
 
 
 

 
 

Electrochemically Active Biofilms Assisted Nanomaterial Synthesis for 
Environmental Applications 

	

Dissertation by 

Elaf Ahmed 

	

	

	

	

	

	

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy 

	

	

	

	

	

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

	

	
December,	2017	



	 2	

EXAMINATION COMMITTEE PAGE 
 

The dissertation of Elaf Ahmed is approved by the examination committee. 

 

 

	

Committee Chairperson: Prof. Peng Wang 

Committee Members: Prof. Pascal Saikaly, Prof. Zhiping Lai, Prof. Abdullah Almayouf 

	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 3	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© December, 2017  

Elaf Ahmed 

All Rights Reserved 



	 4	

ABSTRACT 
 

Electrochemically Active Biofilms assisted Nanomaterial Synthesis for 

Environmental Applications 

Elaf Ahmed 

Nanomaterials have a great potential for environmental applications due to their high surface areas 

and high reactivity. This dissertation investigated the use of electrochemically active biofilms 

(EABs) as a synthesis approach for the fabrication and environmental applications of different 

nanomaterials. Bacteria in EABs generate electrons upon consuming electron donor and have the 

ability to transport these electrons to solid or insoluble substrates through extracellular electron 

transport (EET) mechanism. The extracellularly transported electrons, once utilized, can lead to 

nanoparticle synthesis. In this dissertation, noble metal (i.e., Au, Pd, and Pt) ultra-small 

nanoparticles (USNPs) were first synthesized with the assistance by the EABs. The as-

synthesized USNPs had a size range between 2 and 7 nm and exhibited excellent catalytic 

performance in dye decomposition. Also in this research, a two-dimensional (2D) cobalt 

nanosheet was successfully synthesized in the presence of EABs. A simple biogenic route led to 

the transformation of cobalt acetate to produce a green, toxic free homogeneous 2D cobalt 

nanosheet structure. Further, TiO2 nanotubes were successfully combined with the noble metal 

USNPs to enhance their photocatalytic activity. In this work, for the first time, the noble metal 

USNPs were directly reduced and decorated on the internal surfaces of the TiO2 nanotubes 

structure assisted by the EABs. The USNPs modified TiO2 nanotubes generated significantly 

improved photoelectrocatatlyic performances. This dissertation shines lights on the use of EABs 

in ultra-small nanoparticle synthesis.  
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 Introduction Chapter 1.
	

1.1  Bacteria and their significance 

Bacteria are prokaryotic microorganisms that consist of single cell and they form one of the three 

domains of cellular life, along with archaea and eukaryote [1]. They are very diverse, with most 

bacteria having not been characterized, and only about half of the bacterial phyla having species 

that can be grown in laboratory [2]. Bacteria inhabit all environmental media including soil, 

water, and even deep portions of earth crust [3-7].  

Based on their respiration or their need to oxygen, bacteria can be categorized into aerobic, 

anaerobic and facultative bacteria [8]. Aerobic bacteria are the bacteria that need oxygen for their 

survival. On the other hand anaerobic bacteria cannot tolerate the existence of oxygen and 

oxygen is not needed for their growth and the facultative bacteria although prefer the growth in 

the presence of oxygen, they can survive in its absence [9].  

	
Figure 1.1:	Image of Lactobacillus johnsonii bacteria [10]. 	

 
Bacteria play crucial roles in many processes with high stakes to human survivals in both land 

and in water environment, especially including geochemical cycling of nutrients, such as carbon, 

nitrogen, and sulfur [11-13].  
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Taking nitrogen as an example, plants are incapable of acquiring nitrogen, a crucial element for 

plant growth from the atmosphere. Fortunately, with the indispensable assistance by bacteria, the 

plants are able to obtain nitrogen from soil. Certain bacteria, such as Rhizobium, 

Anabaena, Nostoc, and Spirulina have the ability to alter nitrogen gas into nitrates or nitrites, and 

the subsequent outcome are released into the soil for the plants to consume [14, 15].  

On the other hand, denitrification is another microbial assisted process where nitrate is reduced 

and eventually produces molecular nitrogen (N2). When the oxygen (O2) supply in soil becomes 

limited, such as wet or waterlogged soils, a variety of bacteria use the nitrate, instead of oxygen, 

as electron acceptor during for their respiration. The denitrification reduces the oxidized nitrogen 

species back to its gaseous state of N2, thus completing a cycle as illustrated in Figure 1.2 [16, 

17]. 

Besides the geochemical processes, the importance of bacteria to the human society has been 

gradually increased as many engineered systems heavily rely on bacteria for desired purposes. 

Aerobic bacteria are commonly and popularly used in activated sludge process [18, 19], 

membrane bioreactor (MBR) [20, 21], trickling filters [22, 23], rotating disk [24], all of which 

have made significant contribution in the past century in maintaining human society. Emerging 

nowadays is the engineering of anaerobic bacteria in wastewater treatments due to its benefit of 

low energy and carbon footprint and partial resource recovery [25].  
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Figure 1.2:	Bacteria role in nitrogen cycles, (1) nitrogen fixation, (2) bacterial nitrification, (3) aerobic and anaerobic 

bacterial denitrification, (4)  co-denitrification, (5) anammox and (6) N2O production during nitrification (ammonia 

oxidation) [26].	

 

Moreover, bacteria have extended their helping hands to aid the human on dealing with oil spill 

accidents [24]. Crude oil (petroleum) is a mixture of organic compounds and around 1.3 million 

liters enters the environment each year [27]. The past oil-shipping disasters, such as the Exxon 

Valdez (1989) [28], the Erika (1999) [29] and the Prestige (2003) [30], have caught a huge 

attention to this environmental problem. However, all these accidents account for only a small 

part of the crude oil contamination, where deliberate discharge is count for the most [31]. 

Fortunately, several bacteria, such as such as Pseudomonas, Rhodoferax Fermentans and 

Geobacter Sulfurreducens, are known to feed exclusively on hydrocarbons and they are known 

as oil-eating microbes [32, 33].  

They thus play a key role in the clean up of spilled oil [34, 35]. Hydrocarbon degrading bacteria 

were isolated for the first time almost a century ago, and so far there are reportedly over 70 types 

of bacteria in this category [33]. These bacteria consume the hydrocarbons from the spill oil as 

their carbon and energy source and as a matter of a fact in the removal process of hydrocarbons 
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from oil-polluted marine environments, aerobic bacteria is thought to play an important role 

[33].  

1.2  Introduction to biofilms 

In response to many environmental factors, such as high temperature [36], high salinity [37], 

oxygen depletion [38], bacteria condition themselves to the environment and this conditioning is 

generally conducted through adhesion to a surface so to maximize their chance of survival. In the 

end, these adherent bacteria fix their selves within the slimy extracellular substance that is made 

of extracellular polymeric substances (EPS), which are natural polymers of high molecular 

weight. These substances are produced by the bacteria and released into their environment. They 

are usually composed of polysaccharides, proteins and other macromolecules such 

as DNA, lipids and humic substances [39].  

This slimy matrix along with its residing bacteria community is defined as a biofilm. Biofilms 

can form on natural and synthetic surfaces [40]. The ability to construct and. maintain a 

structured multicellular bacterial community depends critically on the production and 

composition of EPS [41], which are diverse in their charge properties, molecular weights, having 

ordered compositions, and are influenced by the surrounding environment [42]. EPS plays an 

essential role in cell aggregation, cell adhesion, and biofilm formation, and protect cells from a 

hostile environment [43, 44]. 

1.2.1 Formation of biofilms 

As discussed earlier, forming biofilm is a surviving mechanism for many bacteria and thus the 

biofilm formation is their instinct behavior. Putative biofilm micro-colonies have been identified 

in the 3.3-3.4 billion year old South African Kornberg formation and filamentous biofilms have 
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been identified in the 3.2 billion year old deepsea hydrothermal rocks of the Pilbara Craton, 

Australia [42]. 

In a typical biofilm formation, there are five major steps as explained in Figure1.3.  

(1) Initial attachment to the solid surfaces when single free-floating bacteria land on the surface. 

Which is considered a survival step, where bacteria start protecting themselves against stresses 

conditions such as antimicrobials, host immune systems and metallic cations [45]. This step is 

considered a crossroads from planktonic life to the biofilm mode [46]. The first attachment can 

be identified as reversible attachment, where cell appendages such as flagella and pili are 

involved in the reversible attachment [45].  

(2) Irreversible attachment. It takes place when EPSs firmly anchor the bacterial cells to the 

surface and lead to biofilm formation. In this step, bacterial cells attach to the surface, with less 

bacterial flagella movement and a noticeable increase in the polysaccharide production [39, 47]. 

 (3) Mirocolony step. After irreversible attachment, bacterial cells start to grow micro colonies 

by gathering previously attached cells and go through cell proliferation via cell division and 

during the process, EPS is released [48]. EPS represents more than 90%  of the dry mass in most 

mature biofilms. In this step bacteria number rises due to the division and the reproduction of the 

cells of the bacteria on the surface, causing micro-colonies to form.  

(4) Maturation step. Biofilm maturation includes linking the bacteria together and forming a very 

strong connection among themselves [49]. Many studies have been conducted on the genetics 

and physiology of adhesive biofilm factors [50].  

 (5) Dispersal step. From a mature biofilm, some bacterial cells start to detach from the biofilm 

and freely transfer and swim to a planktonic growth. This process of dispersal will lead the 
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detached cells to explore other positions and attach again to a new surface. Hence, dispersal is 

not necessarily considered the final stage of the biofilm lifecycle but it may also be the start of 

another new lifecycle. This whole process is described step by step in Figure 1.3 [45, 51, 52].  

 

Figure 1.3: Schematic diagram of biofilm formation, sequentially including reversible attachment, irreversible 

attachment, microcolony, maturation, and dispersal steps [45]. 

1.2.2 Benefits of biofilms to bacteria 

Bacteria in a biofilm exhibit enhanced tolerance to toxic compounds in their environment and 

protect themselves from nutritional depletion and harsh environmental conditions, such as heavy 

metals contamination [53], bacteriophage [54] osmotic stress [55], heat, acid, and oxidative 

stress [43, 56, 57].  
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Figure 1.4:	SEM images of mixed culture showing different types of bacteria forming biofilm [58].	

Inside biofilms, chemical and physical environments can change dramatically within very short 

distances, thus leading to highly varied physiology, growth rate, gene expression, and 

distribution of organisms within the biofilm [13, 14]. One notable example is the prevalence of 

microaerophilic and anaerobic organisms within poly microbial biofilms in the otherwise aerobic 

environment typically of the human mouth [15]. There, aerobic community members scavenge 

oxygen, thus allowing anaerobes such as Fusobacterium Nucleatum to thrive. As living 

communities, biofilm populations are not static but change as a consequence of nutrient 

availability and microbial succession [42, 59].  

1.2.3 Research milestones on biofilms  

Major milestone of biofilm research investigation are briefed below.  

In 1676, Van Leeuwenhoek used a simple optical microscope and for the first time observed 

microbial biofilms [60]. In 1940, Heukelekian and Heller studied the “bottle effect” where the 

bacterial growth was enhanced on solid surfaces to which these organisms could attach [61]. In 

mid-1940s, Zobell detected that the number of cells on solid surfaces was much higher than in 

the surrounding medium [62].   

However, more in-depth studies and observations of biofilms awaited the electron microscope 

until the mid-1960s, when Jones used scanning electron microscopy (SEM) and transmission 
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electron microscopy (TEM) to observe biofilms on trickling filters in a wastewater treatment 

plant [63]. 

In 1973, Characklis observed the sticky layer of the microbial biofilm in industrial water systems 

and showed that the biofilm were composed of compacted microorganisms and they were highly 

resistant to disinfectants such as chlorine [43]. Costerton in 1978 put forward his theory of 

biofilms based on his observation of biofilm formation on the teeth surface (plaque), which 

helped explain the mechanisms by which microorganisms adhere to living and nonliving 

materials and the benefits accrued by this ecologic niche [64]. Since then, the studies of biofilms 

in industrial, ecological, environmental, and in water distribution and treatment settings had 

grown explosively [65-67].  

It is now generally believed that the formation of biofilm is highly complex and is affected by 

many environmental factors, such as nutrient availability, temperature and pH, microbial 

community composition and hydrodynamics [68-70]. Biofilm bacteria may communicate with 

each other via phenomena called quorum sensing to protect themselves from environmental 

stresses [68, 71]. 

1.2.4 Conventional applications of biofilms 

The biofilms are formed due to the bacteria’s survival need and thus this purpose in many cases 

does not match well with overall environmental quality and human health needs, thus leading to 

widespread damages to the environmental, societal, and human health. Biofilms have been found 

to lead to equipment damage and energy loss, and cause serious medical conditions and 

infectious diseases [72, 73]. Biofilms are always present in industrial and drinking water 

distribution systems and causes sever biofouling problems. And this causes damage to 
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materials, production losses and affecting the quality of the product as shown in Figure 1.5 [74, 

75]. 

 Large-scale membrane microfiltration systems are highly susceptible to biofilms and bacteria-

induced membrane fouling, forcing efficiencies downward and increasing the maintenance costs 

[76, 77].  

	

Figure 1.5:	(A) Biofilm damaging a water pipe [78], (B) Biofilm causing damage to reverse osmosis membrane 

[79].	

Agricultural crops can be devastated by bacterial biofilms [80, 81]. Often farmers face problems 

with their crops because of bacterial infections, which cause diseases for the plants hence loss in 

the production [82].  

However, regardless the overall negative image of biofilm in public eyes, the utilization of 

biofilms for beneficial purposes is actually widespread and popular in many engineered systems 

[83]. As a matter of fact, the previous discussed wastewater treatment processes of activated 

sludge, MRB, tricking filters, rotating disks, and anaerobic digestion are all based on the format 

of bacteria-in-biofilm [84-86].  

In more details, the bacteria communities in the biofilms of the activated sludge are in a 

suspended growth mode and are largely composed of saprotrophic bacteria but also have an 

important protozoan flora component mainly including Amoeba and Spirotrichs [87]. In the 
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activated sludge process, the suspended flocs are mixed with wastewater and the aerobic bacteria 

in the flocs come in contact with and degrade the biodegradable wastes in the wastewater 

undergoing continuous and vigorous aeration to derive their energy and to grow their own 

biomass [18, 88]. A gluey layer of slime around the bacterial cell wall is formed that makes them 

cluster together to form sludge that is then separated from the liquid phase as illustrated in Figure 

1.6-A [89, 90].  

	

Figure 1.6: (A)  Schematic figure for activated sludge for water treatment system (B) Sketch of activated sludge 

structure: (1) EPS, filamentous bacteria and micropowder combination, (2) Formation of large granules,(3) 

Formation of a large compact granule with micropowder restricting the bacteria from extending out of the granule 

[91]. 

To accelerate the sludge granulation some studies were using micropowder to reach that goal. 

Figure 1.6-B discuss in details, (1) micropowder, both EPS and filamentous bacteria serve as 

the nuclei, glue and framework for granulation, (2) micropowder increases nuclei, organic 

load and shear force abruptly for starved sludge with overgrown filamentous bacteria acting 

as a framework to form large granules, (3) micropowder friction limits filamentous bacteria 

from extending outside and shapes granules [91]. 

  



	 33	

Different than the activated sludge, in a typical trickling filter, different populations of 

microorganisms (aerobic, anaerobic, and facultative bacteria; fungi; algae; and protozoa) attach 

to stationary solid medium, typically sand and stone, to form biofilm or slime layer 

(approximately 0.1 to 0.2 mm thick) [92]. Thus, the biofilm in the tricking filter is at an attached 

growth form. The filter allows for organic material in the wastewater to be adsorbed by the 

surface biofilms. While the wastewater pass throw the medium, the organic material in the water 

is degraded by the aerobic microorganisms in the outer part of the biofilm/slime layer [87].  

Oxygen is always supplied to the biofilm in a tricking filter, as wastewater flows downwards 

over thin aerobic biofilm as shown in Figure 1.7 [87].	 

	

Figure 1.7:	A schematic comparison of biofilms in suspended growth mode in activated sludge and in attached 

growth mode in trickling filter [93].	

1.3   Electrochemically Active Biofilms (EABs) 

Gaining energy is an important thing for all living organisms. Bacteria obtain energy through 

respiration. Besides organic compounds, many bacteria have the ability to employ various 

inorganic compounds as the substrates for respiration and some particular bacteria have the 

ability to acquire energy through transferring electrons to or from extracellular solid compounds. 
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These bacteria are referred to as extracellular electron transfer (EET) [94, 95]. EET has received 

great attention for biotechnological applications [96-98]. 

In many applications, bacteria possessing EET abilities grow on and utilize artificial conductive 

materials as electron donor or electron acceptor, including carbon, graphene, carbon nanotubes, 

graphite and metal electrodes [99, 100], where the electrons transferred can be artificially 

collected, manipulated, and thus utilized to produce work. The biofilms that are grown on the 

artificial electrodes are customarily denoted as electrochemically active biofilms (EABs). The 

utility and performance of EABs have been intensively studied in the past decades to harvest 

energy from several environmental wastewater, especially within microbial fuel cells (MFCs) 

systems [28]. Among the most investigated bacterial species which are considered suitable to 

form an effective EAB are Clostridium Butyricum [101], Desulfobulbus Propionicus [102], 

Geobacter Sulfurreducens [103], Rhodoferax Ferrireducens [104] and Shewanella Putrefaciens 

[105, 106].  

EABs have two distinct electron transfer mechanisms, electron release and electron uptake [107], 

which are reviewed in the following section.  

1.4 Electron transfer mechanism of EABs 

1.4.1 Electron transfer mechanism-electron release 

In EAB a release of electron happen using a series of protein networks to the external electron 

acceptors. There are three proposed mechanisms of bacterial electron transfer out of the body of 

the bacteria from the biofilm to an electrode surface shown in Figure 1.8: (1) direct electron 

transfer via outer membrane c-type cytochromes where electrons are transported by electron 

hopping between c-type cytochromes (OM c-Cyts) [108, 109], The transport of electrons from 

the inner membrane to the outer membrane across the periplasm, to the extracellular space 
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depend on an efficient network of electron transfer proteins, with multi-heme c-type 

cytochromes playing a crucial role in this process [110].  

(2) Shuttling of electrons via redox mediators. Bacteria themselves can produce redox mediator 

such as cell-secreted flavin or added externally [111, 112]. Shuttling mechanism is managed by 

cell-secreted flavin including riboflavin (RF) and flavin mononucleotide (FMN). Reports 

indicate that RF binds to OM c-Cyts protein and FMN binds to OmcA and MtrC proteins, and 

these combinations produces bound flavin [107]. The advantage of these bound flavin is that 

they improve the EET efficiency 105 times more than the free flavin, which makes these 

combinations crucial for the electron transfer [107].  

(3) Electron transport by bacterial nanowires or pilii [107, 113]. Microbial nanowires serves as 

an electrical cable that bacteria initiate and use to transport generated electrons to the electron 

acceptors. Multi-heme cytochromes are present on the nanowires and therefore they exhibit 

outstanding electrical conductivity [114]. Some studies reported that nanowires produced by 

Geobacter Sulfurreducens act as metallic conductors, and the conductivity of these nanowires 

can be drastically improved by cooling [114, 115]. 

 

	

Figure 1.8: Different extracellular electron release mechanisms (i) Exogenous electron transfer (ii) shuttle excreted 

(iii) direct transfer [116]. 
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1.4.2 Electron transfer mechanism-electron uptake 

Some species of EABs microbes have the ability to detect negatively charged surfaces and use 

them as electron donor for the metabolism process by uptake of electrons [117]. This process is 

the opposite MFC process mentioned previously and is interesting because it has the capability to 

produce fuels and high-value chemicals, for example acetate and methane [118-121]. The 

process utilizing electron update capability of EAB bacteria is called microbial electro synthesis 

(MES).  

Recent studies showed that c-Cyts in Geobacter species can reverse their respiratory pathways 

and accept electron [107]. S.Oneidensis MR-1 has been shown capable of reversing its 

respiration pathway and accepting electrons and in this process to reduce fumarate to succinate 

[117]. It was found that this reduction highly depended on the protein types in the bacteria. For 

example by removing OM c-Cyt fixing protein-MtrB and periplasmic cytochrome MtrA, it was 

found that the fumarate reduction process was affected and dramatically decreased using S. 

Oneidensis [107, 122].  

1.5  Overview of EABs applications in environmental fields 

Research efforts to turn biofilms into societal benefits are never in short supply. Bio 

electrochemical systems (BESs), such as MFCs, microbial electrolysis cells (MEC) and energy 

recovery during wastewater treatment has attracted a huge attention in the scientific community. 

Especially, the idea of using bacteria, which was always thought of as a problem factor to 

improve and solve an environment issue, is attracting approach. Very recently, EABs have 

extended their presence in nanotechnology field and create a niche corner for themselves there 

[123]. In the following section, EAB for bioelectricity production in MFC and MEC and the use 

of EABs for nanotechnology field are reviewed separately.  
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1.5.1 EAB in microbial fuel cells (MFC) 

MFCs are devices in which bacteria create electrical power. This production of the electrical 

power is initiated by oxidizing simple compounds such as glucose or complex organic matter in 

wastewater, represent a new and promising approach for generating power from waste [124]. 

MFCs are a promising technique not only because they clean wastewater, but because they also 

convert organics in wastewaters into usable energy. MFC generally consists of cathode, anode 

and a cation exchange membrane to separate the compartments as illustrated in Figure 1.9.  

The biofilm in this system grow and attach on the anode surface and biologically consume the 

electron donor such as sodium acetate, sodium lactate and organic wastes and produce electrons 

and protons. The flow of these electrons is responsible for the electricity production in the 

system [125]. Protons move through a cation exchange membrane to the cathodic chamber and 

generate H2 gas or are oxidized to H2O [126].  

Electrochemically active bacteria that has been reported in MFC systems include Geobacter 

Sulfurreducens, Rhodoferax Ferrireducens, Shewanella sp., etc. these species have been 

identified in a different natural ecosystems such as sediments, freshwater, soils, seawater. They 

were also identified in samples collected from different engineered systems, such as activated 

sludge, sewage sludge, industrial and domestic discharge. The electron transfer between 

electrochemically active bacteria entrapped inside EAB and an electrode can be direct or 

indirect. Many bacteria such as Shewanella Oneidensis, Pseudomonas Alcaliphila, Pseudomonas 

Aeruginosa can produce their own redox mediators to aid the transfer [126].  

MFCs have been constructed using different materials with different configurations. Wide ranges 

of conditions have been tested for MFC operation such as different electron donor and acceptor, 

temperature, electrode surface areas, pH values, reactor size, and operation time [124, 127-133]. 
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Some of the MFCs types studied in the literature in terms of system configuration: single 

chamber MFC, double-chamber MFC [134], up-flow MFC [135] and stacked MFC [136].  

MFC has unique features, which makes it an attractive and advantageous technology more than 

others. (1) Conversion ability for chemical energy to electric current. (2) Present rich values at 

varying temperature conditions (from 20 to 40 °C). (3) External electrical source is not 

required in the operation of MFCs [134].  

	

Figure 1.9:	Bioelectricity production in MFC using mixed culture EABs [124]. 

1.5.2 EAB in microbial electrolysis cells (MECs) 

Hydrogen is considered a great fuel and energy source. Burning hydrogen does not contribute to 

greenhouse gas emissions, because its oxidation product is only H2O vapors. Over 96% of 

commercial H2 produced today comes from fossil fuels via steam reforming, thermochemical 

conversion (pyrolysis) and gasification [137]. MEC is a new technology for the production of 

hydrogen gas from organic matter, including wastewater [137]. 

In an MEC, electrochemically active bacteria oxidize organic matter and generate CO2, electrons 

and protons. Electrons are transferred to the anode by the bacteria and the protons are discharged 
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to the solution. The electrons then travel from the anode chamber to the cathode and combine 

with the protons in the solution as illustrated in Figure 1.10. However, in this process an external 

voltage supply is needed [137]. 

Many MEC reactor designs have been tested for generating H2 such as two-chamber [138], 

single-chamber [139] and continuous flow MECs [140]. In certain configurations, high 

efficiency of hydrogen conversion was achieved [137], which could eventually open the door to 

bacterial hydrogen production at a larger scale. 

Compared to MFCs, little is known about the microbial communities in MECs [141]. It was 

observed that microorganisms attach themselves to the cathode in an MEC, but to what extent 

they affected the operation and the productivity of the MEC is not clear [142, 143]. 

	

Figure 1.10:	Schematic of typical two chamber MEC [137].  

	

1.5.3 EAB for nanotechnology applications 

For the bacteria to survive in environments that have high levels of metals, they need to adjust 

themselves by evolving mechanisms to adapt with the environmental stress [144]. These 

mechanisms may involve altering the chemical nature of the toxic metal so that it no longer 

causes toxicity to the bacterial cell and allow it to survive and grow properly. This change in the 



	 40	

chemical nature is initially done for the remaining of the bacteria and, as a result, this mechanism 

leads to formation of metal nanoparticles [144]. Hence, the formation of the metal nanoparticles 

is literally an incidental by-product of a resistance mechanism against a specific metal, but has 

been gradually developed into an alternative way of producing nanoparticles [144].  

Temperature, synthesis time course, location of the synthesis (intracellular or extracellular), 

method of extraction and percentage synthesized versus percentage removed from sample ratio, 

all these factors play essential role in the biological nanoparticle production [144]. 

In the past decade, the use of bacteria, especially the use of bacteria grown in EABs for 

purposeful nanoparticle synthesis and modification has grown considerably. The following 

section reviews the recent development of the EAB assisted synthesis and modification of metal 

nanoparticles, bimetallic nanoparticle, metal oxide and graphene oxide reduction.  

1.5.3.1 Synthesis of metallic nanoparticles 

Microbial resistance to most toxic heavy metals is due to their chemical detoxification and 

solubility alternation [145]. Bacteria as a resistance mechanism can detoxify the metal ions by 

either reduction and/or precipitation of toxic soluble inorganic ions to non-toxic insoluble metal 

nanoclusters [146].  

Metals, and especially noble metal gains fascinating physical and chemical properties when their 

sizes are reduced to the nano or even sub-nano scale. Decreasing the size of the noble metal 

significantly increases the values of the metal [147]. Engineering of noble metal to solve issues in the 

environment has attracted a huge interest in the community [148-151]. 

Vastly available in the literature are both physical and chemical methods for the synthesis of 

metal nanoparticles with controlled sizes [152-155]. Developing high-yield, non-toxic and cheap 
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procedures such as biogenic synthesis is a great interest [156-160]. In comparison to 

conventional chemical and physical methods, bio-method especially EAB-based ones offer mild 

particle growth and in some cases delivers unexpected outcomes [123, 161-163].  

Geobacter Ferrireducens was reported to synthesize gold nanoparticle intracellularly in 

periplasmic space in the bacterial cell [164]. He et al. spotted extracellular formation of 

gold nanoparticles of 20 nm by the bacterium Rhodopseudomonas Capsulata. It was suggested 

that NADH-dependent reductase enzyme was responsible for the production of the nanoparticles 

[165].  

It was reported that palladium (Pd) nanoparticles were synthesized by Pseudomonas bacteria 

found at Alpine sites heavily contaminated with heavy metals [166]. Macaskie et al. reported that 

Escherichia Coli was capable of producing Pd nanoparticles with the help of hydrogenases 

enzymes found in the cells [167]. Lengke et al. reported the successful production of platinum 

(Pt) nanoparticles by filamentous cyanobacteria with diameters ranging from 30 nm to 0.3 µm of 

the particles [168].  

Silver (Ag) nanoparticles have great potenials because of the unique properties, which can be 

incorporated, in biosensor materials, composite fibers, and cryogenic super conducting materials 

[169-173]. Leuconostoc Lactis was reported to synthesize Ag nanoparticles particles with an 

average size of 35 nm [174]. Lakshmi Das reported that Ag nanoparticles with size range of 42-

92 nm were produced using Bacillus strain isolated from industrialized locations [175]. 

Among various bacterial species tested only four were found to have the capability to synthesis 

Ag NPs: LactoBacillus, Pediococcus Pentosaceus, Enterococcus Faecium and Lactococcus 

Garvieae [176]. 
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Synthesis of metal nanoparticles using bacteria was also extended to non-noble metal. It was 

reported that Selenite respiring bacteria such as Sulfurospirillumm Barnesii, Bacillus 

Selenitireducens and Selenihalanaerobacter Shriftii synthesized extracellularly stable uniform 

nanospheres selenium of diameter ∼ 300 nm [177].  

1.5.3.2 Synthesis of bi-metallic alloy nanoparticles 

In 2016, Liu et al. used EABs and synthesized called 3 D porous heteroatom-doped bio-Pd/Au 

reduced GO (DPARH) under both acid and alkaline conditions and the synthesized DRAPH 

showed excellent electrocatalysis performances. In this work, the bacteria were cultured and 

mixed in an anaerobic reactor initially with H2PdCl4 and then HAuCl4. Then graphene oxide was 

added to the media followed by a hydrothermal reaction to obtain the final electrocatalyst as 

shown in Figure 1.11 [178].  

The hydrothermal process in this reaction served for multiple objectives. (1) Carbonizing the 

bacterial cells, (2) Alloying Pd and Au nanoparticles, (3) Reducing GO, and (4) Functionalizing 

carbon supports [178]. Instead of using toxic surfactant, stabilizer, and chemical reducing agent, 

electrochemically active biofilm played an important role for the following:  reducing metal ions, 

serving as a supporting material and doping heteroatom. Because of its 3D porous structures, 

alloy nature, carbon support, and heteroatom doping, the DPARH showed an excellent electro 

catalytic activity as shown in Figure 1.11 [178].  
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Figure 1.11: (A) Formation mechanism for DPARH nanoparticles. (B) TEM image of as-prepared core/shell 

bacteria/PdAu (BPA) was further coated by graphene oxide (GO) to form a three-dimensional (3D) core/shell/shell 

bacteria/PdAu/GO hybrid biofilm (BPAGB). (C) 3D porous heteroatom-doped bio-PdAu/reduced GO (rGO) hybrid 

(DPARH) [178]. 

1.5.3.3 Synthesis of metal oxide nanostructures 

In 2011 cobalt oxide nanorods were successfully synthesized by Shim and his group, using gram 

negative Bacillus Subtilis EAB. The bacteria were used as soft templates without any further 

functionalization [179]. The crystallized cobalt oxide nanoclusters onto the surface of the 

bacteria had a diameter of 2 to 5 nm. This process happened through an electrostatic interaction 

between the functional surface structures of the bacteria and the cobalt ions [179]. 

The as-prepared bacteria/cobalt oxide hybrids were thermally treated at 300 °C for 12 h to have 

the bacteria completely decomposed. A total weight loss corresponded to 60% was noted after 

the treatment [179]. A pure inorganic cobalt oxide phase with nanorod structure was obtained at 

the end of the experiment as illustrated in Figure 1.12 [179-182]. 

A B 

C 
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Figure 1.12: (A) Schematic diagram of the bacteria-templated synthesis of the oxide nanostructures. SEM images of 

(B) the pure bacteria, (C) the bacteria/metal oxide rods, and (D) the hollow metal oxide rods [179]. 

1.5.3.4 Modifications of metal oxides 

Generally, the metal-oxide semiconductor based photo-catalytic reactions have some limitations 

because of their wide band gap. This requires high-energy radiation to activate the 

semiconductor, for example, TiO2 is active only to UV light, which represent only 5% of the 

total solar energy [183-185]. EABs have been shown to be a great tool to engineer the band gap 

of different metal oxides such as TiO2, CeO2, ZnO and SnO2 as shown in Figure 1.13 [186-190].  

Supposedly, when the EAB oxidizes carbon source, electrons and protons are produced, which 

then attack the metal oxide and produce some defects on the surface. These defects reduce and 

narrow the band gap of the metal oxide [186]. 

A 

B C D 
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Figure 1.13: Modifications of metal oxides (TiO2, ZnO, SnO2, and CeO2) using EABs [127]. 

Aansari in 2014 used EAB to narrow the band gab of SnO2. EAB biologically decomposed the 

carbon source and provided an excess of electrons and protons [127]. 

𝐻!𝐶𝑂𝑂! + 4𝐻!𝑂 + 𝐸𝐴𝐵𝑠 → 9𝐻! + 8𝑒! + 2𝐻𝐶𝑂!! 

The generated electrons and protons reacted with Sn4+ and the surface oxygen, after this 

interaction oxygen vacancies and defects of the SnO2 were created as illustrated in Figure 1.14. 

The decrease in the band gap of the modified SnO2 nanostructures and the enhancement of 

visible light absorption in photocatalytic and photo-electrochemical activities was induced by 

vacancies and the defects on the surface. Where they assisted the photo-excited electron–hole 

pair’s separation, and further elevated the performance of the photo catalyst [186].  

	

Figure 1.14:	The proposed mechanism for modification of the p-SnO2 nanostructure by the EAB [186]. 
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Figure 1.15:	(A) The mechanism of modifying CeO2, (B) Reaction steps involved for modification of the p-CeO2 

nanostructure by EAB [190]. 

Figure 1.15 shows that, Ansari applied the EAB and induced defects in the CeO2 nanostructure, 

resulting in enhanced visible light absorption by the modified CeO2 nanostructure [190]. In this 

work, by the EAB treatment, a decrease of Ce4+ and increase in Ce3+ in the nanostructure was 

noticed. The interaction of biologically produced protons with the surface oxygen atoms was 

believed to produce OH-, resulting in the formation of Ce-OH linkages. 

1.5.3.5 Synthesis of metal-metal oxide nanocomposites 

EAB was known to be capable of producing metal-metal oxide nanocomposite, such as Au on 

TiO2, Ag on TiO2, and Ag on SnO2 and Ag on ZnO [191]. This approach involves low 

temperature of 30 °C and the existence of a carbon source to serve as an electron donor. The 

proposed mechanism of these composites is illustrated in Figure 1.16 where the electrons 

produced by the EAB play crucial role in the reduction of the metal nanoparticle and anchor it on 

the surface of the metal oxide [192].  

A 

B 
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Figure 1.16: Synthesis of Au-TiO2, Ag-TiO2, and Ag-ZnO nanocomposites using EAB [192].  

To produce nanocomposite, EAB was used as a reducing tool without any harmful chemicals, 

capping or reducing agents, and without any external energy input [193]. 

Ag-TiO2 composite was successfully produced using electrochemically active biofilm. EAB-

generated electrons were accumulated into the conduction band (CB) of TiO2, making it highly 

charged with electrons before transferring to the Ag+ for its reduction to Ag0 at TiO2 surface. 

This process led to the formation of Ag-TiO2 nanocomposites as illustrated in Figure 1. 17 [193, 

194].  

	

Figure 1.17:	Synthesis of Ag-TiO2 nanocomposite by electrochemically active biofilm [191].  
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1.5.3.6 Reduction of graphene oxide 

Graphene is a form of carbon one Atom thick planar sheets. The atoms are arranged in a 

honeycomb-shaped lattice. The monolayer of graphene was successfully isolated by Geim and 

Novoselov in 2004 via mechanical exfoliation using Scotch tap method. Many remarkable 

properties of graphene have since been reported,it has  a large theoretical specific surface area of 

2630 m2 g− 1 , optical transmittance ~97.7% , high intrinsic electron mobility ~200,000 cm 2 v− 1 

s− 1 , and thermal conductivity ∼ 5000 Wm− 1K− 1 .[195-197] . However, In light of the challenges 

of producing pristine and defect free graphene, graphene oxide (GO) has recently attracted a lot 

of research interest in various fields as low cost surrogate to graphene.  

GO is a compound of carbon, oxygen, and hydrogen in variable ratios, acquired by 

treating graphite with strong oxidizers [198, 199]. 

The most attractive advantage of GO is that it can be prepared in a large scale and at a large 

quality in a solution based process, which is especially true with the improved Hummers method.  

Recently, GO has been recently adopted in many microbial systems and other environmental 

applications to improve their performance by taking advantage of the unique properties of 

graphene such as biocompatibility, great electrical conductivity, chemical inertness, high surface, 

among others [200-203]. 
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Figure 1.18: Illustration of biological reduction of graphene oxide [204]. 

In 2010 Salas was able to use EABs to reduce GO biologically in an aerobic reactor by 

employing the generated extracellular electros as shown in Figure 1.18. 

 In this work, Shewanella Oneidensis MR-1 was incubated with GO thin films. This was done to 

test the capability of bacteria to reduce GO films. The performance of the treated film was found 

to increase (red curve) by 103-104 over the starting GO material (black curve) as shown in Figure 

1.19. After 24 hours of treatment, a black precipitate of the GO was noticed in the sealed reactor 

and the produced was confirmed to be reduced GO (rGO) [204, 205].   

	

Figure 1.19: Conductance plots of GO films before and after incubation with the shewanella bacteria [200]. 



	 50	

1.6 Aims and scopes of the dissertation  

Through the review of the recent studies, we came to the belief that EAB has a great potential for 

the synthesis of different nanomaterials that can be applicable for environmental applications. 

The structure of this dissertation is as follows:	

Ultra-small nanoparticles of metals (USNPs) have attracted the attention in a wide range of fields 

[152]. Many chemical methods of synthesizing USNPs are reported with the use of different 

capping agents and ligands, which are considered crucial for the synthesis process [206, 207]. So 

the research question remains, can we get USNPs with the assistance from electrochemically 

active biofilms? And will the bacteria be able to synthesize USNPs of metal without the use of 

any hazardous and toxic chemicals? This was the motivation for the first research project.  

In chapter 2, using a stable EAB and under mild conditions, platinum, palladium and gold 

nanoparticles with ultra-small nanoparticle size were synthesized and characterized to ensure the 

formation and the size distribution of the produced particles. The biologically produced USNPs 

efficiency were tested as a catalysts to accelerate a degradation reaction for methyl orange dye.   

In chapter 3, we were motivated to study the possibility of using EAB to synthesize 2D cobalt 

nanostructure. The research question was: could electrochemically active bacteria produce 

different nanomaterials structure other than the metal nanoparticles, such as 2D thin film 

nanosheets of metals? Chapter 3 discussed the formation of 2D cobalt nanosheet in the presence 

of EAB. In this chapter, we showed how this formation of this 2D structure was pH and 

concentration dependent. The effect of the reaction time on the structure of the final 2D materials 

was also studied. 

In chapter 4, USNPs of noble metals were reduced and decorated on the internal surface of TiO2 

nanotubes with the help of EABs. In order to make the TiO2 NTs/metal composite an effective 
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photocatalyst, the synthesized USNPs have to be inside the TiO2 NTs to have more robust 

contact. Therefore, the research question was: can we push the USNPs into the internal tubes of 

TiO2? This question was successfully answered in the chapter and the synthesized TiO2 

NTs/metal composite showed significantly improved photocatalytic performances.  

Chapter 5 summarizes the major conclusions of this dissertation and presents some future 

perspectives. 
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 Synthesis of Ultra-small Platinum, Palladium and Gold Chapter 2.
Nanoparticles by Electrochemically Active Biofilm and Their Enhanced 

Catalytic Activities  

2.1 Introduction 

The catalytic activity of nanoparticles (NPs) represents a rich resource for chemical processes, 

employed in both industry and academia. NPs have applications in diverse fields, including 

energy conversion and storage, chemical manufacturing, biological applications, and 

environmental technology [1]. The great interest in catalysis using nanomaterials has prompted 

the synthesis and investigation of diverse NPs [2]. Synthesizing metal nanoparticles with 

controlled compositions, sizes, shapes, and structures have been deeply studied in the past [3]. 

NPs of noble metal gained huge attention from scientists in the past decade due to their broad 

applications in catalysis, sensing, biomedical diagnosis and therapy, energy storage and 

conversion [4]. However, their practical applications are limited due to important reasons such as 

their expensive cost and their limitation and scarcity on the earth.  Boosting their catalytic 

performance to reduce their usage amount is a great solution and a promising strategy to solve 

these problems. A great research effort has been dedicated to synthesize size, composition, and 

shape controlled noble metal nanoparticles during the past two decades [5]. 

For the particle size perspective, gold provides an attractive example. Haruta and Hutchings 

discovered remarkable catalytic properties of gold nanoparticles in their innovative works, after 

gold was considered chemically non active for ages [6, 7]. However, after that great discovery, 

gold nanoparticles showed excellent activity in different reactions such as low-temperature CO 

oxidation, C–C bond formation and selective hydrogenation and oxidation. The size of gold 

particles is important in determining the activity of the particles; e.g., only < 5 nm particles are 

active in the low-temperature CO oxidation, and by decreasing the particle size the performance 
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enhances [8, 9]. Ultra-small nanoparticles (USNPs) can be defined as a class of nanomaterials 

having size of 1-10 nm and they show unique physicochemical proprieties, often different from 

large NPs of the same material [10-12].  

USNPs fall between complete molecular dispersions and large-sized nanoparticles (NPs). This 

size range provide it with an intermediate structural, optical [13], electrical [14], catalytic [15], 

and magnetic properties [16]. Especially, noble metal USNPs such as gold, silver, palladium and 

platinum show attenuated surface plasmon resonance and exhibit molecular-like optical 

properties due to loss of their metallic properties [17, 18]. 

USNPs of metals have been recently investigated significantly because of their attractive 

proprieties in many areas such as biomedicine including drug and gene delivery, diagnostic tool, 

imaging agent in therapy, biomarker in the pharmaceutical field [19-23], catalysis and 

semiconductor development [24-27].  

Existing in the literature are many solution-phase-based chemical synthesis methods for noble 

metal nanoparticles, including reduction, thermal decomposition, and sol-gel processes, which 

are widely and popularly used because of their simplicity and reproducibility in the synthesis of 

uniform NPs with highly controllable sizes [28], shapes [29], and compositions [17, 30-33]. 

 In order to synthesize stable noble metal nanoparticles, the conventional methods use various 

capping agents and ligands in the process of the production such as polyvinylpyrrolidone (PVP), 

thiol, ethylene glycol (EG) and pMBA [17, 34, 35].  

Surface ligands play a very important role for the synthesis of nanomaterials where they can 

control the size and shape of nanoparticles during synthesis. Also they can serve as a template 
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for the synthesis, shelter the nanoparticles from oxidation, and inhibit leak into the immediate 

solution [9, 36-38].  

In biomedical field where nanoparticles are used such as drug delivery, during the particles 

circulation ligands prevents interactions of nanoparticles with proteins. However in the target 

site, the ligands are usually involved in binding specific proteins and inducing cellular uptake.  

Since most nanoparticles are synthesized in organic solvents, the initial hydrophobic ligands 

exclude aqueous suspendability but promote agglomeration [38, 39].  

Among all noble metals, Au USNPs have been synthesized using various methods [40-42]. 

Uniform sized Au USNPs of 3-6 nm were produced chemically by the reduction of Ph3PAuCl 

with highly toxic diborane gas as a reducing agent [43]. To make the conditions milder, the 

procedure was altered to use NaBH4 for the reduction and triphenylphosphine to passivate the 

particles [44].  

Brust and Schiffrin established an easier synthesis method for thiol-stabilized Au NPs by using 

NaBH4 in the presence of dodecanethiol ligand, to produce Au NPs with diameters of 6 nm [17, 

45].	 Thiol-stabilized Au NPs were obtained by exchanging phosphine-stabilized Au particles 

with thiols [46].		

The synthesis of Pd USNPs has been reported by hydrogen reduction of Pd (II) acetate in acetic 

acid in the presence of imidazolium-functionalized bipyridines. By means of a simple redox-

controlled method, and 3-6 nm sized Pd USNPs were obtained [47]. Ultra-small alkylamine-

capped palladium nanoparticles with size 10nm were synthesized using hexadecylamine (HAD) 

as stabilizing material [48]. 
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The simple synthesis of USNPs of Pt were also reported in the literature [49-51]. One method 

involved the reduction of simple alcohols in the company of PVP as a protective polymer [52]. 

The room temperature synthesis of monodisperse Pt USNPs of 6 nm stabilized with peptides was 

described in aqueous solution, with the peptides regulating the nucleation rates [53]. 

In summary, there are a myriad of chemical synthesis methods available in literature to synthesis 

UNSPs especially of metal. However, all of them involves intensive use of chemical agents [17, 

54, 55]. Furthermore, adding surfactant, polymeric stabilizer, capping agents, and reducing 

agents complicate the synthesis process and makes it environmentally unfriendly and severely 

limit their activity as catalysts [56-58].  

As discussed in Chapter 1, there are many organisms, such as bacteria, fungi, and yeast, which 

possess the ability to synthesize metal nanoparticles and thus have the potential to be exploited 

further in synthesis of ultra-small nanoparticles. Biological approach to nanoparticles synthesis 

using microorganisms would seem to have clear benefits [59-62].  

Bacteria are generally preferred for the production of nanoparticles over eukaryotic 

microorganisms due to ease of handling, easy genetic manipulation. Also the study that can be 

done on one bacterium can be easily extrapolated to others. Bacteria are plentifully present in the 

environment and have capacity to adjust to life-threatening conditions; they grow fast, and 

inexpensive to cultivate with growth conditions such as temperature, oxygenation and incubation 

time being amicably controlled [63-65].  

Through a literature review of the recent studies on electrochemically active biofilms, it is 

believed that EAB has a great potential to be a platform for metal nanoparticle synthesis. 
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EAB-assisted nanoparticle synthesis involves less chemical usage and mild synthesis conditions 

that should be amicable to biofilm residing bacteria, and the products depend only on bacteria’ 

respiration pathway [17, 63, 66, 67]. 

However, looking into the literature, it was found that the papers on the synthesis of ultra-small 

nanoparticles of metals using a single strain bacteria was not widely investigated. The mixed 

bacterial culture was extensively seen and used in metal nanoparticle synthesis where it was 

difficult to identify the bacterial strain that actually played the role in the metal reduction.  

In this work, a single bacteria strain, Shewanella loihica PV-4, was used to investigate its 

capability of synthesizing UNSPs of noble nanoparticles. The results show that Shewanella EAB 

led to successful synthesis of Au, Pd, and Pt USNPs and processed high catalytic activities. The 

concentrations of metal precursors and the pH of the synthesis systems were carefully examined 

in the context of size distribution of the synthesized UNSPs.  

2.2 Experimental methods 

2.2.1 Bacterial strain and growth conditions  

In this experiment single strain of Shewanella Loihica PV-4 was used. The 

genus Shewanella was first explored two decades ago [68]. They are facultative anaerobic, gram-

negative, motile by polar flagella, rod-like, and they are usually linked to aquatic habitats. S. 

loihica PV-4 was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen 

(DSMZ) bacterium collection under the number DSM 17748. The strain was received freeze-

dried and stored as a powder where the bacteria were in a dormant condition.  A standard 

procedure was followed to activate the growth of the bacteria as illustrated in Figure 2.1. In more 

details, the glass ampoule from the secondary packaging was first removed. The glass ampoule 

double vial was sealed under vacuum. For this part of the preparation a benzene burner (butane/ 
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propane power gas torch, Twister plus PZ, 204189) was used to heat the tip of the ampoule in a 

flame to sterilize the tip, followed by placing three drops of water onto the tip to crack the glass. 

The tip of the glass was then carefully stroked off with a	 forceps, the insulation material was 

removed, and the inner vial was taken out. The cotton plug was lifted using a sterilized forceps 

and the top of the vial was heated using the flame to ensure sterility of the sample. An aliquot of 

0.5 mL of luria-bertani (LB) medium was added into the strain, followed by placing the cotton 

cap back to allow the pellet to rehydrate for 30 minutes. In the end, the content was mixed gently 

with an inoculation loop.  

	

Figure 2.1: Opening of ampoules and rehydration of dried culture. (A) Remove the glass ampoules from the 

secondary packaging, (B) heating the tip of the ampoules with flame, (C) water the tip of the ampoules to crack it, 

(D) strike the tip to break it, (E) lift the cotton plug using forceps, and (F) add the specified medium to the strain. 

To preserve the cultured strains for long term, a glycerol solution was used (SHBF 4780V, 

Sigma-Aldrich). It is noteworthy that the bacteria on the LB and agar plates were able to be 

stored at 4 ◦C for a few weeks. However, if the bacteria were to be stored for longer time, 
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glycerol-bacteria stocks were needed. Glycerol stabilizes the frozen bacteria and hinders the 

damage to the cell membrane and keeping the cells alive.  

To prepare the glycerol-bacteria stocks, the absolute glycerol was first diluted with DI water to 

50% in a separate bottle For storing the bacterial strains, 1 ml plastic vial was used that could be 

stored in a low temperature freezer. An aliquot of 500 uL of the prepared 50% glycerol was 

added to 500 uL of the cultured bacteria in LB already in the vial and the vial was shaken slowly 

to ensure a homogeneous mixture. The prepared glycerol-bacteria strain stocks were then 

preserved and stored in a -80 ◦C freezer, which they could stay stable for years. 

Every time when a new experiment was initiated, a vial was taken out of the freezer to recover 

the bacteria from the glycerol stock. In more details, the tube was opened by using a sterile loop, 

some frozen bacteria was scraped off of the loop which was then cultured in a fresh LB media 

overnight before direct use and growth of the biofilm.  

2.2.2 Preparation of EABs  

2.2.2.1 Preparation of the nutrient media for EAB growth 

Further growth of the bacteria to produce EAB was preceded in a nutrient medium with a recipe 

(Table 2.1) in a literature report, which used S. loihica PV-4 as a bacterial source for iron 

biomineralization [69].   

The nutrient medium was sterilized using an autoclave (Yamato High Pressure Steam Sterilizer, 

SQ 500/510) whose procedure included a temperature of 110 ◦C and pressure of 0.3 MPa to 

ensure that there was no cross-contamination in the media.   
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Table 2-1: Chemical composition of the prepared nutrient medium for EAB growth  

Chemical Amount/per 
liter 

Chemical source 

NaHCO3 2.5 g sigma aldrich 

CaCl2 · 2H2O 0.08 g sigma aldrich 

NH4Cl 1.0 g sigma aldrich 

MgCl2 · 6H2O 0.2 g sigma aldrich 

NaCl 10.0 g sigma aldrich 

HEPES 7.2 g sigma aldrich 

Yeast extract 0.5 g fisher scientific 

 

In a separate bottle trace minerals solution was prepared (per liter) as the following 

concentrations: 1.5 g of nitrilotriacetic acid, 0.2 g of FeCl2 · 4H2O, 0.1 g of MgCl2 · 6H2O, 0.02 

g of sodium tungstate, 0.1 g of MnCl2 · 4H2O, 0.1 g of CoCl2 · 6H2O, 1 g of CaCl2 · 2H2O, 0.05 

g of ZnCl2, 0.002 g of CuCl2 · 2H2O, 0.005 g of H3BO3, 0.01 g of sodium molybdate, 1.0 g of 

NaCl, 0.017 g of Na2SeO3, and 0.024 g of NiCl2 · 6H2O [69].  

In another one liter bottle, vitamin solution was prepared and the concentration of the chemicals 

mentioned as the following (per liter): 0.02 g of biotin, 0.02 g of folic acid, 0.1 g of 

B6 (pyridoxine) HCl, 0.05 g of B1 (thiamine) HCl, 0.05 g of B2 (riboflavin), 0.05 g of nicotinic 

acid (niacin), 0.05 g of pantothenic acid, 0.001 g of B12 (cyanobalamine) crystalline, 0.05 g of p-

aminobenzoic acid, and 0.05 g of lipoic acid (thioctic) [69]. 

In the last step of the media preparation and before sterilizing 10 ml of the trace metal solution 

and 1 ml of the vitamin solution were added to the nutrient media. After that the media was 

properly sterilized using autoclave, then they were stored in a 4 ◦C fridge before use.  
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2.2.2.2 Preparation of the bioreactor 

To prepare the bioreactor for EAB growth, 100 ml glass bottles were chosen (Duran Laboratory 

glass bottles, 167304245) as the containers. As a support for the biofilm to grow on commercial 

carbon papers were used (Fuel cells ETC 6354706) and the carbon papers were cut into  uniform 

pieces of (2 × 3 cm) using a sharp cutting knife.  

The dimension choice of the cut carbon pieces was so to fit them in to the glass bottle bioreactor. 

The carbon paper was hanged from the top of the bottle cap by a wire and the height of the 

carbon paper inside the bioreactor was adjusted so that it was disturbed by the magnetic stirrer bar 

placed inside the bioreactor to provide continuous mixing throughout the experiment. 

2.2.2.3 Growth of electrochemically active biofilm 

The bioreactor was first filled with 88 ml of the sterilized nutrient media discussed in Table 

2.1, then 1 ml of 10 mM sodium Lactate (BCBB 3105, Sigma-Aldrich) as electron donor and 1 

ml of 10 mM sodium fumarate (17013-01-3, Sigma-Aldrich) as electron acceptor. Lactate and 

fumarate were added directly from a previously prepared stock solution of 1 M to the nutrient 

media in the bioreactors.  

The solution was mixed very well to get a homogeneous mixture using a magnetic stirring bar 

placed inside of the bottle, which was in turn placed on top of a magnetic panel. The solution in 

the bioreactor was initially purged with nitrogen gas for 30 minutes to expel all the dissolved 

oxygen to maintain anaerobic conditions. The bacteria was added right before putting the 

bioreactor inside a constant-temperature chamber. An aliquot of 10 mL of S. loihica PV-4 

single strain inoculum with optical density (O.D.) of 2, which was in nutrient media, was added 

to the bioreactor.  
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The optical density of the bacteria was measured using UV-Vis (Shimatzu-2550) at 600 nm 

wavelengths. After the rapid addition of the bacteria solution to the nutrient media in the 

bioreactor, the carbon paper was hanged from the top of the bottle and inside the bottle. The 

bottle was filled to 100 mL to make sure that the carbon paper was fully immersed in the media 

as illustrated in Figure 2.2. 

The carbon paper was quickly immersed into the media and the bottle was tightly sealed to 

insure that there was no oxygen infused into the solution. The medium was continuously stirred 

for one week, by the end of which a living EAB would have developed on the surface of the 

carbon paper. The activity of the bacteria in the EAB was confirmed by cyclic voltammetry 

(CV).  

	

Figure 2.2: Schematic growing procedure of EAB on the surface of carbon paper. 

 

The EBA growing experiments were conducted in a homemade, customized chamber as shown 

in Figure 2.3. The chamber could fit up to 25 bioreactor at one time. The magnetic panels were 

placed inside the chamber and the bioreactors were placed on top of the panels.  
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The chamber had 2 light bulbs inside of the box to generate heat and there was a temperature 

sensor inside the chamber to monitor the chamber temperature. The temperature of the chamber 

was automatically maintained at 30 ◦C all of the time. The light bulbs switched off when the 

chamber temperature exceeded 30 ◦C and brought back on again when the temperature was just 

below 30 °C. The bioreactors inside the chambers were not connected to any external electrical 

circuits or devices as it can be seen in Figure 2.3. 

	

Figure 2.3: Digital picture of the homemade temperature controlled chamber for EAB growth. 

2.2.3 Synthesis of Pt, Pd and Au nanoparticles by EAB 

2.2.3.1 Preparation of the metal precursor solutions 

In this work, chloroplatinic acid (hydrate (≥99.9% trace metals basis H2PtCl6. xH2O, Sigma-

Aldrich) was used as the precursor to platinum USNPs. Palladium (II) chloride (PdCl2 99%, 

Sigma-Aldrich) was used as the precursor to palladium USNPs and Gold (III) chloride (99%, 

AuCl3, Sigma-Aldrich) was used for the gold nanoparticles synthesis.  
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The metal precursor was prepared in separate reactor by using 100 ml glass bottle (Duran 

Laboratory glass bottles, 167304245). The metal precursor solution of 1 mM was first prepared 

in the reactor by using only deionized (DI) water (Milli-Q, resistivity of 18.2 MΩ•cm at 25 ◦C) 

and 1.0 ml stock solution of sodium lactate was added as the electron donor to each reactor then, 

followed by mixing for 30 minutes. The prepared precursor solution was purged with nitrogen 

gas for 30 minutes to ensure an anaerobic condition. The original pH of each metal was 

measured before and after the addition of sodium lactate (Thermo Scientific, Orion 5 star pH 

meter).  

To investigate the effect of pH on the nanoparticle synthesis, a set of the precursor solutions with 

different pH values of 4, 7 and 9 were prepared for each metal. The pH was adjusted using 

diluted HCL of 0.01 mM and NaOH of 0.01 mM and the addition of the acid and base solution 

was conducted slowly in a dropwise manner under continuously gentle stirring. And to study the 

pH of each solution we used. The concentration of the metal precursor was varied in this study at 

different concentrations 0.5, 1 and 5 mM. 

2.2.3.2 EAB assisted ultra-small nanoparticles synthesis 

In order to produce the ultra-small nanoparticles, the carbon paper with the EAB prepared 

previously on its surface was carefully transferred out of the first bioreactor (namely, the EAB 

growth bioreactor which contained the nutrient media) and directly put into the second rector that 

contained the metal precursor solution. The reactor was then tightly sealed and placed in the 

same temperature controlled chamber with the stirrer bar stirring the solution inside the reactor. 

After 48 hours of continuous stirring of the precursor solution, the synthesized nanoparticles 

were collected (to be discussed). A clear color change was noticed before and after the 49 hours 

reaction for all metal precursor solutions. 
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Control experiments were conducted in different reactors using the same metal precursor and 

sodium lactate biofilm the absence of the EBA to confirm the role of the EBA to produce the 

nanoparticles.  

2.2.3.3 Collection, cleaning and separation of the USNPs 

The produced USNPs of the noble metals were collected by centrifuging the solution containing 

the particles at 13,500 RPM (round per minute) for 20 minutes (Thermo scientific, sorvall 

Legend XT centrifuge). The supernatant was carefully emptied out and the precipitate solid was 

mixed with acetone (≥99.9%, Sigma-Aldrich) for 5 minutes following by centrifuging at 13,500 

RPM for 20 minutes. The supernatant was emptied out and 10 mL of ethanol (≥99.8%, Sigma-

Aldrich) was used then to clean the USNPs. The final solutions of the particles in ethanol were 

stored in a 4 ◦C fridge before further use.   

It is worth mentioning that, before disposing the used carbon papers, a proper cleaning procedure 

should be exercised to eliminate any biohazard. In our work, the used carbon papers were soaked 

in spent ethanol solvents for 24 hours before the final disposal.  

2.2.4 Dye degradation experiment 

The as-synthesized metal USNPs were tested for their catalytic activity to accelerate the 

degradation of a synthetic dye methyl orange (C14H14N3NaO3S, Sigma-Aldrich). A calibration 

curve was first prepared for the dye with a set of different concentrations:  0.01, 0.03, 0.05, 0.07, 

0.01, 0.12 and 0.15 mM.  Figure 2.4-A presents the UV-Vis spectra of the dye within 300-600 

nm wavelength ranges under the different concentrations. The absorbance at wavelength of 468 

nm was chosen to make the calibration curves, which is presented in Figure 2.4-B. As can be 

seen, a linear relationship was observed between the dye absorbance and its concentration, with 
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R2 being 0.998. Absorption spectrum (UV-Vis) for the dye before and after the addition of the 

USNPs were conducted to measure the degradation rate of the dye. 

	

Figure 2.4:  (A) Methyl Orange UV-Vis using different concentrations of the dye. (B) Methyl Orange calibration 

curve using different concentrations of the dye. 

In conducting dye degradation experiment, a 50 µL of the stock solution of methyl orange dye 

with 0.15 mM concentration was transferred to a 5 ml glass bottle, followed by adding 1.0 ml DI 

water. 100 µL sodium tetrahydridoborate (NaBH4) with a concentration of 0.1M was then added 

to the solution as reductant. And this process was used as a control without the addition of the 

metal nanoparticles.    

Another control experiment was conducted using gold, palladium and platinum nanoparticles 

with larger particle, these particles were produced using conventional chemical methods they 

were used to compare the efficiency of our biologically produced metal USNPs in term of dye 

degradation. The chemical methods of the gold, palladium and platinum nanoparticles were from 

the literature [70].  

 

B A 
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To chemically synthesize the Au nanoparticles, 10 mL of EG (Sigma-Aldrich), 10 mL of 0.375 

M PVP, 6 mL of 0.0625 M HAuCl4, and 0.55 g of NaBH4 were used. To begin with, HAuCl4 

precursor and PVP were added in the flask gradually and mixed using a stirrer bar. Then EG was 

added to the mixture rapidly afterward NaBH4 was added to the solution. Typically, the reduction 

of AuCl4 by EG and NaBH4 occurred for a short time of 10-30 min. 

The resultant mixture was heated and refluxed at 200-220 ∘C in an oil bath. Before the addition 

of the metal nanoparticles to the dye solution, the metal nanoparticle dispersion was sonicated at 

power of 80W for 10 minutes to assure a homogeneous solution. Figure 2.5 show scanning 

electron microscopy (SEM) images of the chemically produced large nanoparticles. 

The dye degradation experiment was done first without the use of any particles. Then we tested 

the efficiency of the large metal particles as a catalyst to degrade the dye. And finally the USNPs 

produced by the bacteria were tested for the MO dye degradation.  

Once the USNPs were tested, an aliquot of 100 uL (0.3 mg/mL) of the as synthesized 

nanoparticle solution was added to the prepared dye solution containing NaBH4. This 

concentration was calculated using ICP-OES analysis after dissolving the sample in a mixture of 

30% HCL and 70% nitric acid. An immediate color change would be observed as soon as the 

metal nanoparticles were added to the dye solution. A UV-vis absorbance was measured at 468 

nm wavelength. 
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Figure 2.5: (A) Gold metal large particles, (B) Palladium metal large particles, and (C) platinum metal large 
particles. 

	

2.3 Material characterizations  

Scanning Electron Microscopy (SEM) was used (FEI Instruments) to characterize the surface 

morphology of the carbon paper and the carbon paper covered by the EAB. In conducting SEM 

observation, the sample was fixed using 3% of glutaraldehyde in cacodylate buffer (pH ~6.8) as 

a fixative. The fixation was done overnight to ensure a complete infiltration of the fixative into 

the sample matrix.  

The purpose of this operation was to get clear images of the bacteria on the surface without 

damaging the structure of the bacteria. The fixation was then followed by dehydration where the 

sample was rinsed with the fresh buffer (no fixative added) for three times first, rinsed then by 

ethanol solution (50%), left idle for 15 minutes, and then used the ethanol solution with higher 

concentration. The ethanol in this step was increased step wise with 10% as interval.  

Once being placed in the fixative, the samples could be stored in a refrigerator before 

measurements. As it is known that shrinkage and collapse of surface structures due to the effects 

of surface tension can be a problem if biological samples are air dried directly following 

dehydration. Therefore, in our work, a chemical drying agent, hexamethyldisilizane (HMDS) 
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was used to dry the samples chemically. The HMDS evaporated, leaving the sample ready for 

sputter coating and imaging in the SEM.  

Transmission electron microscopy (TEM) was used to study the morphology, crystal structure, 

and the elemental distributions of the USNPs samples. TEM analysis of the samples was 

performed using a TitanG2 80-300 CT from FEI Instruments that was equipped with a field-

emission-gun and a GIF Tridiem863 energy-filter from Gatan, Inc. Moreover, the analysis was 

conducted by operating the microscope with beam energy of 300 keV. Several low- and high-

resolution electron micrographs were acquired from various locations. Before the TEM analysis, 

the samples were prepared by diluting 250 µL of the nanoparticle solution in 750 µL ethanol 

then sonicated for 5 minutes to insure the homogeneous solution and prevent any aggregation.   

The UV−Vis adsorption spectrum was recorded on a spectrophotometer (Shimadazu, UV 2550), 

using DI water as a reference.  

The electrochemical activity of the EAB formed on the carbon paper was investigated using 

cyclic voltammetry (CV) measurement. CV is a strong tool to detect the activity of EABs. The 

CV analysis was performed by Autolab Potentiostat, using a standard three-electrode system, 

with Ag/AgCl (saturated KCl) as the reference electrode, Pt mesh as the counter electrode and 

the EAB formed on the carbon paper as the working electrode. The artificial media (Table 2.1), 

containing 10 mM sodium Lactate was used as the electrolyte during the CV measurements. The 

scan rate used was 5 mV/ S and the bias range was -0.8 V to 0.2 V.   

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advanced A25 diffractometer 

equipped with a Cu X-ray tube (Cu Kα; λ = 0.154 nm) operated at 40 kV and 40 mA from 30 to 

80 degree.  
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2.4 Results and discussions  

2.4.1 Bacteria preparation  

There are 32 recognized Shewanella species in the literature and they are typically isolated from 

a variety of sources. Shewanella gained a huge attention due to their diverse respiratory 

capacities, demonstrated by their capacity to employ a wide range of terminal electron acceptors, 

including oxygen, nitrate, metals and sulfur compounds and their ability to degrade pollutants 

such as petroleum [71-75].  

Because of their extracellular electron transfer (EET) properties, Shewanellaceae has been 

included in the group of electroactive bacteria. With respect to other well-known EAB-forming 

bacteria, such as Geobacter sp., Shewanella sp. has a more flexible metabolism due to the fact 

that it is a facultative strain and can grow on many substrates. Shewanella sp. have abundant 

multi-heme cytochromes on the outer membrane that enables direct electron transfer (DET) to 

the electrodes, but also produce redox mediators that facilitate mediated electron transfer (MET) 

[76-81].  

Also, this work chose S. loihica as a bacterial source because of its easy handling in lab, simple 

culturing nature, and the simple chemical needed for its growth. As we mentioned earlier, 

sodium is an essential element for Shewanella.  

In preparation of the growth medium for Shewanella, sodium bicarbonate, sodium chloride, 

ammonium chloride, sodium chloride are all very important components.  

HEPES is necessary in the cell culturing because it maintains physiological pH despite changes 

in carbon dioxide concentration. Also necessary vitamins and other supplements were supplied 

in the culturing media prior to the incubation in this work.  
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In our experiment, the preservation and storage of the bacteria was conducted in -80 oC where 

glycerol was used as a preserving agent. The addition of glycerol stabilizes the frozen bacteria, 

and keeps the bacteria in a dormant condition until the desired activation. 

Every time when a new experiment was started, a new stock tube was taken out of the -80 ◦C 

freezer and kept out in the room temperature for 10 minutes to defreeze. The most important 

factor in proper activation the bacteria is to make sure that the conditions are always sterile so 

extra cares were exercised during the entire process since the smallest contamination during the 

bacteria preparation might affect the entire experiment later on.  

To confirm the viability of the prepared bacteria, a loop was used to stick the bacteria on an agar 

plate, which was then incubated for 48 hours. As can be seen clearly in Figure 2.6, a pinkish 

colony grown on the surface was clearly visible, which is in a good agreement with the literature 

[82, 83]. The produced colonies could be seen from both the front and back side of the agar 

plate. The bacteria were also grown in a liquid LB media followed by incubation for 2 days to 

have an enriched growth. 

	

Figure 2.6: Digital photos of the cultured bacteria on the surface of agar plate seen from the front and back side. 
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2.4.2 Biofilm preparation 

During the preparation for the electrochemically active biofilm, attentions were paid to storage of 

the nutrient media. All media including nutrient media, lactate and fumarate stock solutions were 

always sealed, covered and stored in a 4 ◦C fridge.  

As to the composition of the growth media for EAB in our experiments, first, the nutrient content 

is essential for the bacterial need to survive and grow. Secondly, trace metal, minerals, vitamins 

and energy source are indispensable components as well.   

It was also noted that a successful growth of EBA was very sensitive to the temperature of the 

incubator. In our experiments, the lamp in the homemade temperature-controlled chamber busted 

during the EAB growth period and the growth of the EABs was unsuccessful.   

To optimize the choices of electron donor used in this work, sodium acetate was tested first and 

it was found that the growth of the EAB was unsuccessful with sodium acetate. It was reported 

that succinate was produced in the process (Equation 2.1) when acetate was used as an electron 

donor and the differences in acetate metabolism may explain why Shewanella and other 

facultative anaerobic heterotrophs are unable to oxidize acetate under energy-constrained 

conditions [84]. 

𝐶𝐻!𝐶𝑂𝑂! + 𝐹𝑢𝑚𝑎𝑟𝑎𝑡𝑒 + 𝐻! + 2𝐻!𝑂 → 𝑆𝑢𝑐𝑐𝑖𝑛𝑎𝑡𝑒 + 𝐶𝑂!     (Equation 2.1) 

D-glucose was next experimented to test its suitability as an electron donor for Shewanella. 

D-glucose, also known as dextrose, is a primary energy source for many living organisms [85]. 

It is a simple sugar monosaccharide having two isoforms, alpha and beta (C6H12O6). In this work, 

using D-glucose as an electron donor for the S. loihica PV-4 bacteria unfortunately did not show 

a successful growth either. We assume that the bacteria could not digest or oxidize this 

compound as electron donor.   
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Sodium lactate was then examined as a potential electron donor for Shewanella. Sodium lactate 

generally is produced by fermentation of a sugar source, such as corn or beets.  

It turns out that S. loihica have the ability to oxidize and digest sodium lactate, and therefore 

sodium lactate was selected as electron donor in this experiment. It is still not very well 

established why S. loihica can only consume sodium lactate as electron donor.  

In incubating the bacteria to grow EAB, we noted that sealing of the bioreactor was a very 

important factor. It was found that if the bioreactor was loosely capped and not sealed tightly 

enough, the growth of the biofilm was be adversely affected. An air-tight sealing of the 

bioreactor leads to a total anaerobic condition inside, which is crucial to a successful EAB 

formation.  In getting a total anaerobic condition, nitrogen purging was applied before sealing 

any bioreactor in our experiments.  

In addition, hanging the carbon paper inside the bioreactor as a substrate for EAB to grow on 

also deserves special care. In one of our trials, we initially used a metal wire with a clip at the 

end to attach it to the carbon paper as shown in Figure 2.7-A. It was quickly noticed that the clip 

started corroding and some pieces of the clip fell into the media inside the bioreactor. Therefore, 

we switched to use a titanium wire. In more details, a small hole was made in the cap of the 

bioreactor and the wire was inserted to the inside of the bioreactor through the hole.  
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Figure 2.7: (A) Digital photo of a corroded clip; (B) cap of the bioreactor sealed using the epoxy glue after inserting 

the wire, (C) epoxy glue used to seal the cap. 

A piercing was conducted to the top of the carbon paper using the wire in order to hang the 

carbon paper inside of the reactor. After adjusting the length of the wire, an epoxy steel glue was 

used to seal the hole in the cap completely and the glue was placed only on the outside surface of 

the cap. The glue was let dry completely before using the bioreactors for EAB growth. The 

bioreactor was kept mildly agitated by magnetic stirrer whose size was so that the stirrer did not 

disturb the end of the carbon paper inside the growth media in the bioreactor.  

2.4.3 Characterization of the EAB  

																									 	

Figure 2.8:	Digital photo of (A) plain carbon paper, (B) carbon paper with successful EAB growth on the surface.	

 

         

A C B 

    

A B 
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Nickel mesh was first tested at the beginning of the EAB growth experiments to see its suitability 

as a support for the EAB growth. Under otherwise the same conditions, no any successful EAB 

could be grown on top of the nickel mesh. Supposedly, the nickel has some toxic effect on the 

growth of the S. loihica PV-4 bacteria [86, 87].  

In comparison, with the carbon paper being the support substrate, EAB was successfully grown.  

In this work, carbon paper was chosen as a support for the biofilm because of its mechanical 

stability, high electric conductivity, and biocompatibility, low cost and wide availability. The 

visual change on the surface of the carbon paper before and after the growth of the biofilms was 

very significant as shown in Figure 2.8. It can be clearly seen that there was a sticky pinkish 

layer grown on the carbon paper fibers with a total coverage of the surface after seven days 

biofilm growth and the layer represented the EAB. 

Therefore, in the work thereafter, the carbon paper was used as the support for the biofilm 

growth. Figure 2.9 A-C present SEM images of the plain carbon paper at different 

magnifications. As it can be seen, the carbon paper in this work has an interwoven fiber structure 

and each fiber has a uniform diameter around 10 µm and a smooth surface. Figure 2.10 presents 

the SEM images of successfully grown biofilm on the surface of the carbon paper. From these 

images we can clearly see the total coverage of the bacteria cells on the surface of the carbon 

paper and each fiber of the paper was also fully covered, which is a good sign for showing that 

the bacteria is in healthy conditions. The bacteria in the EABs were condense and formed a thick 

layer with individual bacteria there in close contact to one another and being very well 

connected.  In the SEM images in Figure 2.10-C, some free bacterial cells could be located and 

from these bacteria we were able to see the size and the structure of the bacteria we were 
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studying. The length of the individual bacteria is around 1-3 µm and diameter of 0.8 µm, 

consistent with the literature [88, 89]. 

	

Figure 2.9: Scanning electron microscopy images of plain carbon paper at different magnifications. 

	

Figure 2.10: Scanning electron microscopy images of EAB grown on the surface of carbon paper at different 

magnifications. 

Cyclic voltammetry (CV), a type of potential sweep method, is probably the most widely used 

analytical tool for examining the EET process in EABs for detecting the activity of EABs. CV 

includes sweeping an electrode potential as a function of time and measuring the resulting 

current that runs through the circuit. The CV measurement in this work was conducted with a 

typical 3-electrode electrochemical cell, with Ag/AgCl (in saturated KCl) being reference 

electrode, Pt mesh as the counter electrode and EAB formed on carbon paper as the working 

electrode.  

    

A B C 

    

B A C 

C 
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Although in this work, the Ag/AgCl reference electrode was used in the measurement, for the 

convenience of comparison, all the potential were converted to be relative to reversible hydrogen 

electrode (RHE) using the following (Equation 2.2).   

𝐸!"# = 𝐸!"/!"#$ + 0.059 𝑝𝐻 + 𝐸!"/!"#$°      (Equation 2.2) 

Where ERHE is the converted potential vs. RHE, Eo
Ag/AgCl = 0.1976 at 25 °C, and EAg/AgCl is the 

experimentally measured potential against Ag/AgCl reference. 

The resulting I-V data out of the CV measurements provides important electrochemical 

properties about the EAB prepared in this work.	 

The CV measurements were conducted with EAB formed on the carbon paper as the working 

electrode immersed with artificial media containing 10 mM sodium lactate as the electrolyte. A 

typical scan rate used was 5 mV/ S.  

Figure 2.11 compares the EAB growth during different time length, 0, 1, 4, and 7 days. Clearly, 

the plain carbon paper without any EAB grown on it (i.e., 0 day) did not have any current 

production within the scanned potential range (-0.2 to 1.2) Volts.  

The scanning voltage of CV was between -0.2 and 1.2. The scan involved the external voltage 

going from -0.2 to 1.2 and then coming back from 1.2 to 0.2, thus completing a scan cycle. All of 

the samples were run at the same scan rate and same testing conditions. Bacteria in the EAB 

oxidize the electron donor in the reactor and generate electrons that are then transferred 

extracellularly.  

It can be noted that with increasing duration of the EAB growth, the recorded current increased, 

with the EAB grown for 7 days producing the highest negative current among all samples under 

otherwise the same conditions.  
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The results can be explained by the fact that the EAB with 7-days growth duration had the 

highest population of the bacteria and the bacteria respond to the applied potential and give rise 

to increased current as illustrated in Figure 2.11.  

Among all samples, the carbon paper show a lowest current response and this is due to the lack 

of bacterial cells on the surface. The currents gradually increased as the biofilm growth day 

elongated. An obvious current increases was observed on the EAB with 4-days growth.   

Thus, it is concluded that with the increasing biofilm growing duration increased electrochemical 

response of the system, thus confirming reactivity and viability of the biofilms on the carbon 

papers in this work. 

	

Figure 2.11: Cyclic voltammetry plots of carbon paper and EAB formed carbon paper with a scan rate of 5 mV/S.   

	

In this work the effect of the scan rate was also investigated and the result is presented in Figure 

2.12.  In this regard, three different scan rates, 3, 5, and 7 mV/s, were tested. The potential was 

running from a lower potential value of (-0.4) V to an upper potential value (1.5) V. While, no 

significant change on the current values at different potentials are observed, indicating the 

current is mainly from the electrochemical reaction, not from the capacitive effect. Otherwise, 
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the current will significantly affected by the scan rates. This is a reasonable result since the 

surface of the carbon fibers in the carbon paper is quite smooth as revealed by the SEM 

observation. These CV curves also show the stability of the membrane in this solution. After 

several cycles reduction at < 0.5 V and oxidation >1.5 V, the electrochemical reactivity is well 

maintained.  

	

Figure 2.12: Cyclic voltammetry plots of EAB formed on carbon paper different scan rates. 

2.4.4 Metal nanoparticles production at different pHs 

First, different metal precursor solution (chloroplatinic acid, palladium chloride and gold 

chloride) were prepared and 1.0 ml stock solution of sodium lactate was added as the electron 

donor. The reactor was then purged by nitrogen gas for 30 minutes to insure a total anaerobic 

medium. Then the biofilm was carefully added to the reactor. In this stage there was no use of 

the nutrient media in the bioreactor. The electrochemically active bacteria oxidizes the sodium 

lactate (electron donor), producing an excess of electrons in the solution. The electrons are a 
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strong reducing agent, which can reduce chloroplatinic acid, palladium chloride and gold 

chloride to USNPs quite effectively and quickly as it is illustrated in Figure 2.13. 

	

Figure 2.13: Schematic illustration of the synthesis of metal nanocrystals by EAB.  

A range of different pHs, 4, 7, 9, of the metal precursor solutions with precursor concentration 

fixed at 1 mM and sodium lactate was adjusted. Table 2.2 lists the original pH of the metal 

precursor solutions and the pH of the metal precursor solutions after sodium lactate addition 

along with the success of the nanoparticle synthesis in the end.   

It was quickly found that at pH 4, there was no production of metal nanoparticles due to the 

intolerance of S. loihica to an acidic medium of pH 4. Figure 2.14 shows SEM images of dead 

Shewanella bacteria cells after placing the carbon paper with live biofilm in a metal precursor 

solution of pH 4 for 48 hours. Some damaged and ruptured cell structures are clearly seen in 

Figure 2.14-A and B, which shows that the EAB poorly responded to acidic conditions and thus 

confirms that the biofilm was factor in unsuccessful synthesis of nanoparticles at pH 4. 
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Figure 2.14: SEM images of dead cells and shrunk/ruptured bacterial cell on the surface of carbon paper after 

placing the biofilm in a solution of pH 4. 

Table 2-2: Metal precursor solution original pH, before and after adjusting the addition of electron donor, and the 

formation of the particles at different pH values. 

 Original pH 

(before  

sodium 

lactate) 

pH after the 

addition of 

lactate 

pH 4 pH 7 pH 9 

HAuCl4 2.28 3.28 X √ √ 

H2Cl6Pt.xH2O 2.18 2.96 X √ √ 

PdCl2 1.91 2.95 X √ √ 

 

Table 2.2 present the pH measurements of the metals precursor solution, original pH before pH 

adjustment, which is all close to 2. The pH values are only slightly increased to approximately 3 

after the adding of lactate, which are still too acidic for bacteria. As mentioned above, no metal 

nanoparticles were produced even after the pHs were adjusted to 4 by NaOH because they still 
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kill all the bacterial cells. Metal nanoparticles were successfully produced when the pH values 

were adjusted to 7 and 9. 

	

Figure 2.15: (A) Digital images of different metal precursor solutions at original pH value without addition of 

electron donor, (B) Digital images of different metal precursor solutions at pH 4. 

Figure 2.15-A presents digital photos of metal precursor solutions before addition of sodium 

lactate. The pHs of the precursor solutions were measured and presented in Table 2.2 as the 

original pHs. Sodium lactate was then added to the precursor solutions as the electron donor to 

the bacteria and the pHs of the solution showed some changes (Table 2.2). Figure 2.15-B shows 

the precursor solution after adjusting the pH to 4 using HCL, with a noticeable slight change in 

the color of the solutions.  

Figure 2.16-A present the precursor solution with pH 7 and a very significant color changes 

especially to the gold precursor solution. It is very important to note that no precipitation in the 

solutions was identified even with the color change. The color change mainly comes from the 

replacement of Cl- group in some [AuCl4]-1 by OH- group in high pH media. In Figure 2.16-B the 

pH was elevated to pH 9. The color of the metal precursor solution did not have much of 

difference from the samples of pH 7.  
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Figure 2.16: Digital images of different metal precursor solutions at (A) pH 7 and (B) pH 9. 

After the biofilm on the carbon paper was carefully transferred into the reactors containing metal 

precursor and electron donor, the reactor was then tightly sealed and placed in the temperature 

controlled chamber to undergo 48 hours incubation as shown in Figure 2.17. A clear color 

change was noticed before and after the 48 hours reaction for all metal precursor solutions at pH 

7 and 9 and nanoparticles were successfully synthesized in the reactors. The produced 

nanoparticles were collected by centrifuging the solution containing the particles and repeated 

washing with organic solvents to remove any bio-residues.   

	

Figure 2.17: (A) Digital image of different metal precursor solutions at pH 4 with no particles formation, (B) 

Digital image of different metal precursor solutions at pH 7, And (C) Digital images of different metal precursor 

solutions at pH 9. 
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Gold Ultra-Small Nanoparticles 

Figure 2.18-A and C presents the TEM of Au nanoparticles synthesized at pH 7 and pH 9. As 

can be seen, the produced particles were fairly uniform and had a size of ultra-small 

nanoparticles ranging between 2-7 nm in the case of pH 7 and 2-15 nm in pH 9. Figure 2.18-B 

and D show the size distribution histogram of the synthesized Au USNPs, which is manually 

measured from TEM images with more than 100 particles. EDX spectrum in Figure 2.18-D 

clearly confirms that these nanoparticles were Au. The successful production of Au USNPs 

confirms the role of the EAB in the experiments as well as the effect of pH value.  At the end of 

the synthesis, namely after 48 incubation, the color of the reactor turned dark.   
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Figure 2.18: (A) TEM image of as-synthesized gold NPs of pH 7 (uniform); (B) The particle size distribution of the 

as-synthesized gold NPS at pH7; (C) TEM image of as-synthesized gold NPs of pH 9; (D) The particle size 

distribution of the as-synthesized gold NPs at pH9; (E) EDX spectra of S. loihica PV-4 produced Au NP.  

Palladium Ultra-Small Nanoparticles 

At pH 7, the color of the reactor did not change as significantly as the Au case at pH 7. The 

reactor was still light yellow. Figure 2.19 A and B present TEM images and size distribution 

histogram of the synthesized Pd nanoparticles at pH 7. The produced Pd nanoparticles were 
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fairly uniform and had a size of ultra-small nanoparticles ranging between 2-6 nm. At pH 9, 

USNPs of Pd were also produced with slightly bigger size ranging 2-12 nm as displayed in 

Figure 2.19-C as histogram shows in Figure 2.19-D. Figure 2.19-E confirms the USNPs being Pd 

using EDX spectra. 

	

Figure 2.19: (A) TEM image of as-synthesized palladium NPs of pH 7 (uniform); (B) The particle size distribution 

of the as-synthesized palladium NPs at pH 7; (C) TEM image of as-synthesized palladium NPs of pH 9; (D) The 

particle size distribution of the as-synthesized palladium NPs at pH 9; (E) EDX spectra of S. loihica PV-4 produced 

Pd NP. 
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Platinum Ultra-Small Nanoparticles  

At pH 7, the color of the reactor turned a bit darker the produced nanoparticles were uniform in 

size 2-6 nm from TEM in Figure 2.20-A and B. The pH increased to 9, USNPs of Pt were also 

successfully produced with the size between 2-10 nm as shown in Figure 2.20-C and D. EDX 

spectra confirms that the particles were Pt NPs in Figure 2.20-E.   

As a brief summary, at pH 4, no nanoparticles were produced due to the intolerance of the EBA 

bacteria to this acidic condition as confirmed by the observed dead bacterial cells. As the pH was 

set at 7, uniform USNPs of all three metal, Au, Pd, Pt, were successfully synthesized and the 

sizes of the particles fell into the range of ultra-small nanoparticles with sharp size distribution. 

When the pH was further increased to 9, USNPs of Au, Pd and Pt were obtained as well with the 

size distribution becoming a bit wider.  Based on the above results, it is concluded that pH 7 is 

the optimal pH condition for EAB assisted USNPs in our case. Running a control experiment is 

essential to confirm the role of the EAB in the synthesis of these USNPs and thus control 

experiment was conducted in the absence of sodium lactate and no metal nanoparticle production 

was identified. This clearly indicates that the electrons produced by the oxidation of the electron 

donor was responsible for the nanoparticles production in our case.  
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Figure 2.20: (A) TEM image of as-synthesized platinum NPs of pH 7 (uniform); (B) The particle size distribution 

of the as-synthesized platinum NPs at pH7; (C) TEM image of as-synthesized platinum NPs of pH 9; (D) The 

particle size distribution of the as-synthesized platinum NPs at pH9; (E) EDX spectra of S. loihica PV-4 produced Pt 

NPs. 

2.4.5 Different metal precursor concentrations  

To study the effect of different concentrations of the metal precursors on the formation of the 

nanoparticles, four concentrations of metal precursors were investigated for each metal, 0.1, 0.5, 

1.0 and 5 mM. The purposes of the experiment were twofold (1) to investigate the effect of the 
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precursors on the USNPs synthesis and (2) to identify the lowest concentration where bacteria 

would not be able to produce nanoparticles anymore.  

The results showed that in case of the concentration of the metal precursor of Au, Pt and Pd are 

0.1 mM, they all failed to produce the USNPs.  

In comparison, with the concentrations being increase to 0.5, 1 and 5 mM, the USNPs were 

successfully formed as shown in the TEM images Figure 2.21, 2.22 and 2.23. For all of these 

three metals, no large metal particles (> 20 nm) have been observed in all TEM images, 

indicating this is a quite robust synthesis method for ultra-small noble metals.  

Figure 2.21-A shows a HRTEM image for the Pd nanoparticles synthesis from 0.5 mM 

precursor. It clearly show that each particle is highly crystalized with single crystalline nature. 

The interplanar spacing values measured from the HRTEM are all well agree with the theoretical 

values calculated from the crystal cell parameters of Pd. Figure 2.21-B and C show HRTEM 

image for the Pd nanoparticles synthesis from 1 mM and 5 mM precursor. No obvious difference 

can be directly found in the TEM images for the nanoparticles synthesized at different 

concentration for all these three metals. However, the statistical average particles sizes are varied 

for them but with the same evolution trend. As the concentration of the precursor increased, the 

average particle size of the products are slightly increased for all of them. For example, the 

average particle size is 2.62, 6.92 and 8.03 nm when the concentration of the precursor is 0.5, 1 

and 5 mM for Pd NPs, as illustrated in Figure 2.24-A.  
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Figure 2.21: TEM images for microbial synthesized metal nanoparticles: (A) 0.5 mM Pd NPs; (B) 1 mM Pd NPs 

and (C) 5 mM Pd NPs. 

Figure 2.22-A shows a HRTEM image for the Pt nanoparticles synthesis from 0.5 mM precursor. 

Figure 2.22-B and C show HRTEM image for the Pd nanoparticles synthesis from 1 mM and 5 

mM precursor. Ultra-small nanoparticles were formed at all concentrations of the precursor. No 

obvious difference can be directly found in the TEM images for the nanoparticles synthesized at 

different concentration. The average particle size is 2.84, 4.27 and 8.57 nm when the 

concentration of the precursor is 0.5, 1 and 5 mM for Pt NPs, as shown in Figure 2.24-B.  

	

Figure 2.22: TEM images of (A) 0.5 mM Pt NPs; (B) 1 mM Pt NPs and (C) 5 mM Pt NPs. 
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For gold nanoparticles, they showed same trend as the other two noble metals acted. Figure 2.23 

A-C, shows the TEM images of the USNPs of gold using the 0.5 mM, 1 mM and 5 mM gold 

precursor concentrations. The average particle size is 3.42, 4.02 and 6.19 nm when the 

concentration of the precursor is 0.5, 1 and 5 mM for Au as shown in Figure 2.24-C. This finding 

provide an approach to control the average particle size for this method in producing noble metal 

nanoparticles. 

	

Figure 2.23: TEM images of (A) 0.5 mM Au NPs; (B) 1 mM Au NPs and (C) 5 mM Au NPs. 
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Figure 2.24: Different metal USNPs average size using different concentration (A) Pd USNPs Average size using 

different precursor concentrations; (B) Pt USNPs Average size using different precursor concentrations and (C) Au 

USNPs Average size using different precursor concentrations. 
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Figure 2.25:	X-ray Diffraction spectrum of Pd USNPs. 

X-ray diffraction was used to confirm the crystalline nature of the particles. Figure 2.25 shows a 

representative XRD pattern of the palladium nanoparticles synthesized by S. loihica. The 

appearance of the peaks of 2-Theta at 40.2° and 68.6°, indicated the presence of (111) and (220) 

planes (Bragg reflection), respectively. So, the present results are in agreement with earlier 

reports, thereby confirming the crystalinity of palladium nanoparticles [90, 91,92]. 

In summary, the USNPs produced by our method using S. loihica PV-4 had ultra-small size of 2-

7 nm when optimizing the pH number and the concentration of the precursor. When comparing 

this species of the bacteria with other species, Shewanella certainly produced nanoparticles 

smaller than those produced by other microorganisms reported in the literature. For example, 

Pseudomonas Stutzeri reportedly produce metal nanoparticles with particle size around 46 nm 

while lactobacillus sp. (20 nm), Corynebacterium strain SHO9 (10 nm), Bacillus Licheniformis 

(50 nm), Verticillium sp. (25 nm), and Aspergillus Flavus (8.92) nm [93]. The smaller particle 

size may be attributed to the higher reduction ability of Shewanella comparing to other bacteria. 
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2.4.6 Dye decomposition 

One very promising potential application for the as-synthesized metal USNPs is their use as 

catalysts to accelerate specific chemical reactions. Therefore, dye degradation experiments were 

performed to test the effect of the produced USNPs. In this experiment the particles produced at 

pH 7 were collected and used as a catalyst for methyl orange (MO) degradation. Figure 2.26 

shows the degradation of methyl orange dye using Pd metal.  

As a control, NaBH4 was added to the MO dye, but no noticeable degradation occurred. 

However once the chemically synthesized large palladium particles were added to the MO dye in 

the presence of the NaBH4, a slight change in the color was noticed and degradation happened. 

Once the USNPs of palladium metal synthesized by S. loihica PV-4 was added to the dye in the 

presence of NaBH4, a significant and quick degradation was noticed to the dye solution.  

	
Figure 2.26: MO dye degradation using palladium metal USNPs as a function of time. 

In Figure 2.27, the gold USNPs efficiency for the dye degradation was tested.  When the control 

NaBH4 was added to the MO dye, no degradation was seen. But once the chemically synthesized 

large gold particles were added to the MO dye in the presence of the NaBH4, a color change and 
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thus dye degradation happened to the solution. However, this degradation was not rapid. When 

the USNPs of gold metal were added to the dye in the presence of NaBH4, a significant 

degradation was noticed to the dye solution. This indicated that the ultra-small size of the 

particles played the key role in accelerating the degradation process.  

Figure 2.28 shows the effect of platinum USNPs on the dye degradation using large and ultra-

small Pt NPs, in the presence of the reducing agent, and same trend of the degradation was 

noticed using platinum nanoparticles. 

	

	
Figure 2.27: MO dye degradation using gold metal USNPs as a function of time. 
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Figure 2.28: MO dye degradation using platinum metal USNPs as a function of time. 

 The degradation of the dye using the USNPs took around 50 seconds to change color and 

degrade, which means that the USNPs are effective catalysts, and adding the reducing agent 

NaBH4 to the dye is essential to make the dye degradation occur [14]. 

Using NaBH4 as a reducing agent to degrade MO dye alone can take days to complete the 

degradation process. However, the difference that USNPs make is that they act as catalysts and 

accelerate the reaction. The way the USNPs catalyze the reaction is by providing two main 

advantages. First, they provide surfaces to attach on and the proper orientation for the NaBH4 

molecules. Having NaBH4 attached to the metal nanoparticles increases its overall size, hence, 

increasing the chances of having a collision with the dye molecules. All metal nanoparticles 

exhibited an excellent catalytic performance in degrading methyl orange. We noticed the 

vanishing of the peak of MO within less than 3 minutes. From the perspective of extracellular 

electron transfer, two principal mechanisms involve in the USNP formation. First, electrons 

could be carried from the bacteria cell to the metal ions by either membrane cytochromes or 
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nanowires [94]. Secondly, soluble redox molecules such as flavin, function as mediators in an 

indirect electron transfer [80], both of which lead to the formation of metal USNPs.  
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2.5 Conclusion 

In this chapter, we employed electrochemically active biofilms and successfully synthesized 

platinum, palladium and gold USNPs using sodium lactate as electron donor. This synthesis 

method was running at mild operating conditions and did not involve the usage of any toxic 

chemicals.  

In this work, different pH values were tested for the formation of the USNPs. Using pH 7 and 9, 

USNPs were successfully grown. However, using a low pH solution for the synthesis was not 

successful, due to the lethal effect of the acidic media to the bacterial cells.  

Also different concentrations of the metal precursors were used to produce USNPs. It was found 

that using a very low concentration of 0.1 mM showed no growth of the particles. However, once 

the concentration of the metal precursor was increased to higher values of 0.5 mM, 1 mM and 5 

mM, the USNPs were subsequently produced for all metals. These as-synthesized nanocrystals 

showed excellent catalytic activity on the degradation of methyl orange dye.  

Using the EABs to produce metal nanoparticles is fairly simple approach. This synthesis method 

is able to provide nanoparticles with an ultra-small size ranging between 2-7 nm under optimized 

conditions. 
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 Synthesis of Cobalt Two Dimensional Nanosheet Structure in the Chapter 3.
Presence of EABs  

	

3.1 Introduction 

Nano-science and nanotechnology have been widely investigated in the last decade, due to the 

accessibility of new methods of synthesizing nanomaterials, and the availability of many tools for the 

characterization of the materials [1, 2]. A major feature that differentiates different types of 

nanostructures is based on their dimensionality [3].  

	

Figure 3.1:	Classification of materials according to the dimensionality of the nanostructures. 0D, 1D, 2D and 3D 

nanostructured materials [3].	

Zero-dimensional nanostructure (0D) 

A range of physical and chemical process and methods have been conducted for the fabrication 

of 0D nanomaterials such as uniform particles, quantum dots, core–shell particles, and hollow 

spheres [4]. 
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One-dimensional nanostructure (1D) 

1D nanostructure have showed an increasing interest and they have a wide range of potential 

applications. And these structures have a shape of rods or tubes, for example, nanotubes, 

nanofibers, or nanowires. 

Two-dimensional nanostructure (2D) 

In recent years, a synthesis 2D nanomaterial have become a crucial area in materials research.this 

is due to their many low dimensional characteristics different from the bulk properties. These 

structures appears as a plane like structures, such as Nano thin films and nanosheets. Researchers 

are studying 2D nanomaterials deeply to develop novel applications in sensors, photo catalysts, 

nano containers, nano reactors, and templates for 2D structures of other materials [4]. 

Three-dimensional nanostructure (3D) 

3D nanomaterial have attracted significant research interest owing their large specific surface 

area and other superior properties over their bulk counterparts. It is of a great interest to 

synthesize 3D nanomaterial with a controlled structure and morphology. 3D nanostructures have 

wide range of applications in the area of catalysis, magnetic material, and electrode material for 

batteries [4]. An example can be a group of nanowires, nanotubes with different distributions of 

nanoparticles as shown in Figure 3.2 [1, 4-7].  
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Figure 3.2: Illustration of the basic geometrical motifs of common nanomaterials [8].  

2D material has unique characteristics compared to counterparts with different dimensionality: 

(1) the electron confinement in two dimensions of ultrathin 2D nanomaterials without interlayer 

interactions, especially single-layer nanosheets, enables greatly compelling electronic properties 

compared to other nanomaterials [9], (2) The atomic thickness offers them maximum mechanical 

flexibility and optical transparency, (3) they possess ultrahigh specific surface area due to the 

fact that they have large lateral size and ultrathin thickness, which makes them highly favorable 

for surface active applications [9, 10].  

Many 2D nanostructures have been applied into plethora of applications such as optoelectronics, 

spintronic, catalysts, chemical, and biological sensors, super capacitors, solar cells and lithium 

ion batteries [11-13].  
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2D nanostructures may include a much celebrated graphene along with a wide range of materials 

including metals, metal oxides, metal chalcogenides, polymers, and carbonaceous materials as 

shown in Figure 3.3 [14].  

Graphene is a form of carbon consisting of planar sheets which are one atom thick, atoms 

arranged in a honeycomb-shaped lattice with sp2 hybridization. The monolayer of graphene was 

successfully isolated by Geim and Novoselov in 2004 via mechanical exfoliation using Scotch 

tap method. Many remarkable properties of graphene have since been reported, a large 

theoretical specific surface area of 2630 m2 g− 1 , high intrinsic electron mobility ~200,000 cm 2 

v− 1 s− 1 , thermal conductivity ∼ 5000 Wm− 1K− 1 , and its optical transmittance ~97.7% [15-17] . 

Ultrathin 2D nanomaterials represent an emerging class of nanomaterials that possess sheet-like 

structures with the lateral size larger than 100 nm, or up to a few micrometers and even larger, 

but the thickness is only single- or few-atoms thick (typically less than 5 nm) [18-20].  

The research of ultrathin 2D nanomaterials has grown exponentially in the field of condensed 

matter physics, chemistry, and nanotechnology since the discovery of mechanically exfoliated 

graphene in 2004 [18].  
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Figure 3.3: Schematic illustration of different kinds of typical ultrathin 2D nanomaterials, such as graphene, 

hexagonal boron nitride (h-BN), transition metal dichalcogenides (TMDs), metal organic framework (MOFs), 

covalent organic framework (COFs), MXenes, layered double hydroxide (LDHs), oxides, metals, and black 

phosphorus (BP) [9].  

Demands for property modulations greatly stimulate the development of various synthetic 

methods to prepare regular and ultrathin 2D nanomaterials. The well-established synthetic 

methods include hydrothermal methods, sol-gel methods, template-based methods, two and three 

electrodes electrochemical cell system [9, 21-23].   

Hydothermal process. Hydrothermal methods are extensively used for the synthesis 2D metal 

oxide or metal nanostructures [24]. This process uses a closed-system physical and chemical 

means at temperatures above 100°C and pressures above 1 atm. [25].  

The hydrothermal method is popular across wide nanomaterial synthesis spectrum due to it’s a 

versatility and low-cost [26]. For example, MnO2 nanostructures with different morphologies, 
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such as hexagram like and dendrite like hierarchical forms, were successfully synthesized via a 

hydrothermal route [24].  Also 2D Hexagonal nano plates of α-Fe2O3/graphene composites was 

synthesized by Han, using hydrothermal process at 180 °C for 24 h [27]. Xiong produced square-

like 2D BiOCl nanoplates successfully synthesized using hydrothermal synthesis process at 150 °C 

for 3 h [28]. SnS2/graphene composites nanosheet was also successfully synthesized using one step 

hydrothermal synthesis by Zhuo [29]. Mahmoudian in 2016 prepared ultrathin Co3O4 nanosheet 

successfully using hydrothermal process by autoclaving the material at 170 °C for 24 h [30].  Lee 

produced 2D ZnO nanomaterial via pH-mediated hydrothermal grow that 80 °C for 3 h [31]. 

TiO2-reduced graphene oxide sheets were also synthesized using a hydrothermal process, the reaction 

process was carried out at 160 ◦C for 4h by Shen [32]. 

Sol-Gel process. The sol-gel process is described as formation of an oxide network through 

polycondensation reactions of a molecular precursor in a liquid. The sol-gel method was first 

developed in the 1960s. Sol-gel deposition is generally used to synthesize 2D nanostructures 

based on the polymerization of molecular precursors via wet chemical methods. [33].  

Two and three electrodes electrochemical cell system. Another technique widely employed to 

prepare 2D nanomaterials is the use of two- and three-electrode electrochemical cell system [34-

36]. This method is popular because of its low synthesis cost and easy scalability. It has been 

traditionally regarded as a synthesis method used mainly for metal plating. However, the scope 

of this technique has been significantly broadened in recent years and it is now one of the major 

synthetic tools for the production of a variety of inorganic electrodes and synthesis of 

nanomaterial [37, 38].  Liu et al. used a two electrode electrochemical cell to synthesize the 

mesoporous hydrous manganese dioxide nanowall arrays [35]. In this work, the following 

reactions were involved in the deposition of manganese dioxide nanowalls.  
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2 𝐻!𝑂 + 2 𝑒! = 𝐻! + 2𝑂𝐻!    (Equation 3.1) 

𝑀𝑛!! + 2𝑂𝐻! = 𝑀𝑛 (𝑂𝐻)!    (Equation 3.2) 

Chemical vapor deposition. A well-known process in microelectronics fabrication for the 

deposition of thin films of metals, semiconductors, and insulators on solid substrates. This 

process includes gases reactions which are used to synthesize the thin solid films [39]. Li et al. 

produced a high-quality and uniform graphene films on copper foils by chemical vapor 

deposition using methane gas [40]. Reina et al.  synthesized Large area, few-layer graphene films 

on random substrates by CVD under a highly diluted hydrocarbon flow [41]. 

Electroless deposition. Another method for generating a variety of 2D metal nanostructures is 

the electroless deposition. This process can be defined as a deposition of solid phase of 

continuous coatings (films) from aqueous or non-aqueous solutions or melts without an 

external current source [42, 43]. The coatings produced by electroless deposition are uniform 

and continuous, which makes this process appealing to various applications [42]. 

Aherne et al. synthesized Ag nanoprisms using electroless deposition. The size of the Ag 

nanoprisms is ∼21 nm [44]. Kamada synthesized 2D iron oxyhydroxide thin films on bare Pt 

substrate using an electroless deposition process [45].  

Template based method. In a typical template based method, there is a central structure where 

the templet serve as a framework, and the removal of the template will craft a cavity or structure 

with the desired morphology [46]. Template-based methods provide significantly more 

flexibility which is attractive to the synthesis of 2D noble metal nanostructures, which have 

recently been extensively investigated owing to their unique characteristics structure, such as 

high surface area and abundant surface sites [47]. Nanosheet- and nanodisk-like structured noble 

metal structures were prepared by using cetyltrimethylammonium bromide (CTAB) micelles as a 
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soft template method [4, 48, 49].  Siril et al. synthesized the hexagonal Pd nanosheets in ternary 

emulsions made of water/oil/CTAB and quaternary hexagonal mesophases made of 

water/oil/CTAB/co-CTAB, in which CTAB was used as a surfactant [49]. Hao et al. synthesized 

Ag nano disks by using polystyrene meso-spheres as templates in N,N-dimethylformamide 

(DMF) solution [50].  

Chemical reduction process. Kawasaki et al. synthesized single crystalline platinum (Pt) 

nanosheets in single or mixed surfactant. This was conducted using a chemical reduction reaction 

of platinum salt with hydrazine [51]. Sakai fabricated single crystalline Pt nanosheets by the 

chemical reduction of a Pt salt using Lyotropic Liquid Crystal (LLC) template at a 

graphite/solution interface [52, 53]. 

Since electrochemically active bacteria are a promising tool to produce different materials of 

unique inorganic structures, depending only on their respiration pathway as we previously 

mentioned the use of bacteria and EAB toward synthesis of 2D nanostructures is attractive [19, 

54-59].  

Cobalt (Co) based materials have been investigated as an effective electrocatalysts via different 

synthetic methods [60-62]. Recently it was reported that tube-shaped metal oxide nanostructures 

of cobalt were synthesized using Bacillus Subtilis bacteria, and this approach has attracted large 

attention due to its unique structure and fairly simple preparation method [57, 63-67].  

Transition metal oxides are broadly used in the field of heterogeneous catalysis. Especially 

cobalt oxide, that is thought to be attractive due to their exceptional physical and chemical 

properties. Cobalt is a suitable material for a wide range of applications such as super capacitors, 

sensors, heterogeneous catalysts and ionic exchangers [68-71].   
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For this reason we chose cobalt as a metal and we wanted to understand if electrochemically 

active bacteria can produce different nanomaterial structure such as 2D of cobalt nanosheets or 

not. And that motivated us to investigate the possibility of using EAB to synthesize 2D cobalt 

nanostructures.  

3.2. Experimental method 

3.2.1 Bacterial strain and growth conditions 

Shewanella Loihica bacteria was used as a single strain bacterial source, it was cultivated in agar 

and LB media after taking out from -80 °C freezer. After growing the bacteria successfully, 

further growth was conducted in the nutrient media to initiate the experiment. The details of the 

media were fully described in chapter 2. 

3.2.2 Preparation of EAB  

A carbon paper (2 × 3 cm2) was immersed in 100 ml of nutrient medium (Table 2.1), containing 

10 mM sodium lactate as electron donor and 10 mM sodium fumarate as electron acceptor. The 

solution was mixed to get a homogeneous mixture using a magnetic stirring bar placed inside of 

the bottle, which was placed on top of a magnetic panel. The solution was initially purged with 

nitrogen gas for 30 minutes to remove all the dissolved oxygen to maintain anaerobic conditions. 

10 mL of S. loihica PV-4 single strain inoculum was added rapidly to the bioreactor. The optical 

density of the bacteria was measured using UV-Vis (Shimatzu-2550) at 600 nm wavelengths to 

reach (O.D.) of 2 After the rapid addition of the bacterial solution to the nutrient media in the 

bioreactor, the carbon paper was placed on the top of the bottle and inside the bottle. The carbon 

paper was quickly immersed into the media and the bottle was tightly sealed to insure an aerobic 

conditions. 
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The medium was continuously stirred for one week, as a result, a living electrochemically active 

biofilm was developed on the carbon paper. The experiments were conducted in a temperature-

controlled chamber of 30 oC. The magnetic panels were placed inside the chamber and the 

bioreactors were placed on top of the panels. The bioreactors inside the chambers were not 

connected to any external electrical circuits or devices. 

3.2.3 Synthesis of cobalt 2D nanosheet 

The precursor was prepared in separate reactor by using 100 ml glass bottle (Duran Laboratory 

glass bottles, 167304245). The metal precursor solution was first prepared in the reactor by using 

only deionized (DI) water (Milli-Q, resistivity of 18.2 MΩ•cm at 25 ◦C). Cobalt (II) acetate 

99.995% trace metals basis (CH3CO2)2Co was used (71-48-7, sigma aldrich), which was de-

aerated with N2 gas for 30 min to maintain the anaerobic conditions. The concentration of the 

cobalt acetate was 2, 5, 10, 20 and 50 mM. 10 mM sodium lactate (BCBB 3105, Sigma-Aldrich) 

was added as an electron donor and 10 mM sodium fumarate (17013-01-3, Sigma-Aldrich) as 

electron acceptor irrespective of the Co concentration. The temperature of the reaction was 

maintained at 30 °C for 48 hours inside the temperature controlled chamber as demonstrated in 

chapter 2. The temperature inside the camber was controlled using a temperature sensor 

connected to two light bulbs that switch on and off. After the reaction, the produced material was 

collected, centrifuged, and cleaned with ethanol solution.  

A proper cleaning protocol was followed to dispose the carbon paper to eliminate biohazard. The 

used carbon papers were soaked in spent ethanol solvents for 24 hours before the final disposal.  

3.3 Materials characterization 

The entire set of cobalt samples were structurally and chemically characterized. Scanning 

Electron Microscopy (SEM) was conducted using SEM (NovaNano, FEI Instruments). X-ray 
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diffraction (XRD) patterns were recorded with Bruker D8 Advanced A25 diffractometer, 

equipped with a Cu X-ray tube (Cu–Kα; λ = 0.154 nm) operated at 40 kV and 40 mA.  

The samples were analyzed using transmission electron microscopy (TEM) to study the 

morphology, crystal structure, and the elemental distributions of CoOx samples. TEM analysis of 

the samples was performed using (TitanG2 80-300 CT from FEI Instruments), that was equipped 

with a field-emission-gun and a GIF Tridiem863 energy-filter from Gatan.The analysis was 

conducted by operating the microscope with beam energy of 300 keV. The TEM specimens were 

prepared by placing a small amount of samples on holey carbon-coated nickel (Cu) grids with a 

mesh size of 300. Several low - and high-resolution electron micrographs were acquired from 

various locations during the analysis. Fast-Fourier transform (FFT) analysis was applied to 

various regions of the High-resolution TEM (HRTEM) micrographs to look at the different 

crystal structures within the Cu-In crystals. 

 In addition, selected-area electron diffraction (SAED) was also performed to investigate the 

crystal structures of the samples. The Co, O and C maps were acquired by setting the GIF filter 

to imaging mode. Note that the Co, O, C electron energy-loss spectroscopy (EELS) edges were 

selected to create the Co, O and C elemental maps, respectively. Moreover, the so-called 3-

window method was employed to generate the maps. 

X-ray photoelectron spectroscopy (XPS) studies were carried out using (Kratos Axis Ultra DLD 

spectrometer), equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating 

at 150 W, a multi-channel plate and delay line detector under a vacuum of ~10-9 mbar. The 

survey and high-resolution XPS spectra were collected at fixed analyzer pass energies of 160 eV 

and 20 eV, respectively. Samples were mounted in floating mode in order to avoid differential 
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charging. Charge neutralization was required for all samples. Binding energies were referenced 

to the aromatic sp2 hybridized carbon (C=C) peak from the C 1s spectrum set at 284.4 eV. 

3.4 Results and discussions 

3.4.1 Characterizations of bacterial and EABs 

In this work S. loihica PV-4 was chosen as a bacterial source because of easy handling in lab, 

simple culturing nature, and the simple chemical needed for its growth. As we mentioned earlier, 

sodium is an essential element for shewanella, they need it for their metabolic processes [72].  

 

Figure 3.4: SEM images for a single cell S. loihica PV-4 bacteria. 

 
 This genus has drawn a great attention because of their diverse respiratory capacities, illustrated 

by their ability to utilize a wide range of terminal electron acceptors. As we mentioned earlier in 

chapter 2 this bacteria was isolated first at the deep-sea, hydrothermal Naha Vent from iron-rich 

microbial mats on the South Rift of Loihi Seamount, Hawaii, in the Pacific Ocean [73].  

 

Figure 3.4 is a real single bacteria of the genus S. loihica PV-4 that was taken using SEM and 

later on edited using another software. Shewanella have been investigated in the past to 

understand how their physiology contributes to their varied roles in the environment [74]. In the 

previous chapter we never mentioned the genomic studies that has been done on this bacteria 
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strain. However, we think it is important to mention that this bacteria has been studied in the 

genomic level and it was reported that this bacteria have 4,602,594 nucleotides, 3,902 protein 

genes, 94 tRNA, and 25 rRNA genes [75]. 

	

Figure 3.5: Electrochemically active Biofilm Grown on the surface of Carbon paper, (A) plain Carbon Paper, (B) 

large scale image for the biofilm attached on the surface of the carbon paper, (C) high magnification image for the 

biofilm.	

After growing the biofilm on the carbon paper surface, SEM images were collected for the 

biofilm. Figure 3.5-A shows the surface of the plain carbon paper, we can note a clear smooth 

surface for the carbon fibers where each fiber has a uniform diameter around 10 µm.  

From Figure 3.5-B, we can note a uniform, thick and condense coverage of the biofilm on the 

surface of the carbon paper. The biofilm image in this large scale shows a large area of the paper 

being covered totally with the biofilm. Figure 3.5-C shows a high magnification for the biofilm, 

we can see that the bacteria intact together in the biofilm entrapped in the EPS produced by the 

bacteria. 

The metal precursor solutions were prepared in 100 ml bottles, the solution were prepared with 

DI water with 1 ml sodium lactate. Nitrogen gas was purged for 30 minutes to insure total 

anaerobic medium. Then the biofilm grown on the surface of the carbon paper was carefully 

placed inside the reactor with continues stirring. In this stage there was no use of the nutrient 
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media. The pH of the media was maintained at 7 based on previous experiments, which provided 

the optimum performance for the bacteria.  

3.4.2 Different metal precursor concentrations 

Originally when this experiment was initiated, 5 mM of cobalt acetate was used as a metal 

precursor. The aim was to produce cobalt metal nanoparticles similar to the noble metals 

nanoparticles that was obtained at the previous chapter. However, after running this experiment 

and collecting the produced material from the reactor, by centrifuging the sample at 10,000 RPM 

for 30 minutes then washing using Ethanol. TEM images were taken for all the collected 

samples.  The TEM images showed a very different structure from what was expected. The 

material obtained showed a sheet like structure in the TEM images as shown in Figure 3.6. This 

sheet consists of the following elements: carbon, cobalt and oxygen. To confirm this structure, 

elemental mapping was conducted, to understand more about the component of the material. 

Figure 3.7 showed that the structure of the material has three different elements, the red, green 

and blue colors indicated the presence of cobalt, oxygen and carbon, respectively.  All three 

elements showed a homogenous mixture in the sample. Furthermore, EDX spectra were also 

tested for the sample. General introduction of the EDX spectra shows the energy dispersive X-

ray spectrometry used to quantification of the elements present in the synthesized sample by 

taking a selective portion of TEM image in the form of peaks. And from that we can clearly 

identify cobalt, carbon, and oxygen peaks.  

From TEM images, it can be noted that the structure of the produced cobalt 2D nanosheet in this 

work was very comparable to other cobalt 2D nanosheet reported in the literature and 

synthesized using other processes [30].   
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Figure 3.6: TEM images of cobalt nanosheet with concentration of 5 mM cobalt acetate, (A) large scale image 

showing the nanosheet, (B) high magnification image of 5 nm for the surface of the cobalt nano sheet (C) high 

magnification image of 5 nm for the surface of the cobalt nanosheet and the inset picture show SEAD ring pattern of 

the structure. 

	

Figure 3.7: (A) TEM image- elemental mapping for the cobalt 2D nanosheet for cobalt with 5mM concentration. 

(B) EDX spectra for EAB 2D structures cobalt nanosheet. 

To further confirm this 2D structure of the cobalt Co(OH)2 nanosheet, XPS test was conducted. 

X-ray photoelectron spectroscopy is a useful tool to understand the variation in the oxidation state and 

degree of functionalization [76]. Accordingly, Figure 3.8-A shows the de convoluted XPS spectra of 

Co indicating the spin orbit coupling of Co 2p3/2 and Co 2p1/2.  
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Figure 3.8:	XPS spectra of EAB produced cobalt 2D nanosheet. 

The peaks observed at 779.7 and 795.77 eV are characteristic of Co 2p3/2 and Co 2p1/2 in the 

composites respectively. 

 The peak difference between Co 2p3/2 and 2p1/2 is 15.7 eV. It almost matches with the standard spin 

orbit coupling of Co 2p3/2 and Co 2p1/2. The BE values of Co composites are observed at 781.1, 782.9, 

and 786.0 eV with low intense peaks indicating the mixed valence of Co (Co2+ and Co3+). Normally 

the value for the binding energy for cobalt Co(OH)2 is around 780 to 781 eV. The main peak 

presented in this work is in this position. Porta et al. reported the XPS of Co and mixed Co-Cu 

hydroxy carbonates. The bond energy for the Co(OH)2 found to be 781.2 eV [77]. 

XPS spectra in Figure 3.8-B show the presence of C 1s of the composites. The aromatic sp2 and sp3 

type’s carbon are observed at 284.1 and 285 eV, respectively. The peaks at 286.41 assigned for C-OH 

and 288.1 eV is assigned to C=O and 289.3 is to O-C=N. These binding energies are assigned to the 

binding energy of carbon in carbonate, C=O, C-O and C-C bonds. The values determined for 

carbon by Porta were 284.8 eV [77]. The results of the XPS show the compound formed is 

Co(OH)2. 

  

A B 
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Figure 3.9: (A) Raman spectra of  the EAB produced  2D cobalt nanosheet, (B) XRD of EAB cobalt 2D nanosheet 

structure. 

The Raman spectra used in our experiment with a range between 450 to 3000 cm-1 as showed in 

Figure 3.9-A. A sharp, intense peak was noticed around 550 cm-1. Similar band has also been 

reported by Frost at same position indicating that the peak we obtained is successfully presenting 

Co(OH)2 [78].  

Figure 3.9-B showed an intense peek of indicating the presence of cobalt in our sample. The 

peaks at 44.5, 51.8 correspond to the (111), (200) planes of the Co(OH)2 [79].When we compared 

this peek with the literature, we found a similar peek which proved the formation of cobalt 

Co(OH)2 2D nanosheet material [79-81].  

The first sample we tested, and we found that it was able to produced 2D cobalt nanosheet was 

initiated with cobalt acetate concentration of 5 mM. However, we wanted to understand even 

further if the concentration of the metal precursor might have an effect of the structure of our 

material. 
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Our question was, is this material structure considered concentration dependent or not? That’s 

why we initiated another experiment where we varied the concentration of the cobalt acetate, 

lower and higher than the value that produced the successful structure, which was 5 mM. 

Therefore, we chose the following concentrations to see if we can get the same structure of 2D 

nanosheet, 2 mM, 10 mM, 20 mM and 50 mM of cobalt acetate. This wide range of different 

concentrations of cobalt acetate was tested while fixing all other conditions such as the type and 

the concentration of the electron donor (sodium lactate) and electron aceptor (sodium fumarate) 

and the growth tempreture at 30 ◦C.   

When the sample of 2 mM concentration of cobalt acetete was tested, no formation of the 2D 

sheet was found in the reactor. It is assumed that this concentration was very low for the bacteria 

to consume it and form 2D sheet. However, as we discussed before, increasing the concentration 

up to 5 mM, 2D nanosheet formation was observed. Therefor, it was confirmed that the 

formation of the 2D nanosheet highly dependent on the initial concentration of the metal 

precoursor in the reactor.  

In the same expiremint, 10 mM of cobalt acetate was also tested for the production of 2D cobalt 

nanosheet. Using, 10 mM was also very successful for the formation of  cobalt 2D nanosheet, as 

it can be clearly noted from the TEM images in Figure 3.10. The cobalt 2D nanosheet showed a 

uniform homogenious structure similar to the one optained using 5 mM concentarion. 
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Figure 3.10: (A) TEM image of cobalt nano sheets using 10 mM cobalt acetate 10 nm magnification and the inset is 

SEAD ring pattern of the structure, (B) TEM image of cobalt 2D nanosheets using 10 mM cobalt acetate 20 nm 

magnification, the inset is SEAD ring pattern of the structure. 

20 mM of cobalt acetate was tested as well for the production of 2D cobalt nanosheet. Using 20 

mM showed the formation of  cobalt 2D nanosheet, as it can shown from the TEM images in 

Figure 3.11.  5 mM, 10 mM and 20 mM produced a succssful formation of the homogenious 

cobalt 2D nanosheet. However, in the images for the cobalt nanosheet prepared by 20 mM cobalt 

acetate, some of the areas we noticed a beginning of a small decoration of cobalt particles on the 

surface although that formation was not uniform. Therefore, in order to understand the effect of 

increasing the concentration on changing the structure, and if the concentration was increased 

beyond 20 mM, will the structure be the same or will it change.   

  

B 
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Figure 3.11:	TEM image of cobalt nano sheets using 20 mM cobalt acetate. 

In the following experiment, same conditions were applied as the previous experiment but we 

increased the cobalt actete concentration up to 50 mM. After collecting the produced samples, 

TEM images were conducted to confirm the structure as shown in Figure 3.12-A. From the 

results we obtained, the structure of our produced mateial has totally changed. The nanosheet 

was not homogenoius anymore and looking to the produced sheet we could easly notice the 

formation of dispersed cobalt nanoparticles decorating the nanosheet everywhere, the nanosheet  

acted as a background  or a support for the nanoparticles . To further confirm that the produced 

nanoparticles in our structure is cobalt Co(OH)2, EDX spectra was collected for the sample 

Figure 3.12-B, and we clearly identified the presence of cobalt, oxygen and carbon.  And from 

these results we can confidantly state that the structure of the Cobalt 2D nanosheet is highly 

dependent to the concentration of the used metal precoursor. Where using low concentration of 

cobalt acetate did not show any growth or production of te desired structure. Howerevr, 

increasing the concntration was successful approach to obtain the 2D material. And that was not 

the only thing concluted here. The whole structure can change if we increased the concentration. 
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As we showed, using high concentration of the metal precorsor, would produce a total different 

structure. This structure is basically a combination of particles and 2D sheet of the cobalt metal.  

	

Figure 3.12: (A) TEM image of cobalt 2D  nanosheets decorated with cobalt nanoparticles using 50 mM cobalt 

acetate and (B) EDX spectra for EAB cobalt 2D nano structures. 

3.4.3 Different time effect 

The second parameter studied in this work was the time needed to form the 2D nanosheets. For 

this experiment, we wanted to know the needed time for the production of the 2D cobalt 

nanosheet. All other parameters were fixed such as cobalt acetate concentration, temperature and 

electron donor concentration. In three different reactors running with the same conditions using 

10 mM cobalt acetate.  

The concentration we chose 10 mM of cobalt acetate was based on our results in the previous 

experiment. We found that cobalt nano sheet with concentration of 5 mM and 10 mM both 

produced uniform and homogeneous structure of the 2D nanomaterial. Therefore, the 

concentration was determined upon it. Also the other conditions were fixed such as the 

temperature at 30 ◦C and the electron donor, which was sodium lactate.  
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The first reactor ran for 1 hour then the carbon paper which is covered with the electrochemically 

active biofilm was removed out of the reactor in order to stop the reaction immediately, then the 

samples were collected for TEM. The second reactor ran for 15 hours and the last one ran for 24 

hours before stopping the reaction, removing the carbon paper and collecting the samples.  

It is needed to mention that the carbon paper was properly disposed after the experiment, to 

insure no hazardous contamination can occur. The carbon paper were soaked in ethanol solution 

for overnight then disposed in the biological hazardous container.  

As shown in Figure 3.13 A-C the nanosheets were successfully produced from the first hour. 

However, our concern was if the structure would change with time. And after running reactor 

number 2 for 15 hours and reactor number 3 for 24 hours, TEM images confirmed that the 

structure of the cobalt nanosheets does not change with time.  
  

 

 

Figure 3.13: (A) TEM image of cobalt 2D nano sheets using 10 mM cobalt acetate after 1 h, (B) TEM image of 

cobalt nano sheets using 10 mM cobalt acetateafter 15h and (C) TEM image of cobalt 2D nano sheets using 10 mM 

cobalt acetateafter 24h, inset imges are SEAD ring pattern of the structure. 

The produced material shows a homogenous structure of the cobalt 2D nanosheet. And as a 

conclusion for this experiment, the time course does not affect the structure of the material. 
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Where the sheets where successfully produced and the increase in the time of the reaction with 

the biofilm does not change the structure we desired.  

Another transition metal precursor, which was iron acetate, has been tested for the production of 

2D nanosheet. However, after testing the metal, it was found that the structure did not look like 

the structure obtained with the cobalt metal.  

Figure 3.14-A and B shows the structure we obtained using 10 mM iron acetate. It produced a 

thick heavy structure as can be seen from the TEM images.   

	

Figure 3.14:	TEM images of (A) large scale iron biologically produced nanostructure, (B) Higher magnification 

TEM image of the produced Iron nanomaterial. 

The iron samples were treated exactly the same way as the cobalt with fixing the concentration 

and the temperature, and the electron donor. However, the collected material did not appear as 

the same 2D structure. 

It was reported that shewanella respires anaerobically on a wide range of compounds as the sole 

terminal electron acceptor, including ferric iron [Fe (III)]. 
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 Shewanella has an affinity to consume iron metal as an acceptor for their respiration process. 

However, since the bacteria has a high affinity to iron metal, then it is believed that the dense, 

and thick structure we got was a result of this interaction. Therefore, we believe that using iron to 

produce 2D nanosheet in the presence S. loihica PV-4 was not a successful approach. The 

material obtained using iron acetate showed a thick cotton candy layer structure.  
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3.5 Conclusion  

EAB was capable in a simple preparation method to produce a unique 2D nanosheet structure of 

cobalt. This structure is very interesting with the nanosheets being a homogeneous mixture of 

cobalt, carbon and oxygen. Elemental mapping and X-ray photoelectron spectroscopy of the 

samples confirmed the presence of all three elements. This synthesis approach shows that the 2D 

structure is highly dependent on the cobalt precursor concentrations. However, increasing the 

precursor concentration up to 50 mM, lead to the formation of a total different nanostructure. 

Increasing the concentration led to the formation of cobalt nanosheet decorated with cobalt 

nanoparticles dispersed uniformly on the surface of the sheet.  
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 Enhancement of Photocatalytic Activity of Metal Chapter 4.
Nanoparticles/TiO2 Nanotube Arrays Using Electrochemically Active Biofilms 

Direct Reduction of Ultra-Small Nanoparticles 

4.1 Introduction  

The current yearly global energy utilization is 15 TW and this value is expected to double by 

2050. Moreover, due to stock limitation, energy supply from non-renewable fossil fuels, such as 

oil, coal, natural gas, is shrinking [1, 2].  

Solar energy is a safe alternative, which can potentially replace all of the current fossil fuels such 

as coal, natural gas, gasoline, etc. while not producing environmental pollution [3-13].  

In recent years, from engineering point of view, solar energy are being harvested by various 

means, such as conversion to electricity by photovoltaic (PV) devices, to chemical energy in 

fuels (e.g., H2) via photocatalysis, and to heat by photothermal converters [14-22]. 

With photocatalysis process, solar energy is converted to value added chemicals which can then store 

and be used in various meaningful processes to provide energy. The collection, conversion and storage 

of solar energy are three crucial processes for efficient photocatalytic applications [8, 23]. 

Moreover, photocatalysis has been shown efficient of the removal and breaking down of a 

variety of environmental pollutants including organic materials, organic acids, dyes, crude oil 

and microbes [24-32].  

Within a photocatalytic process, a semiconductor, the photocatalyst in the system, with a suitable 

wavelength is exposed to solar irradiation. The solar light with the wavelength equal to or greater 

than the band gap of the semiconductor is absorbed by the semiconductor to generate photo-

excited electron-hole (e-/h+) pairs inside the crystal structure of the photocatalyst, with the 

electrons being on the conduction band while the holes on the valence band. The valence band 
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hole is strongly oxidizing while the conduction band electron is strongly reducing. Once 

generated, the electrons and holes would gradually migrate onto the interfaces between the 

semiconductor photocatalysts and electrolyte solution and are accepted there by suitable surface-

absorbed species in the electrolyte solution, including water, hydroxide ion (OH-), organic 

compounds, oxygen, etc. During the migration, certain level of the energy of the electrons and 

holes can be lost via relaxation Figure 4.1. In theory, the excited electrons or holes on the surface 

can both be employed to reduce or oxidize pollutants [33-37]. The electrons and holes can 

undesirably recombine during their migration onto the interface, releasing the absorbed light 

energy as heat, instead of producing chemical effect [25, 29, 38-41]. 

	

Figure	4.1:	Schematic of semiconductor excitation by band gap illumination leading to the creation of “electrons” in 

the conduction band and “holes” in the valance band [42].	

 

There are various semiconductor photocatalysts reported in the literature, including CdS, CeO2 

SnO2, WO3, SiO2, ZnO, Nb2O3, TiO2, Fe2O3, among which TiO2 has distinguish itself Figure 4.2 

[43, 44]. 
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TiO2, titanium (IV) oxide is the naturally occurring oxide of titanium and rutile and anatase are 

two common crystal phases of TiO2. Global market for TiO2 commercial applications are 

various, ranging from paints and varnishes to paper and plastics accounting for about 80% of the 

world's TiO2 consumption. The global volume consumption of TiO2 is projected to reach 7.8 

million metric tons by 2022.  

	

Figure 4.2: Different semiconductor photocatalysts [45]. 

	

TiO2 is attractive especially to the photocatalytic applications in aqueous systems, such as, water 

splitting, water purification, due to its low cost, biocompatibility, exceptional stability in a 

variety of conditions [35, 43, 46-53]. Since Honda and Fujishima's pioneering electrochemical 

photolysis report in 1972 using TiO2 [54], intensive efforts have been dedicated to improve 

photoelectrocatalytic performance of TiO2.  

However, both the rutile (bandgap 3.0 eV) and anatase (bandgap 3.2 eV) of TiO2 have large band 

gap, which make it responsive only to UV light (<400 nm) which is only 5% of the total solar 
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energy received by the Earth surface [55, 56]. Many modifications and processes have been 

conducted to expand TiO2 optical absorption spectrum into the visible and infrared region.  

Dye sensitization. Surface modification of TiO2 with organic dyes for the assembly of dye 

sensitized photocatalytic systems under visible-light irradiation was a topic of an intrest for many 

researchers. Many dyes have been tested and used as sensitizers include erythrosin B, substituted 

and unsubstituted bipyridine and phthalocyanine. TiO2 sensitized by a proper dye molecule 

showed better and extended absorption to visible region because the dye can absorb the visible 

light [57-60].  

Doping with non-metals. Nonmetal dopants, such as C, N, S, B, P and F have also been tested 

for the elongation of the photocatalytic activity of TiO2 into the visible region. This happens 

because the impurity states of these elements are located near the valence band edge. Many 

studies have been focusing on the N-doped TiO2 approach by physical or chemical methods [53, 

61-63]. 

However, Doping of nonmetals into the lattice of TiO2 usually leads to the formation of oxygen 

vacancies in the bulk. These defects can serve as a recombination centers for the electron-hole 

pair generated by the light, and this highly limit the photocatalytic performance of TiO2 under 

visible light [61, 64].  

Metal doping. Photocatalysis using metal-doped TiO2 with the following metals (Cu, Co, Ni, Cr, 

Mn, Fe, Ru, Au, Ag, Pt) have been extensively experimented and studied for enhancing the 

photocatalytic performance for degradation of pollutants and water splitting applications under 

visible light irradiation [65-69].  
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Noble metal loading is a promising technique for improving the photo response of TiO2 

nanomaterials as different mechanisms have been suggested to explain the performance 

improvement Figure 4.3 [70-75].  

To accelerate the charge separation of semiconductor photocatalysts, zero-dimensional (0D) 

noble metal nanoparticles (such as Pt, Ir, Rh, Au, etc.) have been widely used as cocatalysts. 

They serve as electron sinks for more charge separation and provide many active sites for the 

hydrogen evolution reaction [76]. 

Deposition of metal nanoparticles on the surface of TiO2 showed an increase and enhancement in 

the resulted efficiency of the photocatalysis process and reduces the recombination rate of the 

hole-electron pair because of the Schottky barrier formed at the metal TiO2 interface [24, 31, 38, 

47, 53, 77-90].  

	

Figure 4.3: TiO2/ Ag nanoparticle on surface [91]. 

The Schottky barrier is the rectifying barrier for electrical conduction across heterojunction, 

either the metal-semiconductor junction or semiconductor-semiconductor junction, Figure 4.4 

show a diagram for the n-type semiconductor schottky barrier [92].  
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Electron and holes generated within the space charge regions of the Schottky junction would 

decrease charge carriers recombination and thus result in enhanced photoactivity. As shown in 

Figure 4.3.  

Metal nanoparticles serve as mediators for photo generated electrons storage and shuttle from the 

surface of TiO2 to the acceptor [33, 77, 78, 93-100]. 

	

Figure 4.4: Metal-semiconductor schottky barrier formation [92]. 
	

Additionally, for TiO2, there is general mismatch between light penetration depth (~1.5um) and 

carrier migration length. Therefore, among all of the investigated TiO2 nanostructures, one-

dimensional TiO2 nanotube is the rational solution to the mismatch problem in TiO2 and has 

attracted particular attention [101-106].  

In one-dimensional nanotubes, the wall thickness and the tube length can be tuned 

independently. Thus, the one-dimensional nanotubes have less electron-hole recombination rate 

due to the short distance for charge carrier, excellent electron percolation pathways, and more 

importantly possible reusability relative to other TiO2 nanomaterial’s in powder form [80, 107-

112]. 

 Our group has made contribution to the rational synthesis of one-dimensional TiO2 nanotube 

array synthesis and its application. For example, in 2012, a modified two-step anodization 
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method was come up with, which led to well-controlled synthesis of hierarchical top-layer/bottom-

tube TiO2 NTs arrays.  

By tuning the voltages applied in two anodization steps, a rational transition of the surface 

morphology of the hierarchical top-layer/bottom-tube TiO2 NTs arrays can be achieved.  The method 

allows for an easy control over the length of the tubes. More importantly, with the optimized surface 

morphology produced by this method, the photocurrent density and photoconversion efficiency of the 

hierarchical TiO2 NTs can be remarkably boosted Figure 4.5 [1]. 
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Figure 4.5:	SEM images of (a) S-60-20; top right inset shows a high magnification image and bottom left inset shows cross-sectional 

 view with a length of the TiO2 NTs of 1.3 µm; (b) S-60-40; inset shows cross-sectional view with a length of 1.5 µm; (c) S-60-60; inset  

shows cross-sectional view with a length of 1.3 µm; (d1) S-60-80; (d2) cross-sectional view of S-60-80 with a length of 1.5 µm,  

(d3) 15° cross-sectional view of S-60-80; (d4) regular hexagonally packed pattern with round concave morphology on a Ti sheet  

surface after ultrasonic removal of the NTs layer; (e1) S-60-100; (e2) cross-sectional view of S-60-100 with a length of 1.4 µm;  

(f) S-80-80; inset shows cross-sectional view with a length of 1.4 µm; (g) S-100-80; top right inset shows high magnification  image, 

 and bottom left inset shows cross-sectional view with a length of 1.5 µm [1]. (Note: S-x-y are the samples name, with x being 

 the anodization voltage in the first step and y being the the anodization voltage in the first step) [1]. 

	
In this dissertation, since we were able to produce metal ultra-small nanoparticles in chapter 2 

using electrochemically active biofilm and the synthesized ultra-small metal nanoparticles are 

without capping agents and of high catalytic activity in dye decomposition. It is then our interest 

to combine the ultra-small noble metal nanoparticles with TiO2 to build TiO2 NTs/metal 

composite and to improve the photocatalytic performance of TiO2. Before starting the project, 
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many legitimate questions remained: (1) can we combine USNPs produced by EABs with TiO2 

NTs? (2) Will this combination take place only on the external surface of the TiO2 NTs? (3) To 

make the TiO2 NTs/metal composite an effective photocatalyst, the USNPs ought to be inside the 

TiO2 NTs to have more intimate contact and have more junctions of metal and semiconductors. 

Then, how can we push these USNPs into the internal tubes of TiO2? (4) Last but not the least, 

once the designed composite structure was prepared, would an enhance photocatalytic 

performance be obtained? Answering all these questions was the motivation to of this chapter.  

Our hypothesis was that in the presence of EAB, the in-situ reduction of metal precursor would 

take place, which produces USNPs of the noble metals of desire. As long as the density or 

coverage of the EAB on the TiO2NTs is so dense, the in-situ formed USNPs would have access 

to the internal surfaces of TiO2 tubes. Given the ultra-small size of the noble metal nanoparticles 

and their high activity, once inside the TiO2 tubes, they would promote the photocatalytic 

activities of TiO2. 

4.2 Experimental methods 

4.2.1 TiO2 NT preparation 

It has been demonstrated that TiO2 nanotubes (TiO2 NTs) fabricated using the two-step 

anodization is an efficient technique for the synthesis of hierarchical TiO2 NTs [1]. In this work 

TiO2 NTs were prepared by a two-step anodization method. By adjusting the voltages used in the 

anodization the morphology, optical absorption and crystallinity can be changed, which optimize 

the performance of these TiO2 NTs photo-electrodes.   

First of all the Ti was cleaned using ethanol and acetone to confirm that there is no residue on the 

surface, then the foil was rinsed with DI water. The anodization was conducted using a two-
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electrode system with the Ti foil as anode and a Pt mesh (Aldrich, 100 mesh) as a cathode. All 

electrolytes consisted of 0.16 grams of NH4F in 40 ml ethylene glycol (EG) solution and 1 ml 

deionized water (DI). The anodization processes were carried out at room temperature.  In the 

first step, the Ti sheet was exposed to a high voltage of 60 V for 30 minutes, then the as-grown 

nanotubes layer were ultrasonically removed in DI water.  The same Ti sheet then anodized for 

the second time using 20 Volts, 25 volts then finally 30 Volts respectively for 30 minutes each to 

control the thickness of the NTs as shown in Figure 4.6. The values of these voltages were 

reported to yield uniform TiO2 NTs with unique hierarchical nanostructure, which consisted of a 

periodically well-ordered porous top nanostructure sitting on top of a uniform TiO2 NT array 

[113]. 

After that, the fabricated TiO2 NT samples were cleaned using DI water and dried with N2 gas. 

Followed by annealing in air at 450 ᴼC for 1 h with heating and cooling rates of 5 °C min-1 in air 

to crystallize the tube walls.  
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Figure 4.6: Two-step anodization synthesis of the TiO2 NTs [1]. 

4.2.2 Bacterial strain and growth conditions 

Shewanella Loihica bacteria was used as a single strain bacterial source and the bacteria was 

cultivated in agar media and in LB media after taking out from a -80 °C freezer After growing 

the bacteria successfully, further growth was conducted in the nutrient media to initiate the 

experiment. The details of the media were fully described in chapter 2.  

4.2.3 Deposition of in-situ formed noble metal nanoparticles into TiO2 NTs in the presence 

of EAB 

The following procedure was done to deposit the metal nanoparticles into the TiO2 NTs. A 100 

ml glass bottle (Duran Laboratory glass bottles, 167304245) was used as the reactor to which 88 

ml of the nutrient media was poured. 10 mM sodium lactate as electron donor, 10 mL of S. 

loihica PV-4 single strain inoculum with optical density of 2 O.D. and 1 mM of metal precursor 

was added afterwards. In our experiment, three metal precursors were used separately, gold 

chloride, chloroplatinic acid and palladium chloride.  



	 165	

The solution was initially purged with nitrogen gas for 30 minutes to remove all the dissolved 

oxygen to maintain anaerobic conditions, and then the previously prepared TiO2 NT foil was 

submerged in the media before tightly sealing the reactors. The medium was contentiously 

stirred for 48 h and the experiments were conducted in a temperature-controlled chamber of 30 

oC in Figure 4.7. The details of the temperature-controlled chamber were described in Chapter 2.  

After the reaction was done, TiO2 NTs/ NPs were taken out of the reactors and washed with 

ethanol, acetone then water. After drying the samples with nitrogen gas, the samples were heated 

up to 200 oC for 1 h in air with heating and cooling rates of 5 oC min-1 to remove residual carbon 

from the surface of the Ti.  

	

Figure 4.7: Digital image of different reactors for TiO2 NT direct metal nanoparticles deposition 

 

4.2.4 Photoelecrochemical characterization of the nanoparticles/TiO2 NT 

The photoelectrochemical performance of TiO2 NT/NP evaluated using a three-electrode system 

with TiO2 NT/NP electrode, Ag/AgCl electrode and Pt mesh as working, reference and counter 

electrode, respectively. The supporting electrolyte used for the test was (1M) KOH solution. The 
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potential and photocurrent of the photoelectrode were controlled by a potentiostat and were 

reported against the reversible hydrogen electrode (RHE) following the equation (Equation 4.1). 

ERHE = EAg/AgCl + 0.059pH + E◦
Ag/AgCl  with constant E◦ Ag/AgCl = 0.1976.  (Equation 4.1) 

Where ERHE is the converted potential vs. RHE, Eo Ag/AgCl = 0.1976 at 25 °C, and EAg/AgCl is the 

experimentally measured potential against Ag/AgCl reference. 

The produced photocurrent was measured under an irradiation from a 300 W Xe lamp (PLS-

SXE300, PE300BF). The intensity of the light was calibrated to simulate AM 1.5 illumination 

(100 mW cm-2) using with a Si diode (Model 818, Newport). The scan rate for the linear sweep 

voltammetry was 5 mV s-1. The photo response was evaluated under leaner sweep voltammetry. 

TiO2 NT/NPs surface structure was determined by field-emission scanning electron microscope 

(FESEM, FEI Quanta 600).  The samples were analyzed using transmission electron microscopy 

(TEM) to study the morphology, crystal structure, and the elemental distributions of 

TiO2NT/NPs. TEM analysis of the samples was performed using a TitanG2 80-300 CT from FEI 

Instruments that was equipped with a field-emission-gun and a GIF Tridiem863 energy-filter 

from Gatan, Inc. Moreover, the analysis was conducted by operating the microscope with beam 

energy of 300 keV. 

4.3 Results and discussions 

4.3.1 Characterization of TiO2 NTs  

The growth of porous or tubular structure of titania is the result of the competition between the 

electric field and the chemical dissolution of the metal oxide layer. As revealed by our group, 

with the existence of fluoride anions as electrolytes in the hierarchical TiO2 NT synthesis system, 

the dissolution of titania in the form of [TiF6]2- is greatly affected by the applied electric field [1].   
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In this work, to create the hierarchical TiO2 NTs, a Ti sheet was first anodized under voltage of 

(60 V) to grow TiO2 NTs on its surface. The TiO2 NTs were subsequently removed by ultra-

sonication, leaving behind on the Ti sheet surface a regular hexagonally packed round concave 

morphology. The Ti sheet was then subject to the second anodization (20) volts for 30 minutes 

then (25) Volts for 30 minutes then finally (30) volts for 30 minutes. The uniform TiO2 NTs with 

unique hierarchical top-layer/bottom-tube nanostructures were produced. The top view SEM 

images were collected to show the structure of TiO2 array vertically oriented with a uniform top 

layer Figure 4.8. As can be seen, a structure of nano-ring top structure with a diameter in the 

range of 150-200 nm was clearly observed. Underneath the top nano-rings, a bottom-tube array 

nanostructures was there between the top rings and the Ti sheet. Thus, the TiO2 NTs in this work 

had a hierarchical structure, with the top the top-ring layer thickness being ∼70 nm and the 

bottom tube array length being around ∼1.3 um in length. It is noteworthy that the two-step 

anodization method allows for easy control over the length of the nanotube array as well as the 

top layer surface morphology. The length of the nanotubes was judiciously chosen to be around 

1.0-1.5 um in this work since the maximal light penetration in TiO2 is 1.5 um. The length of the 

nanotubes in this work thus makes sure an optimal light harvesting efficiency by the TiO2. The 

top layer of nano-ring was chosen because this unique top structure gave rise to surface photonic 

crystal light property as has been reported in our early work. The surface photonic crystal layer 

would benefit broadband light confinement and the bottom 1D tube array provides a 

unidirectional electron transport [113]. Since the wall thickness of the tubes was around ∼25 nm, 

the TiO2 NTs provided a great solution to the mismatch problem of TiO2’s carrier diffusion 

length and its light penetration depth.  
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Figure 4.8: SEM images of TiO2 nanotube formation, (A) high-magnification top view of TiO2 NT, (B) Large-scale 

top view of the TiO2 NT and (c) cross-sectional view with top-ring/bottom-tube structures with the green lines 

indicating the length of the tubes. 

4.3.2 Characterization of TiO2 NT/biofilm  

In this experiment S. Loihica bacteria as a single strain bacteria were used and the details 

regarding the bacteria have been well described in Chapter 2 [114, 115].  Figure 4.9 presents an 

image of single cell of S. Loihica bacteria used in this part of the work.  

	

Figure 4.9: Single cell of Shewanella Loihica bacteria.  

 

A B C 



	 169	

 After growing the biofilm on the surface of the prepared TiO2 NT, SEM images were recorded 

to confirm the presence of the bacteria on the surface of the material.  Initially in our experiment, 

cyclic voltammetry of TiO2 NT and TiO2 NT/biofilm was tested. 

CV of the TiO2 NTs and biofilm was measured with a standard three electrode system, with the 

working electrode being TiO2 NT electrodes and TiO2 NT/EAB electrode, counter electrode 

being Pt mesh, and the reference electrode being Ag/AgCl. 

CV is an electrochemical test that applies a linear scan from an initial potential to a final 

potential and measures the current. CV can determine the biofilm electrode potential range in 

which extracellular electron transfer can occur in EABs [116]. 

The Ag/AgCl reference electrode maintain a steady potential in this test. However, the working 

electrode’s potential was varied linearly with time and the counter electrode directed the 

electricity from the power source to the working electrode. The supporting electrolyte was 1 M 

KOH solution. The measured CV of the sample is shown in Figure 4.10. And it was report that 

the structure of the microbial biofilm was not disturbed by changes in the studied temperature 

range [117]. 
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Figure 4.10: CV of TiO2 NT and TiO2 NT/ biofilm. 

 
 

To initiate the experiment as seen in Figure 4.12, linear polarization potential scan from an initial 

polarization potential (-0.2) V to a switching potential (0.7) V. in this scan, no peaks were 

detected. The scan continued moving from the switching potential (0.7) V which is the upper 

potential value to the lower and the final polarization potential (-0.2) V and the current was 

measured. A strong peak at ~ (0.4) V was noted and this indicates the reduction of the electron 

donor is happening on the surface of the working electrode at this potential value. 

	

Figure 4.11: SEM images of the EAB on the surface of TiO2 NT, (A) single S. loihica bacteria on the surface, (B) 

large-scale top view of S. loihica bacteria on the surface of TiO2 NT. 
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After growing the biofilm on the as synthesized TiO2 NT, SEM images of the electrochemically 

active biofilm on the surface of TiO2 NT were collected to confirm the successful growth of the 

bacteria on the surface in Figure 4.11.  

The presence of the bacteria on the surface is an essential factor for the later combination process 

between TiO2 NT and the metal ultra-small nanoparticle. Because S. loihica are known as 

exoelectrogeneses bacteria and has the ability to transport their generated electrons to insoluble 

and soluble substrate extracellularly through extracellular electron transport (EET) [118]. The 

electron donor (sodium lactate) was added to the prepared media, S. loihica PV-4 would oxidize 

the electron donor. This oxidation process and consumption of the bacteria of the electron donor 

as a food source leads to electron production [119-122]. The produced electrons in the media are 

then responsible for the direct reduction of metal nanoparticles Au, Pd and Pt on the surface of 

TiO2 NT as shown in Figure 4.11. 

4.3.3 Characterization of metal/TiO2 NT composite 

As discussed in Chapter 2, we were able to successfully synthesis ultra-small nanoparticles of 

noble metals (Au, Pd and Pt) of 2-7 nm in size. In order to decorate TiO2 NT with the USNPs, 

different approaches were investigated.  

In initial experiments, three different approaches were tried to combine the USNPs with the TiO2 

NTs.  

The first approach was placing the TiO2 NT foil inside the bioreactor and growing the EAB for 7 

days on the surface. After the successful biofilm growth, the TiO2 NT biofilm sample was taken 

out of the bioreactor and placed in another reactor that had only the metal precursor and the 

electron donor.  
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Figure 4.12: Image of TiO2 NT without nanoparticles formation inside the tubes.  

It was found that the metal nanoparticles grew only on the external surface of the TiO2 NTs and 

also at the bottom of the reactor. No obvious nanoparticle deposition inside the TiO2 NTs as 

indicated by TEM images in Figure 4.12, which was believed to be unsuccessful synthesis. It 

was not a surprise the photocatalytic performance of the sample did not show any activity 

improvement. In determining the reason of this failure, images of the TiO2 NT-biofilm was 

taken. The results revealed that the 7-days of biofilm growth produced a very condense and thick 

layer of biofilm that fully covered the TiO2 NTs. With the TiO2 NT surface being fully covered, 

in the subsequent in-situ synthesis of USNPs of noble metal, the synthesize USNPs wouldn’t get 

access to the internal surface of the TiO2 NTs and they majored deposited outside the TiO2 NTs. 

Therefore, we concluded that this approach was not suitable for our work.  

The second approach tested was growing the biofilms separately using a carbon paper as a 

support for 7 days, and used this biofilm to produce USNPs, the same way as it was done in 

Chapter 2. The synthesized USNPs were collected by centrifuging and washed the same way. 

We then tried to deposit the metal USNPs into TiO2 NTs in a centrifuge tube with ethanol. We 

applied high speed centrifugal forces with a hope of physically forcing the USNPs to enter TiO2 
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NT’s internal tube space. These results showed that this approach did not produce successful 

metal USNPs deposition either.  

Our third approach was a successful one. In the third approach, instead of seven days of biofilm 

growth, two days of biofilm growth was employed, which led to successful reduction and 

subsequent deposition of the ultra-small nanoparticles into the TiO2 NTs as shown in Figure 

4.12.  

	

Figure 4.13: Scanning electron microscope (SEM) images of TiO2 NT foil with condense reduction of Pd 

nanoparticles on the surface and inside the tubes (A) at 300 nm magnification, (B) at 400 nm magnification. 

In conducting the synthesis, once the metal precursor reduction by the EAB was completed, TiO2 

NTs/NPs samples were taken out of the reactors and washed with ethanol, acetone then water to 

removal the bacteria. The samples were then subject to up to 200 oC heat treatment to remove 

residual carbon from the surface of the samples.  

To examine the structure and composition of the TiO2 NT/NPs composite nanostructures, high-

resolution transmission electron microscopy (HRTEM) and EDX on the representative individual 

nanostructures were performed Figure 4.13.  
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With the two-day biofilm growth, the uniform distribution of the metals ultra-small nanoparticles 

inside the formation of the TiO2 NTs could be clearly seen for all three noble metals. For the 

purpose of comparison, Figure 4.14 presents TEM images of TiO2 NTs before any metal 

deposition.  

	

Figure 4.14: TEM images for TiO2 NTs with no particles deposition (A) TiO2 NT formation at 200 nm 

magnification, (B) TiO2 NT formation at 20 nm magnification, (C) TiO2 NT formation at 50 nm magnification. 

Figure 4.15 presents the HRTM images of Pd USNPs deposition into the TiO2 NTs. As can be 

seen, Pd USNPs were nicely decorated onto the inside walls of the TiO2 NTs with a uniform 

distribution Figure 4.15-A and B. EDX spectra in Figure 4.15-C for the inside of the tube 

structure showed an intense peek of Pd element and Ti which further confirmed the presence of 

Pd there and the uniform distribution of Pd USNPs inside the TiO2 NTs. Figure 4.15-D is the 

crystalline diffraction pattern which shows a clear crystallinity pattern for the sample. The sizes 

of the Pd USNPs were between 2 and 7 nm, within the ultra-small nanoparticle size range.  
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Figure 4.15: (A) Transmittance Electron Microscope (TEM) of TiO2NT/Pd NPs decorating the inside of the tubes at 

(50 nm) magnification, (B) Transmittance Electron Microscope (TEM) of TiO2NT/Pd NPs decorating the inside of 

the tubes at (20 nm) magnification, (C) EDX spectra of TiO
2
NT/Pd NP, (D) SEAD ring pattern of the TiO2NT/Pd 

NPs. 

Figure 4.16A and B present HRTEM images of gold USNPs distributing uniformly and 

decorating on the inside walls of the TiO2 NTs. EDX spectra in Figure 4.16-C for the inside 

surface of the tube structure showed an intense peek of Au element and Ti which was a clear 

confirmation of Au. Figure 4.16-D shows the crystalline diffraction pattern of the sample, 

showing a clear crystallinity pattern of the sample. 

Figure 4.17 A and B show HRTEM images of Pt USNPs nicely and uniformly dispersed and 

attached to the internal walls of the TiO2 NTs.  EDX spectra in Figure 4.17-C of the inside of the 
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tube structure showed the corresponding peek of Pt element and Ti indicating the presence of the 

platinum ultra-small nanoparticles inside the TiO2 NTs. Figure 4.17-D shows the crystalline 

diffraction pattern confirming the crystallinity for the sample.	

The above results successfully confirm the one-step synthesis of noble metal USNPs and their 

deposition into the internal surfaces of TiO2 NTs assisted by EABs.  

	

Figure 4.16: (A) Transmittance Electron Microscope (TEM) of TiO2 NT/Au NPs decorating the inside of the tubes 

at 100 nm magnification, (B) Transmittance Electron Microscope (TEM) of TiO2 NT/Au NPs decorating the inside 

of the tubes at 20 nm magnification, (C) EDX spectra of TiO2 NT/Au NP, (D) SEAD ring pattern of the TiO2 NT/Au 

NPs. 
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Figure 4.17:  (A) Transmittance Electron Microscope (TEM) of TiO2 NT/Pt NPs decorating the inside of the tubes 

at (20 nm) magnification, (B) Transmittance Electron Microscope (TEM) of TiO2 NT/Pt NPs decorating the inside 

of the tubes at (200 nm) magnification, (C) EDX spectra of TiO
2
NT/Pt NP, (D) SEAD ring pattern of the TiO2 

NT/Pt NPs. 

X-ray diffraction patterns were used to confirm the crystalline nature of the hierarchical TiO2 

NTs structure and the nanoparticles as shown in Figure 4.18. Clearly, the synthesized TiO2 

NTs/NP samples show high crystallinity, with anatase phase with preferential orientation of 

(101) being the dominant phase of TiO2. In the XRD pattern of the original TiO2 NTs annealed at 

450 °C for 1h, The peaks located at 25.4°, 37.1°, 38.0°, 53.1°, 54.1°, 55.0°, 63.9°, 63.9°, 71.0° 

refer to (101), (103), (004), (200), (105), (211), and (116) crystal planes of anatase TiO2, with a 

strong preferential orientation of (101).  
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The XRD pattern of the Au/TiO2 NTs shows a dominant Au peak located at 45.2° which could be 

indexed to the (111) plane Figure 4.18-A. Similar peaks for the TiO2 NT/Au have been reported 

in previous studies with similar observations at the same locations [123].  Pt (111) and (200) 

crystal surface peaks at 2θ = 40.5 and 46° were observed in the XRD patterns [124].  

For the TiO2 NTs/Pd sample, no typical diffraction peaks of Pd were observed in Figure 4.18-C 

which could be credited to the overlap of the characteristic peak of Pd (111) at 40.1° with the 

strong (101) peak of Ti at 40.2° [125]. All of the XRD results confirm further confirm the 

successful synthesis of TiO2 as well as the metal nanoparticle synthesis and subsequently 

deposition. 

	

Figure 4.18: X-ray diffraction patterns of the hierarchical of TiO2 NT/ metal USNPs, (A) TiO2 NT and TiO2 NT/Au 

NPs, (B) TiO2 NT and TiO2 NT/Pt NPs and (C) TiO2 NT and TiO2 NT/Pd NPs. 
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Having confirmed successful synthesis of TiO2 NTs/NP of the noble metals, the photocatalytic 

performance of the samples was next tested. 

To evaluate the enhanced PEC performance of the TiO2 NT and the TiO2 NT/metal NPs under 

light irradiation, PEC measurement was carried out. Linear sweep voltammetry test was 

measured under illumination scanning a range of potential V vs RHE (reversible hydrogen 

electrode). RHE is the potential usually used as a metric to assess the performance of photo 

anodes. 

 Photoelectrochemical measurements were carried out using pure TiO2 NT as a control, TiO2 

NT/Pd NPs, TiO2 NT/Pt NPs and TiO2 NT/Au NPs electrodes to investigate their photocatalytic 

activities under dark and illumination conditions.  

In Figure 4.19 LSV measurement were conducted using TiO2 NT and Pd/TiO2 NT electrodes to 

investigate their activities under both condition dark and under illumination of simulated solar 

light (AM 1.5, 100 mW/cm2).  And to investigate the enhancement of the performance after the 

deposition of the Pd NPs.  

In dark, the current on both electrodes was insignificant, even at a potential of up to 2 V. From 

the LSV data, the produced photocurrent density of TiO2 NTs barley produced current under 

dark. However, under illumination, a significant increase in the photocurrent was observed on 

both TiO2 NT and TiO2 NT electrodes/Pd NPs.  

TiO2 NT produced a saturation photocurrent density of ~ 0.5 mA/cm2, which is consistent with 

our previous results.  However, once the sample decorated with Pd NPs were illuminated a 

photocurrent density of ~ 0.76 mA/cm2 was produced. However, once the sample was 
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illuminated, TiO2 NT produced around 0.5 mA current. Pure TiO2 NT compared with previous 

studies showed slightly lower current in our experiment [125].  

	

Figure 4.19: Linear-sweep voltammagrams of TiO2 NT and TiO2 NT/ Pd NPs electrodes in dark and under 

illumination.  

In the case with the TiO2 NTs/Au NPs as shown in Figure 4.20, linear sweep voltammagrams 

(LSV) in dark and under illumination of simulated solar light (AM 1.5, 100 mW/cm-2) for 

titanium nanotubes and TiO2 NT/Au NPs was performed. Pure TiO2 NT under dark showed 

insignificant current density production. However, affecting the sample to the simulated solar 

light, we noticed an increase in the photocurrent density.   

TiO2 NT/ Au NPs sample was also tested under dark and illumination condition in Figure 4.20. 
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The produced photocurrent under dark was also very low. However, illuminating the sample 

dramatically increased the photocurrent density. The sample decorated with Au NPs under 

illumination, had photocurrent density of ~ 0.95 mA/cm2 produced. And among the other metal 

nanoparticles, gold combined with titanium nanotubes scored the highest photocurrent 

production.  

A linear sweep voltammagrams (LSV) in dark and under illumination for titanium nanotubes and 

TiO2 NT/Pt NPs was run in Figure 4.21.  

The produced photocurrent under dark was minor. However, illuminating the sample increased 

the photocurrent density more than the pure TiO2 NT under light. The titanium nanotube sample 

decorated with Pt NPs under illumination, generated a photocurrent density of ~ 0.83 mA/cm2. 



	 182	

	

Figure 4.20: Linear-sweep voltammagrams of TiO2 NT and TiO2 NT/ Au NPs electrodes in dark and under 

illumination. 

In dark condition, the current on all of the previously mentioned electrodes were insignificant, 

due to the fact that TiO2 NT is a photo catalyst, and it can be activated under light.  Under light, a 

significant increase in the photocurrent was observed on TiO2 NT. And as it is known that the 

metal particles increase the photocurrent density, where they act as a sink for the generated 

electron, and hence, prevent recombination between the electrons and the holes.  

Our hypothesis is that by reducing ultra-small nanoparticles on the TiO2 NT and also inside the 

formation of the tubes, it will increase the generated photocurrent density where the metal 
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nanoparticles will serve as electron trapping site to lower the recombination rate of the electrons 

and holes and hence enhances the charge separation.   

From our results, the TiO2 NT samples that were combined with the metals nanoparticles, 

showed higher response than pure TiO2 NTs under the same conditions. These results confirmed 

our hypothesis.  

	

Figure 4.21: Linear-sweep voltammagrams of TiO2 NT and TiO2 NT/ Pt NPs electrodes in dark and under 

illumination. 
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Figure 4.22: Degradation of MO dye using TiO2 NT/metals NPs. 
 
Methyl Orange (MO) dye decomposition experiments were carried out to study the effect of 

TiO2 NT and TiO2 NT/NPs electrodes in photoelectrochemical reaction. A fixed potential 0.5 V 

was running during the process and this potential was applied for all TiO2 NT and TiO2 NT/NPs 

electrodes in Figure 4.22. MO dye in all experiments was decomposed under PEC illumination 

of simulated solar light (AM 1.5, 100 mW/cm2). The UV−vis absorbance of the MO dye solution 

PEC process was measured periodically to determine the decomposition rates.  

The dye degradation under PEC was very effective because of the external force, driving 

electrons to reference electrode. Under PEC processes, TiO2 NT/NPs of metals electrodes 

presented faster dye decomposition kinetics than the pure TiO2 NT, as the schottky junctions 

enable the electron travel and thus lower the recombination of electrons-hole pair, thus improved 

the PEC performance. Coupling TiO2 NT with Au NPs showed the best performance compared 

to TiO2 NT/Pd NPs and TiO2 NT/Pt electrodes. 
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4.4 Conclusion 

In summary, using electrochemically active biofilms was a successful approach to produced 

TiO2NT/USNPs composite. EABs were capable of directly reducing the nanoparticles on the 

surface of the TiO2 NT. The USNPs were pushed to the interior part of the nanotubes and 

uniformly decorated the tube walls. The photoelectrochemical analysis confirmed the 

enhancement of the photocatalytic activity of the composite samples compared to the pure TiO2 

NTs, due to the strong contact between the particles and the TiO2. The produced material showed 

a good stability, well controlled ultra-small sizes on the surface, and good photo catalytic 

activity. Looking at the photo catalytic performance of the TiO2 NT/NPs in term of decomposing 

methyl orange dye, the TiO2 NT combined with metal nanoparticles exhibited better 

decomposition performance for the dye than the original TiO2 NT.  
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 Conclusions and Future Perspectives Chapter 5.

5.1 Conclusions 

The dissertation drew the following conclusions: 

(1) The use of electrochemically active bacteria in synthesizing ultra-small metal nanoparticles 

was a successful approach. In our project S. loihica PV-4 was used as a single strain to produce 

gold, platinum and palladium ultra-small nanoparticles. This strain was easy to handle, control, 

and cultivate in the lab. Using EABs to synthesize USNPs was done using sodium lactate, as 

electron donor without using any toxic chemicals or reducing chemicals at mild operating 

conditions.   

The temperature used for the synthesis was controlled at 30 ◦C. The USNPs were synthesized 

under different conditions to understand the effect of different parameters on the particle 

formation. A range of pH values was used to confirm the pH where the bacteria grow well and 

be capable of producing the USNPs. Using acidic pH solution to produce metal USNPs was not 

successful due to the fact that it stressed and killed the bacterial cells. However, going higher 

with pH 7 and 9, USNPs were successfully grown. By changing the pH value, we noticed a 

change in the size range of the as-synthesized NPs.   

Also a range of different metal precursor concentrations were tested for the particles formation. 

Our results showed that using a low concentration of 0.1 mM metal precursor did not produce 

any metal USNPs. This synthesis method was able to synthesize nanoparticles with an ultra-

small size ranging between 2 and 7 nm.  The as-synthesized USNPs showed excellent catalytic 

activity on the degradation of methyl orange dye.  

 (2) EAB was capable in a simple preparation method to produce a unique 2D structure of cobalt 

nanosheets. The capability of these bacteria to produce extracellular electrons outside the 
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bacterial body after consuming the electron donor was the key for the formation of our produced 

2D cobalt sheets material. This structure was very unique with the nanosheets being a mixture of 

cobalt, carbon and oxygen been synthesized homogenously. Moreover, this synthesis is very 

appealing because it is green, toxic chemical free. In this dissertation, we were able to produce 

cobalt 2D nanosheet in a media with pH 7 without the addition of any reducing agent or any 

hazardous chemicals.   

This work demonstrated that using low concentrations of cobalt precursor led to the production 

of fairly homogenous structure of 2D cobalt nanosheet. However, when increasing the 

concentration up to 50 mM, nanosheets of carbon, oxygen and cobalt metal oxide were decorated 

with cobalt nanoparticles as well. This confirmed that the thin film 2D nanostructure was highly 

dependent on the initial concentration of the metal precursor. It was revealed that the 2D 

nanosheet formation was very rapid and changing of synthesis duration did not show any 

significant effect on the final structure.   

(3) EAB was capable of directly reducing the nanoparticles on the surface and inside of the 

formation of the TiO2 NT. The USNPs were successfully decorated on the internal surface of the 

TiO2 NTs. The photo-electrochemical analysis confirmed the enhancement of the photocatalytic 

activity of the combined samples compared to pure TiO2 NT. The produced nanoparticles showed 

a good stability inside the tubes, controlled ultra-small size, and a good catalytic activity. 

Looking at the catalytic performance of TiO2 NT/NPs in term of decomposing methyl orange 

dye, the TiO2 NT combined with metal nanoparticles exhibited higher decomposition 

performance for the dye compared to the plain TiO2 NT.  
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5.2 Future perspectives 

The suggested future work includes: 

(1) Using EAB for the production of other noble metals USNPs such as iridium and ruthenium is 

worth efforts. The catalytic activities of these USNPs, once synthesized, should be confirmed by 

various photocatalytic processes.  

(2) Combine the 2D cobalt nanosheet produced by the EAB with other nanomaterial such as 1D 

nanotubes of different semiconductors, such as TiO2 NTs or ZnO NTs, to form three-

dimensional hierarchical hetero-structures can be an interesting topic. These materials once 

fabricated can open many new applications.  

 

	

	

 

 

 

	

	

	

	

	

	

	

	

	


