optical properties, as often 

reflected in the much enhanced fluorescence emissions. [113, 118-119]  Since the emissive excited 

states are likely responsible for the observed bactericidal functions, carbon dots with the more 

effective surface passivation and correspondingly more fluorescent are likely more desirable in 

serving as visible light-activated bactericidal agents for a variety of bacteria control applications. 

In further investigations, steady-state and kinetic studies that correlate optical properties of carbon 

dots, such as different fluorescence quantum yields and average lifetimes at various emission 

colors, with their antibacterial performance will be pursued. 
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Figure 3.8. Photoinduced bacteria inactivation by the EDA carbon dots: (A) photographs showing 

colonies on TSA plates (left, 6 h treatment; right, dark control); (B) E. coli colony numbers; (C) 

cell viability ratio. The carbon dots were presented in the dark control. 

 

3.5    Conclusions 

 The results obtained in this work, while more qualitative than quantitative in some of the 

experiments, demonstrate unambiguously that carbon dots can readily be activated by visible light 

(or even under ambient room light conditions) for significant bactericidal functions. The light 
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sensitivity of the carbon dots is apparently rather high to the degree that would require unusually 

stringent experimental conditions for the dark control, an issue to be examined more closely and 

quantitatively in further investigations. Also investigated will be the issues important to the 

quantification of the light-activated biocidal functions, including their correlations with the 

properties of carbon dots in various structural and surface configurations. 

  



 

59 

 

 

CHAPTER 4 

VISIBLE LIGHT ACTIVITED ANTIMICROBIAL PROPERTIES OF HIERACHICAL 

CuBi2O4 BY A HYDROTHERMAL SYNTHESIS 

 

4.1    Introduction 

More recently, bismuth metal oxides have emerged as another promising narrow bandgap 

photocatalyst. The photocatalystic destruction of microorganisms with visible light irradiations by 

Bi2WO6, 
[135] AgBr-Ag-Bi2WO6 nanojunctions,[136] Bi2O2CO3/Bi3NbO7 composites,[137] and 

Bi2MoO6–reduced graphene oxide composite nanoplates[138] have all been reported. However, 

compared to the reported Bi2WO6, Bi2MoO6, Bi3NbO7, etc., copper bismuth oxide (CuBi2O4) is a 

p-type semiconductor with a narrow energy bandgap of 1.5 eV. [139] It also has suitable energy 

band positions to convert solar energy when compared to Cu2O, CuO and Bi2O3 as illustrated in 

Figure 4.1. [139] Several groups have shown that CuBi2O4 can be used as a viable visible light 

driven photocatalyst. CuBi2O4/WO3 can oxidize organic compounds into CO2 efficiently under 

visible and UV light irradiation. [139] CuBi2O4/TiO2 composites fabricated by in-situ sol-gel 

coating showed improved photocatalytic activity and adsorption performances under visible and 

UV light compared with pure CuBi2O4 and TiO2.
[140] Hierarchical CuBi2O4 microspheres and other 

microstructures synthesized by hydrothermal methods have been reported as a potential 

photoelectrode material for solar water splitting.[141-143] 

In this chapter, we show that CuBi2O4 microstructures can be used as an efficient visible 

light active photocatalyst to kill bacteria. A facile hydrothermal method was used to synthesize 
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five CuBi2O4 hierarchical micro- and nano-structures. Their structural, optical, and photocatalytic 

performances were evaluated and compared. The hierarchical micro-flower CuBi2O4 samples 

showed the best antimicrobial performance as well as good solar-energy conversion into electrical 

energy under a solar simulator at a minimum external bias voltage and at a neutral pH value. The 

results demonstrate that the stable and non-water soluble CuBi2O4 microstructures are a promising 

material for future energy conversion and antimicrobial applications. 

 

 

Figure 4.1. Schematics showing electronic potential diagram for Cu2O, CuO, Bi2O3, and CuBi2O4 

to compare (I) reduction/oxidation of organics and (II) solar-water splitting. 
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4.2    Experimental methods 

CuBi2O4. In a typical synthesis process, Cu(NO3)2·3H2O was dissolved in deionized water 

(DI water) (20 ml) to reach a concentration of 0.02 M. Bi(NO3)3·5H2O was dissolved into DI water 

(20 ml) which contained 1 ml concentrated HNO3 to achieve a Bi3+ concentration of 0.04 M. These 

two solutions were mixed thoroughly, then NaOH (20 ml) was added dropwise to the desired 

concentrations, as listed in Table 4.1. After stirring and sonicating for an additional 30 min, the 

mixture was further diluted by DI water and transferred into a 100 ml Teflon-lined autoclave, 

which was kept at 100 oC for 24 hrs. After cooling to room temperature, the products in the 

autoclave were collected by centrifugation, and then washed with DI water 3 times and dried in an 

oven at 70 oC overnight. 

 

Table 4.1. Synthesis Conditions of different CuBi2O4 samples. 

  CNaOH Solvent 

A 2.40 M H2O 

B 1.38 M H2O 

C 1.18 M H2O 

D 0.98 M H2O 

E 2.40 M H2O / EtOH 

 

Photocatalytic property. Photocatalytic properties of the samples were determined by the 

degradation of methylene blue (MB) with a 250 W Halogen light at an intensity of ~ 65 mW/cm2. 

In each test, 15 mg of CuBi2O4 sample was dispersed into MB aqueous solution (15 ml, 30 μM).  

Prior to light irradiation, the suspension was stirred in the dark for 1.5 h to reach the dye adsorption 

– desorption equilibrium. A water filter was placed in between the light and the reaction vials to 

block IR irradiation. 2 ml mixture was taken out from the reaction vial at a desired time interval 

and centrifuged at 12, 000 rpm to remove CuBi2O4 particles. Then the optical absorption peak at 
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λ = 664 nm from the residue MB solution was recorded by a spectrometer (Ocean Optics, USB 

2000) and used for photodegradation rate determination. 

For photocurrent characterization, pre-cleaned indium tin oxide (ITO) coated glass slide 

(Rs = 8 - 12 Ω; Delta Tech. Ltd.) were used as substrates for film coatings. The spray coated 

substrates of desired dimension (1 cm  1 cm) were used as the electrode (also called as a 

photocathode, in our case). Figure 4.2 shows the primary three steps used to prepare a 

photocathode sample. The ITO substrates were cut into the sizes of 1.0 mm  1.7 cm, and they 

were cleaned using a 5:1:1 mixture of deionized (DI) water, H2O2, and aqueous ammonia 

(NH4OH) solution. Specifically, the substrates were boiled in the mixture solutions for 15 minutes 

before being dried with nitrogen flow. Step (1): The synthesized CuBi2O4 microflowers suspension 

of known concentration (5.0 mg/ml) was prepared by mixing it in DI water. Then the suspension 

was sonicated for an hour in a beaker before loading it into the spray gun (A4305 Airbrush; The 

Testor Corporation, Rockford, IL). Step (II): The ITO substrates to be coated were pre-heated for 

about 30 mins on a hot plate by controlling the temperature (= 200 ± 10 °C). Then we sprayed the 

suspension within the desired area by blocking the unwanted prat by a clean glass slides at an 

optimized nozzle to substrate distance (= 8 cm) and at about a constant flow rate (= 2 mL/minute). 

After spraying 20 mL, we left the substrates on the same stage for another hour as a post-coating 

treatment. Finally turned off the hot plate and took out the samples when cool down to a room 

temperature. Note that the mass deposited onto the 1 cm  1 cm ITO substrates were estimated to 

be 25 ± 6 mg. The film morphologies of the photocathode are shown in Fig. S6. Cyclic 

voltammetry (CV), linear sweep voltammetry (LSV), and chronoamperometry measurements (I-t 

curves) were performed in a home-made single compartment photoelectrochemical (PEC) cell. 

The PEC cell consisted of a quartz window (%T >90% in the visible wavelength range) and  
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Figure 4.2. Step by step illustration of the film coating of micropowder by using a spray method 

on a hot plate. 

 

conventional 3-electrode arrangement connected to a Potentiostat (CH Instruments Inc., 

CHI1040C). The reference and counter electrodes were 3 M Ag/AgCl electrode and platinum wire, 

and the ITO coated sample served as the working electrode. The electrolyte was prepared by 

dissolving boric acid (3.2 g, 0.5 M) in DI water (100 mL) and the pH was adjusted to 7 by using 

potassium hydroxide. The prepared solution was then purged for 30 minutes with N2 gas to remove 

the oxygen before use in PEC measurements.  

Light-Activated Antimicrobial Functions. The antimicrobial performance of the samples 

was characterized by using E. coli TOP10 strains. The frozen bacteria (kept at -80oC) were 

activated in 50 ml fresh TSB media overnight (18 hrs) at 37oC with shaking (250 rpm). Then the 

bacteria were washed twice with phosphate buffered saline (PSB, 1) to remove TSB media and 

collected by centrifuging at 4000 rpm for 5 min. The collected bacteria were then re-suspended 

into PBS and diluted to ~ 2 × 103 CFU/ml. 
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For the white light induced antimicrobial test, 50 μl (2 × 103 CFU/ml) bacteria suspension 

was mixed with 50 μl CuBi2O4 suspension, the final concentration of CuBi2O4 in the mixture was 

2.5 mg/ml. Then the 100 μl mixtures were plated onto a trypticase soy agar (TSA) plate uniformely 

and exposed to a 14 W Osram Sylvania LED A19 light at an intensity of ~10 mW/cm2 in a bio-

safety carbinet. After every 3 hours light exposure, plates were put into an incubator and incubated 

at 37 oC for 22 ~ 24 hrs. The grown colonies were counted after incubation. Light control was 

performed using 50 μl bacteria suspension mixed with 50 μl PBS under light illumination, while 

dark control was using 50 μl bacteria suspension mixed with 50 μl CuBi2O4 suspension without 

any illumination. Negative control was performed with 50 μl bacteria suspension mixed with 50 

μl PBS in the dark. All three sets of controls were also incubated at 37 oC for 22 ~ 24 hrs before 

counting colony numbers. 

 

4.3    Morphologies and crystal structures 

The typical scanning electron microscope (SEM) images of five CuBi 2O4 samples 

fabricated by different recipes are shown in Figure 4.3. It can be seen that the concentration of 

NaOH, CNaOH, played a key role in the assembly of the hierarchical CuBi2O4 structures. With the 

decrease of the CNaOH from 2.4 M to 0.98 M (Figure 4.3, Samples A, B, C, D), the morphology of 

CuBi2O4 changed from microspheres to nanorods and then micro-flowers. When the CNaOH = 2.4 

M, Sample A formed hierarchical CuBi2O4 microspheres composed of nanorods (Figure 4.3A). 

Those microspheres had a mean diameter of 2.6 ± 0.2 µm. From the zoomed-in SEM image of 

Figure 4.3A, it shows that the microspheres consisted of highly closed-packed nanorods. When 

the CNaOH was reduced to 1.38 M (Sample B), nanorods with a mean length of 150 ± 30 nm and a 

mean diameter of 38 ± 9 nm were observed in the products. After removing large particles by  
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Figure 4.3. Representative SEM images of CuBi2O4 particles synthesized using 5 different recipes. 

A: microspheres with nanosquares; B: nanorods; C: nanorods; D: micro-flower with nanoblades; 

E: microrods. 

 

sedimentation and filtration, a clear brown colored solution was collected. The nanorods remained 

as a stable colloid in ethanol, while the sedimentation was CuBi2O4 hierarchical microspheres 

(Appendix A, Figure S1). When the CNaOH was further reduced to 1.18M, the resulting Sample C 

also had two morphologies: more uniform nanorods (600 ± 200 nm in length and 96 ± 30 nm in 

diameter) in suspension with clear facets, as shown in Figure 4.3C, and the hierarchical 

microsphere sedimentation (Appendix A, Figure S1B). However, the surface morphologies of the 

hierarchical microspheres from Samples B and C were different: the packing of nanorods in 

Sample B was closer than those in Sample C. When CNaOH was decreased to 0.98M, nanoblade 

structures appeared and they assembled into highly dispersed hierarchical micro-flower structures 

with mean size of 4 ± 1 um from tip to tip (Figure 4.3D, measurements are shown as the blue line). 

Again, the packing of the nanoblades was looser when compared with other samples synthesized 
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from aqueous solutions. In the case of  water-ethanol bi-solvent system, microrod structures (3 ± 

2 μm in length and 0.3 ± 0.1 μm in diameter, Figure 4.3E) were obtained. The above results 

demonstrate that both the NaOH concentration and the solvent system contribute to the 

morphologies of CuBi2O4 from hydrothermal synthesis. In this reaction system, NaOH promotes 

the formation of CuO and Bi2O3. With higher concentration of NaOH, Cu(OH)2 and Bi(OH)3 

formed at the early stage when NaOH was added into the mixture of Cu2+ and Bi3+,  and then grew 

into CuBi2O4. With a low CNaOH in the reaction system, the assembling of CuBi2O4 hierarchical 

structure was loose and could be easily broken into its smaller building blocks by sonication. 

However, further reduction in the CNaOH caused the reaction of CuO and Bi2O3 to form blade-like 

structures and the assembly of those substructures did not form a complete sphere, rather micro-

flower structures occurred. By introducing ethanol into the solvent system, the solubility of Bi3+ 

decreases. In a water-ethanol bi-solvent system, the hydrothermal synthesis includes alcoholysis 

and hydrolysis processes. The formation and dissociation of [Bi6O5(OH)3](NO3)5·3H2O complex  

 

Figure 4.4. A: STEM image, B - E: elemental distribution maps for Cu, Bi and O of the as-prepared 

CuBi2O4 micro-flower structure. 
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controls the free Bi3+ concentration. [144] With van der Waals interactions, 1-D crystal microrods 

formed by the oriented aggregation of CuBi2O4 nanoparticles through lattice fusion, rather than 

forming 3D microspheres. [145] 

The CuBi2O4 micro-flower structure was further investigated by energy dispersive 

spectroscopy (EDS) and high-resolution transmission electron microscopy (HRTEM) to explore 

its composition distribution and detailed crystal structure. As shown in Figure 4.4A, the 

nanoblades with a mean diameter of 100 ± 20 nm were arraged concentrically. The EDS result 

(Figure 4.4B-E) shows that the microstructure was composed of Cu, Bi and O elements. Both Cu 

and Bi were uniformly distributed in the structure (Figure 4.4B-D). However, as shown in Figure 

4.4E, the O signal was low and not evenly distributed, which was caused by self-absorption during 

the EDX measurement due to sample ruggedness (not flat enough). EDS mapping (Appendix F, 

Table S1) showed that the molar ratio between Bi and Cu elements was 1.68 : 1, which is lower 

than 2 : 1, but such a measurement  has a large error bar (see Support Information S7). The HRTEM 

image  shown in Figure 4.5 demonstrates that the substructure of the CuBi2O4 micro-flowers was 

single-crystalline, and there was also a thin amorphous shell with a thickness of ~ 1.1 nm. The 

0.315 nm d-spacing between two adjacent lattice planes coresponds to (211) planes of tetragonal 

CuBi2O4. 

Figure 4.6 shows the X-ray diffraction (XRD) patterns of all five samples. All of the peaks 

can be indexed to the tetragonal CuBi2O4 structure (JPCDS No. 01-080-1907) with the space 

group P4/ncc except Sample B. In the XRD patterns of Samples A, C, D and E, no peak from 

impurities was detected, which indicates the high purity of these CuBi2O4 samples. For Sample B, 

two impurity peaks from copper oxides (JPCDS No. 01-080-1916) were observed. The formation 

of CuBi2O4 during hydrothermal synthesis involves several steps. First, the Cu2+ and Bi3+ sources  
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Figure 4.5. A representative HRTEM image of the CuBi2O4 micro-flower sub-structure. 

 

react with OH- to form Cu(OH)2 and Bi(OH)3. Then CuO and Bi2O3 are formed during the 

hydrolysis reactions. Finally, the lattice fusion of CuO and Bi2O3 under high temperature during 

the hydrothermal process resulted in the formation of CuBi2O4 micro/nanostructures. [146] After 

the formation of substructures, the adjacent nanostructures could share a common crystallographic 

orientation, and oriented aggregation causes the growth of CuBi2O4 3D hierarchical structures. 

The impurity peaks of Sample B indicate that the reaction during the hydrothermal process was 

not completed. For these five samples, the XRD peak intensities of each pattern varied. As shown 

in Figure 4.6, the XRD peaks of Sample D were much sharper than those of the others, which 

indicated that it was highly crystallized. According to Scherrer’s equation, the crystal sizes of 

CuBi2O4 can be estimated as 46.2 nm, 46.2 nm, 46.2 nm, 32.0 nm, and 41.6 nm for Samples A-E, 

respectively. For the (211) crystal plane, relative peak intensity ratio of (200) face and (211) face 

were compared to further understand the crystallization quality of different samples. For all the 

CuBi2O4 samples, the ratio of XRD intensities between (200) and (211) are, A: 18.7 %; B: 16.8 

%; C: 18.6 %; D: 20.2 % and E: 41.1 %. Comparing these ratios to the same ratio from the XRD  
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Figure 4.6. XRD patterns of different CuBi2O4 samples. 

 

reference (JPCDS No. 01-080-1907), which is 18.6%, the quality of crystallization of Sample D 

is good. 

 

4.4    Optical properties and photocatalytic activites 

4.4.1    Optical properties 

UV-Vis transmission spectra in the wavelength range of λ ~350 nm to 1100 nm of all five 

samples are shown in Figure 4.7. To ensure a fair comparison, UV-Vis spectra of a series of 

suspensions with different concentrations of each sample were measured, a constant concentration 

(i.e. ~ 0.19 mg/ml) which lied in the linear region of Beer’s law for all the samples (Appendix B, 

Figure S2) was used to obtain spectra in Figure 4.7. As shown in Figure 4.7, different samples 

show very different transmission spectra. Sample A has the highest light transmission across the 

entire wavelength range measured.  The transmission slightly increases when the wavelength 
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increases. Samples E and D have similar optical behaviors. But Samples B and C show very 

different spectra. Though the absolute transmission coefficients are different, the spectra of 

Samples B and C show low transmission at λ < 700 nm and high transmission at λ > 700 nm. From 

Figure 4.3, Samples A, D, and E are microstructures with characterization length around 2-10 μm, 

while Samples B and C are nanostructures. For microstructures with dimension close to the 

wavelength of the probe light, like Samples A, D, and E, their transmission spectra are dominated 

by Mie scattering: The larger the particle size, the bigger the forward scattering cross-section. 

Comparing the particle size in Samples A, D, and E, Sample A has a larger size, while Sample D 

has a porous structure. Thus, Sample A has the largest transmission. However, for Samples B and 

C, since the structure is on the nanometer scale, the transmission spectra are dominated by the 

intrinsic property of the material. For example, CuBi2O4 has a bandgap of ~1.5 eV, which 

corresponds to a cut-off wavelength of λ = 827 nm in absorbance. Experimentally one observes 

that there is a transmission valley when λ < 700 nm (corresponding to an apparent bandgap of 1.58 

eV), which is consistent with the known bandgap value of CuBi2O4. 

 

Figure 4.7. (a) UV-Vis transmission spectra of 5 different CuBi2O4 samples in suspension, and 

(b) the Tauc plot of Sample C (assuming direct transition). 
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Figure 4.8. The plot of the normalized MB absorbance (t)/(0) versus photodecay time t for 

different CuBi2O4 samples. The solid curves are fitting results using Equation 3.1, and the 

resulting decay rate  is summarized in the figure. 

 

4.4.2    Photocatalytic dye degradation activities 

Figure 4.8 shows the normalized methylene blue (MB) absorbance α(t)/α(0) at λ = 664 nm, 

where α(t) and α(0) are the absorbance at time t and t = 0 for different samples during the 

photodegradation process. When the light illumination is prolonged, the absorbance peak of MB 

decreases which indicates the decomposition of MB molecules. The absorbance data can be fit into 

a first-order exponential decay equation (Equation 3.1), and the results are summarized in Figure 

4.8. Sample D shows the highest decay rate with κD = 0.114 ± 0.002 h-1. The decay rate of Sample 

A (κA = 0.039 ± 0.001 h-1) and Sample B (κB = 0.040 ± 0.004 h-1) are very close, but lower than 

those of the other samples. The mechanism for the CuBi2O4 based MB degradation involves three 

major steps [147]: CuBi2O4 absorbs photons with the appropriate energy to generate electron-hole 
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pairs when illuminated by visible light; the photo-generated electrons and holes separate and 

migrate to the surface of CuBi2O4; and the photo-induced carriers  cause reduction and oxidization 

of MB in the aqueous solution. During those processes, the total surface area of the CuBi2O4 

samples plays a key role. Using the SEM images shown in Figure 4.2, the total surface area A of 

each sample can be estimated as, 

  

total
particle

particle

M
A A

M
 

                                                     (4.2) 

where Mtotal is the total mass of CuBi2O4 sample used for MB photodegradation experiment, Mtotal 

= 15 mg, Mparticle is the average mass of a representative micro/nano-particle, 

 particle particleM V  
                                                        (4.3)                                                                               

where ρ is the density of CuBi2O4, Vparticle and Aparticle are the average volume and area of the 

representative particle. The particles in Sample A can be treated as spheres with a mean diameter 

of 2.6 μm. Thus, when the sample mass is 15 mg, AA = 41 cm2. The particles in Samples B, C and 

E can be treated as cylindrical rods, and the respective surface areas of 15 mg can be estimated as 

AB = 2093 cm2, AC = 794 cm2, AE = 247 cm2. For sample D, the surface area is hard to estimate 

because of its flower-like shape. However, according to SEM measurements, Sample D is made 

up of nano-blades, which have a similar length (1.4 ± 0.3 μm), which is shorter than the length of 

the individual particles of Sample E. Thus, Sample D is assumed to have a larger surface area than 

Sample E. In addition, a smaller total surface area also increases the chance of recombination of 

the photogenerated electrons and holes, which is another factor affecting photocatalytic activity. 

The crystallinity of the material is another important factor for the photocatalytic property. 

According to the XRD results discussed above (Figure 4.6), Samples A, C, and D have similar 

crystal quality while Samples B and E have a very different XRD intensity ratio of (200) and (211). 
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In additional, Sample D has the smallest crystal size which could significantly contribute to the 

high photodecay rate. 

 

4.4.3    Photoelectrochemical (PEC) properties 

 

Figure 4.9. PEC properties of sample D: (a) Cyclic voltammetry and (b) linear sweep voltammetry 

in the voltage range of +0.6 to -0.6 V vs Ag/AgCl with a scan rate of 20 mV/s. Fig. (b) insert shows 

the onset potential (+0.3 V vs (Ag/AgCl)). (c) Photocurrent response at positive bias voltage and 

(d) negative bias voltage, details are shown inside the respective figures. 
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The cyclic voltammetry (CV), linear sweep voltammetry (LSV), and chronoamperometry 

measurements (I-t curves) for sprayed Sample D are shown in Figure 4.9 (a) to Figure 4.9 (d). 

Figure 4.9 (a) shows five CV cycles recorded at a fixed scan speed (= 20 mV/s) in a potential 

window ranging from +0.6 to -0.6 V (vs Ag/AgCl). All CV curves exhibit distinctive anodic and 

cathodic peaks at +0.079 and at -0.12 V, respectively. After each CV cycle, the current density at 

the cathodic and anodic peaks were decreasing and the voltage shifted slowly towards more 

negative and positive values, respectively. The decreased current density can be attributed to the 

loss of photocatalysts from the electrode, which could be due to weak binding of the materials onto 

the substrate. The separation between anodic and cathodic peaks reveals an irreversible process 

which could be due to the transformation of Bi3+ to Bi5+ by photogenerated electrons as reported 

in the literature.[36] This result is consistent with the high antimicrobial activity observed based 

on the fact that the CuBi2O4 prepared by this method may generate more radicals to react with the 

bacteria and MB molecules upon white light illumination Figure 4.9 (b) shows a LSV curve in the 

same potential window obtained by chopping the illumination of the solar simulator (of intensity 

100 mW/cm2) manually at a frequency of 0.1 Hz. The onset potential was observed at +0.3 V vs 

(Ag/AgCl) as shown in the inset of Figure 4.9 (b). The good photoresponse at these lower 

potentials can be attributed to both the lower bandgap and the favorable CB and VB of CuBi2O4 

as illustrated in Figure 1. The observed photo-induced cathodic currents demonstrate the p-type 

semiconductor nature of the CuBi2O4 sample.[148]  Lastly, the sample was scanned for I-t curves 

at low positive and negative bias potentials, and the results are shown in Figure 4.9 (c) and Figure 

4.9 (d), respectively. The cathodic current at negative bias (-0.25 V) is about 6 times higher (= 

0.02 mA/cm2) than the current at positive bias potential (= 0.003 mA/cm2), which is as expected. 

Because of the different experimental parameters and electrochemical systems, it is hard to 



 

75 

compare the results with other reports, however, it is worth noting that the observed cathodic 

photocurrent at negative bias (-0.25 V) is higher than the reported results for both n- and p-type 

CuBi2O4 micro-/nano-structures. For instance, Wang et. al. and Sharma et. al. recently reported 

the photocurrent density to be about 6 μA/cm2 and 6.45 μA/cm2 with n-type hedgehog-like 

hierarchical microsphere and with p-type nanocrystals, respectively.[149-150] Our result is about 

3 times higher than those reported results. It is important to note that Wang et al. have used 0.5 M 

Na2SO4 electrolyte, 300 W xenon lamp, and a 0.6 V bias (vs SCE; saturated calomel electrolyte), 

[151] while Sharma et al. have used 0.1 M K2SO4 / 0.01 M Na2S2O8 and 300 W xenon arc lamp 

and 0.75 V (vs NHE; normal hydrogen electrode). [152] It is interesting that the cathodic 

photocurrents at both positive and negative bias potentials get stabilized in the interval of about 2 

minutes. The stability of the photocathode was tested by using UV-Vis (% Transmittance) and 

XRD measurements before and after the PEC characterizations (Appendix C and D, Figure S3 

(a)-(b) and S4). No significant changes in the crystal structures and optical absorbance edge 

(except the slight change in % Transmittance) are observed down to the detection limit of 

instruments, indicating CuBi2O4 samples are stable. In contrast, the loss of photocurrent density 

could be due to the material fall off during the PEC experiments, which further validates the 

observed results in CV cycles. Specifically, we observed about 27% and 34% loss in absorbance 

at the wavelengths of λ = 500 nm and λ = 800 nm respectively (Appendix C,  Figure S3), which 

is consistent with the observed loss in photocurrent density within 7% error. 
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Figure 4.10. The plot of E. coli viability percentage  measured by TSA plating method versus 

LED illumination time t for different CuBi2O4 samples with a fixed CuBi2O4 concentration of 5 

mg/ml. 

 

4.5    Antimicrobial activities 

The results of visible light induced antimicrobial activities of CuBi2O4 samples against E. 

coli on TSA plates are shown in Figure 4.10. For all the samples, the bacteria survival ratio 

decreases dramatically with the addition of CuBi2O4 after 6 hr. The dark control shows that as 

synthesized CuBi2O4 samples have no negative effects for bacteria growth. The light control 

demonstrates that bacteria were slightly decreased compared to that of dark control after 6 hr LED 

light exposure. For plates with CuBi2O4 samples, after light illumination for 3 hr, the bacterial 

viability ratio  (

# of alive bacteria after illumination

# of initial alived bacteria


 ) is, εA = 45.6%, εB = 38.8%, εC = 27.7%, 

εD = 21.1%, and εE = 30.0%, respectively. For longer duration illumination (6 hrs), ε deceases 
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further, εA = 16.3%, εB = 26.3%, εC = 12.8%, εD = 6.7%, and εE = 11.7%, respectively.  Roughly, 

one has εB < εA < εC < εE < εD, which is similar to the trend of the dye degradation rate κ.  Sample 

D, the micro-flower CuBi2O4, again shows the highest antimicrobial activity (93.3% bacteria 

inactivation) among all five samples.  

According to previous reports, the photo-induced antibacterial properties of photocatalysts 

are caused by reactive oxygen species (ROS), such as ·OH, O2
-, and H2O

+. [34, 62, 153] Under 

visible light irradiation, photogenerated electrons on the surfaces of CuBi2O4 can be transferred 

and captured by surface absorbed O2 molecules then reduced to O2
- as shown in Fig. 1. The ROS 

and h+ can attack the cell wall and cell membrane, which contributes to the changes of cell 

morphologies and leads to damage of cell integrity. The physical state of the cell membrane 

strongly affects the viability of bacteria; because of the decomposition of the cell wall and cell 

membrane, this will cause the leaking of the cell‘s interior components.[62, 154] Without the 

protection of the cell wall and cell membrane, more severe damages, such as disruption of DNA 

molecules and decomposition of interior components, would occur.[62, 136-137] Thus, the 

bacterial cells can be irreversibly de-energized. The hierarchical micro-flower show about 93 % 

bacteria inactivation with 6-hr visible light irradiation. However, compared with the photocatalytic 

dye degradation results, the difference among the results of the antimicrobial tests is not 

significant. This might be attributed to the morphology and size of CuBi2O4 samples and E. coli 

cells. E. coli is rod-shape bacterium with an approximate size of 2 μm in length and 0.5 μm in 

width, which are comparable or even larger than the size of particles of the CuBi2O4 samples. 

According to the antibacterial mechanism, the redox radicals can only atack the cells when the 

cells touch the CuBi2O4 particles, i.e., the contact surface area between the cells and CuBi2O4 

particles play the decisive role, while the extended surface areas inside the CuBi2O4 particles do 
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not contribute significantly. But for the MB molecules, since the physical size is about 1 nm, they 

can reach inside small pores of the CuBi2O4 particles, i.e., the extended surface area plays a key 

role in dye photodegradation. 

 

4.6    Conclusions 

In summary, five CuBi2O4 samples with different morphologies and structures were 

successfully synthesized via a facile hydrothermal process. The roles of initial concentration of 

NaOH and the solvent system were found to be important factors during the growth of the CuBi2O4 

samples. By varying the amount of NaOH, CuBi2O4 hierarchical micro-structures with different 

sub-nanostructure could be obtained. The introduction of EtOH as a bi-solvent also changed the 

oriented growth of CuBi2O4 to 1D microrods instead of a 3D hierarchical structure. The micro-

flower structure with narrow bandgap showed the highest photocatalytic MB degradation and 

antimicrobial activity against E. coli. It also showed an excellent solar-conversion efficiency under 

a solar simulator and at neutral pH. The obtained CuBi2O4 material shows the potential application 

in the fields of water treatment, solar-energy conversion, and antimicrobial packing. 
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CHAPTER 5 

HIGHLY EFFICIENT INORGANIC ANTIMICROBIAL CuxFeyOz NANOSTRUCTURES 

 

5.1    Introduction 

As discussed in previous two chapters, inorganic semiconductors have been explored as 

antimicrobial materials. For typical materials that have been studied so far, the antimicrobial 

activities have been summarized in Table 5.1. [155-156] As shown in Table 5.1, most of these 

inorganic materials can lead to 3 – 8 log reduction of bacteria with time longer than 3 hrs. Only a 

few of them (Ag and Cu2O) can effectively inactivate bacteria in a short period of time. For Ag 

nanoparticles, they  are found to be one of the efficient antimicrobial agents and can react in a low 

Ag concnetration. [157] It was reported that 50 – 60 μg/mL Ag Nanoparticles can inhibit 105 CFU 

bacteria growing on media plates. [66] However, Ag are expensive and easy to be corroded. For 

Cu2O, it might be toxic for the human cells. So that there is still an urgent need to develop 

biocompatible and high efficient antimicrobial inorganic material for different biomedical 

applications.  

In this chapter, we report the synthesis of a mixture of nanostructured copper oxides (CuO 

and Cu2O), iron oxide (Fe2O3) and copper iron oxide (CuFeO2) through a microwave assisted 

hydrothermal method and their highly effective antimicrobial properties. Additionally, the 

nanostructure can also inhibit the growth of the bacteria in the fresh media. The cytotoxicity test 

of the CuxFeyOz nanoparticles against mouse fibroblast cells suggesting that at a lower 

concentration (≤ 1 mg/ml), the CuxFeyOz nanoparticles are biocompatible to the mammalian cells.  
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Table 5.1. Inorganic antimicrobial materials. 

Material Bacterial Strains Reduction Test Time Reference 

Silver (Ag) E. coli/ S. aureus 5-log 0.5/1.5 hrs [158] 

Coperic oxide (Cu2O) E. coli 7-log 5 min [159] 

Copper oxide (CuO) E. coli 3-log 3 hrs [74] 

Nitric oxide (NO) 
E. coli/ A. baumannii/ S. 

aureus 
8-log 24 hrs [160] 

Zinc oxide (ZnO) E. coli 6-log 48 hrs [161] 

Copper (Cu) E. coli/ S. aureus 4-log 24 hrs [42] 

 

5.2    Experimental methods 

CuxFeyOz. In a typical synthesis process, 0.242 g Cu(NO3)2 •3H2O (ACROS Organics) and 

0.404 g Fe(NO3)3 •9H2O (Alfa Aesar) were thoroughly dissolved into 10 ml deionized (DI) water. 

10 ml 1 M NaOH solution was firstly added into the mixture dropwise with constant stirring. Then 

200 μl to 500 μl 37% formaldehyde (J.T. Baker) was added into the mixture. 4 ml of the resultant 

solution was transferred into a 10 ml SiC reaction tube and kept in the microwave chamber at 200 

℃ for 2 hr. After cooling down, as synthesized sample was then collected by centrifugation at 

12,000 rpm and washed by DI water for 5 times. The collected sample was then oven dried at 60 

℃ overnight. The as-prepared CuxFeyOz samples are labeled corresponding to the added CH2O 

amount during synthesis. For instance, S200 corresponds to the sample synthesized with 200 μl 

CH2O, S500 corresponds to the sample synthesized with 500 μl CH2O. 

Dye degradation. The dye degradation experiments were performed with methyl orange 

(MO) and MB aqueous solutions with a concentration of 30 μM at room temperature. All 

experiments were performed with CuxFeyOz nanoparticles concentration as 0.5 mg/ml, and a fixed 
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volume V = 20 ml of dye solutions. The reaction systems were kept under dark conditions with 

constant stirring. At the specific time interval (2, 4, 6, 8, 10 and 24 hrs), an aliquot sample was 

taken out and centrifuged at 12,000 rpm to remove the  nanoparticles and the concentration change 

of MO and MB in the remaining solution were investigated by UV-Vis spectroscopy (JASCO V-

570).  

Antimicrobial tests. The antimicrobial performance of the samples was characterized by 

using multiple bacterial strains ( E. coli B, E. Coli O157:H7, S. aureus, K. Pneumoniae 148, K. 

Pneumoniae ATCC-BAA-2472, Listeria monocytogenes, Salmonella MDR-ATCC-700408, H. 

pylori, and S. flexneri)s. The bacterial stocks were activated in fresh liquid media (trypticase soy 

broth (TSB) for E. coli B and S. aureus; lysogeny broth (LB) for E. Coli O157:H7, K. Pneumoniae 

148, K. Pneumoniae ATCC-BAA-2472, Listeria monocytogenes, Salmonella MDR-ATCC-

700408, and S. flexneri) overnight at 37 oC with shaking (250 rpm). H. pylori cells were grown 

and harvested on blood agar (BA) plates.  

For the antimicrobial tests with bacterial cells in 1X PBS, the grown bacteria cells were 

harvested by centrifugation at 4000 rpm for 5 min. Then the cells were washed twice with 

phosphate buffered saline (PSB, 1) to remove media and re-suspended into the PBS. For E. coli 

B and S. aureus, 1 mg CuxFeyOz nanoparticles were directly suspended into the bacteria 

suspension. For other bacterial strains, the cells were firstly standardized to OD600 = 2 in PBS (~ 

109 to 2×109), then 0.25 ml of each cell suspension was diluted with either 0.25 ml of PBS as 

controls or 0.25 ml 2 mg/ml CuxFeyOz nanoparticles. The mixtures of bacteria and CuxFeyOz were 

incubated at 37 oC with shaking (200 rpm). At a specific time interval, such as 15 min, 30 min, 60 

min, 120 min and 240 min, an aliquot suspension was taken out, then diluted 10-fold in PBS. The 
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dilutions were plated on media plates and incubated at 37 oC overnight (except for H. pylori, which 

needs to be incubated on BA plate for a longer time) to count the colonies on the plates. 

For the growth inhibition tests, bacterial cells were inoculate into fresh media premixed 

with CuxFeyOz nanoparticles. Briefly, for E. coli B and S. aureus, 10 mg CuxFeyOz nanoparticles 

were suspended in 0.1 ml PBS first, then added into 9.9 ml TSB (final nanoparticles concentration 

was 1 mg/ml). Then 10 μl bacteria suspension was inoculate into the media-NPs mixture and kept 

at 37 oC overnight with shaking (250 rpm). For K. Pneumoniae ATCC-BAA-2472, Salmonella 

MDR-ATCC-700408, and S. flexneri, 2 μl bacteria suspension (~ 2 × 106 cells) was inoculated 

into 500 μl TSB with 1 mg/ml CuxFeyOz nanoparticles. For H. pylori, 100 μl of the harvested cells 

in brain heart infusion-β-cyclodextrin (BHI-βc) (~ 107 cells) was inoculated into 2 ml BHI-βc with 

0.1 ml 20 mg/ml CuxFeyOz nanoparticles in PBS (final nanoparticles concentration was 1 mg/ml). 

These bacteria-media-NPs mixtures were then incubated at 37 oC for 18 hrs with constant rocking. 

After co-incubating with nanoparticles in media, an aliquot amount of the mixture was taken out 

of each sample and diluted 10-fold in PBS. Then the dilutions were plated onto media plates, 

incubated at 37 oC overnight (H. pylori was incubated on BA plates for a longer period) to count 

the colonies on the plates. Control groups were performed with equal volume of PBS to replace 

CuxFeyOz nanoparticles suspension.  

Cytotoxicity. Cytotoxicity of the CuxFeyOz S500 are tested by the 24 hrs nanoparticles 

exposure at 37 oC using mouse fibroblast cells. After 24 h of cell culture incubation in a 96-well 

plate, 10 μL of the CuxFeyOz S500 (1 mg/ml or 10 mg/ml) in DMEM medium was added to the 

cells. The cells were allowed to respond to the nanoparticles during a separate 24 h incubation 

period inside a cell culture incubator at physiological temperature. The relative viability (%) of the 

cells in response to S500 was reported relative to the control (without S500 exposure). 
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5.3    Morphologies and crystal structures 

With diffentent addtion amounts of CH2O for the microwave assisted hydrothermal 

synthesis, 6 different CuxFeyOz samples were formed. As shown in Figure 5.1,  both the size and 

shape of final products varied. With the increasing of the addtion amount of CH2O, the particle 

size is generally deceasing. The average size changes from 300 ± 100 nm, 320 ± 60 nm, 290 ± 60 

nm, 280 ± 70 nm, 220 ± 40 nm to 100 ± 20 nm when the CH2O amount changes from 200 μl, 250 

μl, 300 μl, 350 μl, 400 μl to 500 μl. As shown in the zoomed-in images in Figure 5.1, the samples 

comprise a various shapes of particles such as cubic, flake, and irregular shapes. The high 

resolution STEM image and the EDS elements mapping of S500 are shown in Figure 5.2. The 

EDS mapping results showed that the O atoms are uniformly distributed on the strucutre. Fe and 

Cu atoms are also distributed on the nanostructures but not evenly. However, there are more Fe 

atoms than Cu atoms on the cubics. And on the strip structure, there are mostly Cu atoms and few 

Fe atoms, which indicates that such amorphous strip structures are copper oxides CuxO. 

The XRD patterns in Figure 5.3(A) reveal the crystalline structures of different CuxFeyOz 

samples. Based on the crystal peak analysis, the samples are mixtures of Fe2O3, Cu2O, CuO, and 

CuFeO2, the results are consitant with the EDS mapping results shown in Figure 5.2. However, 

with the changing of the added amount of CH2O during synthesis, the relative composition of final 

products changes. The addition of CH2O is serving as a reducing agent to reduce Cu2+ to Cu+, 

which means with more CH2O adding in, more Cu2O will be produced and less CuO will be present 

in the produce. For example, the S200 contains no Cu2O, and S500 contains no CuO according to 

the XRD patterns. A semi-quantitative anylysis of the XRD data was performed by comparing the 

XRD intensy of a distiguish peak of each composite ((104) of Fe2O3, (111) of CuO and (200) of 

Cu2O) to the (012) peak intensity of CuFeO2 of each sample. As shown in Figure 5.3(B), the  
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Figure 5.1. SEM Images of CuxFeyOz nanostructures designated by CH2O addition in synthesis. 

A: S200; B: S250; C: S300; D: S350; E: S400; and F: S500. 

 

amount of CH2O affects the compistion ratio of each sample dramatically. For instance, for S200 

sample, the mixture contains 54% CuFeO2, 26% CuO, 0% Cu2O and 20% Fe2O3. For S250, the 

mixture has 39% CuFeO2, 11% CuO, 17% Cu2O and 33% Fe2O3. S300 has 42% CuFeO2, 22% 

CuO, 8% Cu2O and 28% Fe2O3. S350 has 30% CuFeO2, 19% CuO, 35% Cu2O and 16% Fe2O3. 

S400 has 51% CuFeO2, 10% CuO, 10% Cu2O and 29% Fe2O3. And S500 has 36% CuFeO2, 0% 

CuO, 28% Cu2O and 36% Fe2O3. The overall general trend is that with the increase of CH2O, the 

CuO decreases and Cu2O increases.  
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Figure 5.2. STEM image and EDS mapping (elements of O, Fe, and Cu) of the CuxFeyOz S500 

with three different morphologies. (A) The STEM image. (B) – (D) EDS mapping of O, Fe, and 

Cu. 

 

 

Figure 5.3. (A) XRD patterns of different CuxFeyOz samples. (B) Relative compositions (CuO, 

Cu2O, and Fe2O3) with respect to CuFeO2 of different CuxFeyOz sample. 
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5.4    Optical properties and dye degradation activities 

The oprical properties of the CuxFeyOz samples were characterized by the diffuse 

reflectance spectroscopy. Figure 5.4(A) shows the modified UV-vis diffuse reflectance spectra of 

the CuxFeyOz samples based on the Kubelka-Munk function, 

2(1 )
( )

2

R
F R

R


   ,                                                           (5.1) 

where R is the reflectance, and F(R) is proportional to the extinction coefficient. It shows that all 

of the CuxFeyOz samples exhibit strong absorption in the range of visible light (wavelength 400 

nm to 700 nm). The effective indirect band gaps of these samples were determined by Tauc’s plots 

of F(R) . The indirect bandgaps of the CuxFeyOz samples are summarized and shown in Figure 

5.4(B). It shows that with the increasing amount of CH2O for synthesis, the bandgaps of the as-

prepared samples slightly increased from 1.96 eV to 2.07 eV. The bandgap energies of the single-

phase CuO, Cu2O, α-Fe2O3 and CuFeO2 are reported as 2.16 eV, [162] 1.94 – 2.02 eV, [162] 2.07 

– 2.7 eV [22] and 1.55 eV [163], respectively. Thus, the bandgap energies of the CuxFeyOz samples 

are within the bandgap range of all the composites.  

Figure 5.4. (A) UV-vis diffuse reflectance spectra of the CuxFeyOz samples prepared with 

different CH2O amounts. (B) The corresponding indirect bandgaps of the CuxFeyOz samples from 

Tauc’s plots.  
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The dye degradation activities of MO for the CuxFeyOz samples are shown in Figure 

5.5(A). Figure 5.5(A) shows the time dependent standardized optical absorbance of MO solutions 

at λ = 463 nm (characteristic absorbance peak of MO) after exposing to different CuxFeyOz samples 

at different time periods. According to Beer’s Law, the absorbance at λ = 463 nm is propotional to 

the MO concentrations. It shows that after 24 hrs, S200 degrades 22% of MO, S250 degrads 71% 

MO, S300 degrads 76% MO, S350 degrads 85% MO, S400 degrades 61% MO and S500 degrades 

90%. Clearly, S500 has the best MO degradation performance. Then, S500 was chosen to perform 

the MB degradation test. However, as shown in Figure 5.5(B), S500 only showed 8% reduction 

of MB under dark conditions after 24 hrs, which is much lower than the MO reduction (90%). This 

is due to that the decomposition of MB is mainly through reduction reactions [164], on the other 

hand, the decomposition of MO is maily due to oxidation reactions [165]. The results suggest that 

the CuxFeyOz S500 nanoparticles are a good source of oxidizing agent.  

 

 

Figure 5.5. (A) The normalized optical absorbance of MO after exposure to different CuxFeyOz 

samples at different time t. (B) Remaining concentrations of MO and MB after exposure to 

CuxFeyOz S500. All the experiments were performed under dark conditions. 
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5.5    Antimicrobial activities and cytotoxicity 

Due to the outstanding MO oxidizing activity, S500 was chosen to perform the 

antimicrobial tests. 9 different bacterial strains were tested, including Gram positive, Gram 

negative and drug resistant strains with a fixed S500 nanoparticles concentration of 1 mg/ml. 

Figure 5.6 shows the time dependent bacterial survival concentration for different bacterial strains. 

The S500 shows highly efficient antimicrobial activities over all the strains in the antimicrobial 

experiments in 1X PBS. The significant bacteria killing results are summarized in Table 5.2. First, 

the tests over Gram-negative E. coli B showed 9 log reduction in 0.25 hrs (15 min), and 10 log 

reduction against Gram-positive S. aureus in 1 hr. The results indicate that these nanoparticles can 

effectively kill the bacterial cells within a very short exposure term. These fast and effective 

antimicrobial actives of the CuxFeyOz nanoparticles motivated us to test against the highly 

infectious drug resistant bacterial strains, such as K. Pneumoniae 148 and Salmonella MDR-

ATCC-700408. As shown in Figure 5.6 and Table 5.2, the S500 also has superior antimicrobial  
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Figure 5.6. Time dependent antimicrobial tests of CuxFeyOz S500 with nanoparticles concentration 

of 1 mg/ml in PBS. 
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activities against these drug resistant bacterial strains, such as 8.38 log reduction against K. 

Pneumoniae 148 and 7.15 log reduction against Salmonella MDR-ATCC-700408 in 4 hrs. These 

results indicate that these CuxFeyOz nanoparticles are promising sterilizing agents for antimicrobial 

applications, such as for water treatments and wound treatments.  

These nanoparticles can also inhibit the growth of the bacteria. Figure 5.7 summarizes the 

result of the growth inhibition tests. It shows that the H. pylori cells are completely inhibited after 

24 hrs co-culturing with the nanoparticles in the BHI-βc media, while in the control group, the H. 

pylori reaches a concentration as high as 108 CFU/ml without exposing to the nanoparticles. For 

the test against K. pneumoniae ATCC-BAA-2472, 4 log reduction is also obtained after 24 hrs 

growing. The tests gains growing shigella flexneri, S. aureus and E. coli also showed the effective 

bacterial inhibition property of the CuxFeyOz nanoparticles. These tests further indicates that the 

S500 sample is promising as an effective antimicrobial agent. 

 

Table 5.2. Antimicrobial activity of the CuxFeyOz S500 (bacteria were suspended in 1X PBS). 

Bacterial Strains 
Log 

Reduction 

Time/ hrs 

E. coli B (ECB) > 9 0.25 

S. aureus (SA) > 10.18 1 

K. Pneumoniae 148 (KP148) > 8.38 4 

E. Coli O157:H7 (ECOH) > 7.12 4 

Listeria (LT) > 9.18 4 

K. pneumoniae ATCC-BAA-2472 (KP2472) > 6.9 2 

Salmonella MDR-ATCC-700408 (SET) > 7.15 2 

H. pylori X47 (HP) > 5.81 1 

S. flexneri (SF) > 6.4 2 
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Figure 5.7. Bacterial growth inhibition tests for different bacteria: co-culturing bacteria with 1 

mg/ml CuxFeyOz S500 nanoparticles. BDL: below the detection limit. 

 

The antimicrobial mechanism the CuxFeyOz nanoparticles is not well understood yet. 

However, based on the composition in S500, the antimicrobial property might be mostly 

contributed by the Cu2O and CuFeO2. For those two materials, the antimicrobial properties are 

attributed to Cu+ species in the compounds. [166] It is well-known that copper ions are capable to 

kill microorganisms effectively by denaturation or an oxidation mechanism. [37] It was reported 

that Cu2O nanocrystals could generate ROS through biochemical processes. [167] In general, 

during these biochemical processes, as a redox-active transition metal, Cu can cycle between two 

redox states, oxidized cupric and reduced cuprous states. It is suggested that Cu can react with 

endogenous H2O2 to generate hydroxyl radicals in a process analogous to the Fenton reaction, and 

it can also catalyze the transfer of electrons from a donor biomolecule to an acceptor, such as O2 

to generate O2
−• or hydroxyl radicals (·OH). [167-168] These ROS are toxic to bacterial cells, 

which can disrupt specific microbial processes. The direct effects of ROS on bacterial cells are 
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mediated by the increasing production of ROS can lead to the oxidative damage of the cellular 

compounds. [63] Studies showed that the ROS can cause the damage of cell membrane, cause the 

leaking of bacterial internals, then lead to the cell death. [62, 74] Furthermore, the ROS can 

interfere or destroy the activities of enzymes in the bacterial cells. They can also cause damages 

on the integrity of DNA. [62, 64] It should keep in mind that high concentration of ROS can also 

trigger the damage on mammalian cells. Thus, the cytotoxicity of the CuxFeyOz S500 nanoparticles 

against mammalian cells are necessary to be performed as a condition to explore its potential 

applications. 

Biocompatibility of the CuxFeyOz S500 nanoparticles are tested by the 24 hrs nanoparticles 

exposure at 37 oC using mouse fibroblast cells. As shown in Figure 5.8, fibroblast cells that were 

treated with 10 mg/ml CuxFeyOz nanoparticles showed more than 90% cell viability decreasing. 

However, with the treatment of 1 mg/ml S500 nanoparticles, more than 70 % cell remains viable. 

Comparing with other antimicrobial inorganic materials, for example CuO nanoparticles, it was 

reported that at a concentration of 80 μg/ml, the CuO nanoparticles are toxic to the lung cells and 

can also cause DNA damage to the cells. [169] The presented data suggest that the as-

synthesizedCuxFeyOz S500 is toxic to the mouse fibroblasts when used at a high concentration (i.e., 

10 mg/ml). However, at a lower nanoparticles concentration of 1 mg/ml, the CuxFeyOz S500 is 

biocompatible. At mean time, as described in the previous sections, 1 mg/ml CuxFeyOz S500 

showed highly efficient antimicrobial activities against a wide range of microorganisms. 
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Figure 5.8. Cytotoxicity of the CuxFeyOz S500 nanoparticles against mouse fibroblast cells: cell 

viability after cells exposed to CuxFeyOz S500 particles at 1 mg/ml and 10 mg/ml for 24 hrs. 

 

5.6    Conclusions 

In summary, we have synthesized 6 different nanostructured CuxFeyOz mixtures through a 

microwave assisted hydrothermal synthesizes. The changing of CH2O amount during synthesis 

changes the morphology and the composition of the as-synthesized samples. The EDS and XRD 

results confirm that the samples are mixtures of CuO, Cu2O, Fe2O3 and CuFeO2 nanostructures. It 

also shows that with the increasing of  CH2O addition amount, the particle size decreases, while 

the CuO in the decreases, and Cu2O increases. The dye degradation tests shows that nanoparticles 

fabricated with 500 μl CH2O could degrade 90% MO after 24 hrs under dark conditions, and it is 

a strong oxidizing agent. This S500 sample also shows highly effective antimicrobial activities 

against multi bacterial strains. In particular, it can cause 9 log reduction of E. coli B in 15 min, and 

10 log reduction of S. aureus in 1 hr. More importantly, the highly drug-resistant bacterial strains 

such as K. Pneumoniae 148 and H. pylori X47 can also be removed within 4 hrs. The inhibition 
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tests with growing cells and 1 mg/ml S500 nanoparticles in fresh media further demonstrates that 

this sample is highly antimicrobial effective. The cytotoxicity test against mouse fibroblast cells 

suggested that the CuxFeyOz S500 at the concentration of 1 mg/ml are biocompatible.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

Even though throughout the history, the development of antimicrobial agents has achieved 

many major breakthroughs, the growing bacterial resistance of antibiotics remains one of the major 

challenges. As one of the promising materials to solve this problem, inorganic nanomaterials are 

chosen to study its antimicrobial properties in this dissertation. 

In this dissertation, the antimicrobial activities of three inorganic materials, including 

carbon dots, CuBi2O4, and CuxFeyOz are studied. Their morphological, structural, optical, and dye 

degradation are explored. The visible light induced photocatalytic activities of carbon dots and 

CuBi2O4 nanostructures and the antimicrobial activity of the CuxFeyOz nanostrucutres induced by 

oxidative stress are further investigated. More specifically, the carbon nano dots with a size ~ 5 

nm have been modified with surface passivation EDA molecules first. The photoexited electrons 

and holes can be trapped at different passivated sites, then to be used to generate ROS to degrade 

organic dye (MB) molecules. The followed visible light induced antimicrobial activities of the 

EDA-carbon dots carried out by different methods (OD600, growth inhibition, killing experiment 

and co-culturing on plates) demonstrate that with the efficient surface passivation, the carbon dots 

can be served as visible light-activated bactericidal agents for a variety of bacteria control 

applications. It shows that with visible light, the EDA-carbon dots can cause 4 logs of E. coli 

reduction after 30 min treatment. For the case of CuBi2O4 nanostructures, with the different 

hydrothermal synthesis recipes, the morphologies of the resulted samples are varied. The 

photocatalytic properties of these materials are closely related to the crystallinity, total active 
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surface area, and other factors. The crystallinity and total active surface area can affect the light 

absorption and charge generation properties, charge diffusion length, and transportation on the 

surfaces of the material. For better photocatalytic activity, the electron–hole pairs should be 

efficiently separated, and charges should be rapidly transferred across the surface/interface to 

restrain the recombination. Increasing the surface area of the photocatalyst, can help reduce the 

electron–hole recombination and shorten the transportation distance to the photocatalyst surface, 

a larger surface area can also contribute to more reaction sites. As demonstrated by the 

experimental results, the hierarchical micro-flower CuBi2O4 samples out of five samples has the 

largest surface area, and it has demonstrated the best visible light induced antimicrobial 

performance as well as good solar-energy conversion into electrical energy under a solar simulator 

at a minimum external bias voltage and at a neutral pH value. A high antibacterial effect against 

Escherichia coli (E. coli), with ~ 93% bacteria reduction after 6 h illumination by a commercial 

white LED light (10 mW/cm2), is obtained with the CuBi2O4 micro-flowers. Thus, future work of 

the carbon dots can be focused on more effective surface modification. In the case of CuBi2O4, 

works on designing smaller particle size might be able to help further improve the photocatalytic 

properties.  

Other than the photogenerated ROS, some of the metal oxides can also directly induce 

oxidative stress to inhibit bacterial growth. Six different CuxFeyOz samples are synthesized by 

microwave-assisted hydrothermal synthesis method. Their morphological, structural, and other 

properties are characterized. The results indicate that with the increasing of CH2O for synthesis, 

the particle size of the products decreases, the composition of the products also varies. Their 

abilities of dye (MO) degradation (oxidation) are investigated and the results show that sample 

S500 has the best MO degradation ability (90% reduction in 24 hrs). The antimicrobial tests with 
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S500 at a concentration of 1mg/ml demonstrate that it is a highly effective antimicrobial agent 

against multi-bacterial strains. It shows that E. coli B with a concentration of 109 CFU/ml in PBS 

can be terminated in 15 min, and S. aureus with a concentration of 1010 CFU/ml can be eliminated 

in 1 hr. Highly drug-resistant bacterial strains such as K. Pneumoniae 148 and H. pylori X47 can 

also be removed within 4 hrs. With 1 mg/ml S500 in the fresh media, the growth of different 

bacterial strains are also inhibited effectively. We also find that the CuxFeyOz S500 sample at the 

concentration of 1 mg/ml are biocompatible. All of these works indicate that inorganic 

nanomaterials are promising to solve the problems caused by the increasing the bacterial resistance 

of antibiotics. The future work of the CuxFeyOz can be directed to fabricate smaller particles and 

exploring its applications. For example, it is important to study how to incorporate these materials 

into fabrics, plastics, gels or coat these materials onto surfaces to create sterile environment. 

Furthermore, since biofilm is one of the major threatens to human health, the capabilities to control 

the biofilm formation of these inorganic antimicrobial materials are important to justify their value 

in practical applications, such as wound treatments and medical device coating. On the other hand, 

by using the hydrothermal method, other inorganic antimicrobial nanomaterials can be explored 

and studied.  
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APPENDIX A 

SEM IMAGES OF CuBi2O4 MICROSPHERES IN SEDIMENTATION 

 

 

 

Figure S1. SEM images of microspheres in sedimentation. A: From Sample B, CNaOH = 1.38 M; 

B: From Sample C, CNaOH = 1.18 M. 
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APPENDIX B 

UV-VIS SPECTRA AND BEER’S LAW PLOTS OF CuBi2O4 SAMPLES 

 

Figure. S2. UV-Vis spectra of different CuBi2O4 samples (A (1) to E (1)) and their corresponding 

Beer’s Law plots (A (2) to E (2)). 



 

122 

 

 

APPENDIX C 

UV-VIS SPECTRA BEFORE AND AFTER THE PEC TEST 

 

Figure. S3. UV-Vis spectra of a representative CuBi2O4 sample before and after PEC tests: (a) % 

Transmittance (%T) and (b) estimated Absorbance from (%T) (i.e. by ignoring the reflectance). 
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APPENDIX D 

XRD PATTERNS BEFORE AND AFTER THE PEC TEST 

 

Figure. S4. XRD patterns of a representative CuBi2O4 sample before and after PEC tests. 

 

 

  



 

124 

 

 

APPENDIX E 

FILM MORPHOLOGY OF PEC ELECTRODE 

Figure. S5 shows the top view and titled view of the PEC electrode. The top view SEM images 

show that the spray-coated CuBi2O4 film is relatively flat but not compact on ITO substrate, with 

micro-sized holes. The sample for titled view SEM imaging was prepared by using a blade to 

scratch off one side of the coating, and the SEM stage was tilted 55o when taking the images. 

The average thickness of the coating layer measured directly from the tiled view is 8 ± 1 μm, and 

the actual thickness of the CuBi2O4 coating is estimated as ~14 μm, which would be enough to 

absorb and utilize the incoming light. 

 

 

Figure. S5. Top (A) and titled (B) view SEM images of PEC electrode. The insert in (A) is the 

zoom-in image. 
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APPENDIX F 

EDS MAPPING OF CuBi2O4 SAMPLE D (MICRO-FLOWERS) 

 

Figure. S6. STEM image and EDS mapping of Bi, Cu and O elements of Sample D. 

 

Table S1. Elemental analysis of Sample D by EDS. 

Element Series Net unn. C norm. C Atom. C Error (3 Sigma) 

      [wt.%] [wt.%] [at.%] [wt.%] 

Bismuth L-series 511961 57.92 57.92 9.1 17.45 

Copper K-series 185635 10.61 10.61 5.48 1.03 

Oxygen K-series 11668 0.88 0.88 1.8 0.16 

Carbon K-series 59787 30.59 30.59 83.62 2.85 

Nickel K-series 171384 0 0 0 0 

Aluminium K-series 25949 0 0 0 0 

  Total:   100 100 100   

 


