
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

Master's Thesis 

석사 학위논문 

 

 

 

Investigation of Hybrid Microbial Fuel Cells  

for Enhanced Performance    

under Solar Irradiation   

 

 

Kyeong-Seok Lee (이 경 석 李 京 錫) 

 

 

Department of Energy Systems Engineering 

에너지시스템공학전공 

 

DGIST 

 

2017 
 

 

 



 

 

Master's Thesis 

석사 학위논문 

 

 

 

 

Investigation of Hybrid Microbial Fuel Cells  

for Enhanced Performance    

under Solar Irradiation 

 

 

 

 

Kyeong-Seok Lee (이 경 석 李 京 錫) 

 

 

Department of Energy Systems Engineering 

에너지시스템공학전공 

 

DGIST 

 

2017 
 

 

 



 

Investigation of Hybrid Microbial Fuel Cells  

for Enhanced Performance    

under Solar Irradiation 
 

 
Advisor   :   Professor Su-Il In  

Co-advisor :   Ph.D Eun-Joo Kim  
 

by 

Kyeong-Seok Lee 

Department of Energy Systems Engineering 

DGIST 

A thesis submitted to the faculty of DGIST in partial fulfillment of the 

requirements for the degree of Master of Science in the Department of Energy 

Systems Engineering. The study was conducted in accordance with Code of 

Research Ethics1 
 

 

01.06. 2017 

 

Approved by 

 

Professor    Su-Il In          ( Signature ) 

(Advisor) 

 

Ph.D      Eun-Joo Kim       ( Signature ) 

(Co-Advisor) 

 

  

                                                           
1 Declaration of Ethical Conduct in Research: I, as a graduate student of DGIST, hereby declare that I have not committed 

any acts that may damage the credibility of my research. These include, but are not limited to: falsification, thesis written by 

someone else, distortion of research findings or plagiarism. I affirm that my thesis contains honest conclusions based on my 

own careful research under the guidance of my thesis advisor. 



 

 

Investigation of Hybrid Microbial Fuel Cells  

for Enhanced Performance    

under Solar Irradiation 

Kyeong-Seok Lee 

 

 

Accepted in partial fulfillment of the requirements 

 for the degree of Master of Science. 
 

 

      01.06. 2017 

  

Head of Committee                 (인) 

Prof.  Su-Il In  

Committee Member                 (인) 

                                          Ph.D Eun-Joo Kim 

          Committee Member                 (인) 

                          Prof. SANGARAJU SHANMUGAM 

 

 

 



i 

 

MS/ES 
201524008 

 이 경 석. Kyeong-Seok Lee. Investigation of Hybrid Microbial Fuel Cells for 

enhanced performance under Solar Irradiation. Department of Energy Systems 

Engineering. 2017.p74. Advisors Prof. Su-Il In, Co-Advisors Ph.D. Eun-Joo 

Kim. 
 

 

 

 

 

 

 

Abstract 
 

 

The growth of global population has been increased continuously. Because of this 

phenomena, the energy demand has been also increased sharply. So, the conventional fossil 

fuels are running out. To full fill the energy demands, humans are burning larger quantity of 

fossil fuels which results in the higher carbon dioxide concentration in atmosphere. Therefore, 

it is essential improving renewable, sustainable energy generating technology. Nowadays, 

microbial fuel cell (MFC) technology become the main solution for this situation to solve 

energy and environmental related problems. Because microbial fuel cell (MFC) technology can 

generate electricity from wastewater. However, there are some limitations such as low 

efficiency and high cost materials. Thus, this research is conducted to improve low efficiency 

of microbial fuel cell (MFC) technology by application of solar fuel.  

 

First, hybrid-MFC System is invented by application of suitable photoactive material. In this 

research, TiO2 nanotube arrays (TNT) are used as photoanode to use solar energy. TiO2 

nanotube arrays (TNT) have high photostability, high electron transfers ability and broad 

absorption range. Additional electrons are generated from photoanode under irradiation and 

they can be involved in MFC system. By this effect, the power density of hybrid-MFC is 

increased 46.8 % compared to power density of normal MFC.   

 

Second, investigation of methylene blue (MB) degradation in hybrid-MFC is conducted. 

Methylene blue (MB) is used for various purposes. Especially, it is mainly used as a dye. The 

release of those chemicals in the ecosystem can be a critical source of non-aesthetic pollution, 
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eutrophication and perturbations in the aquatic ecosystem. To create new approach for this 

problem, Methylene blue (MB) is degraded by TiO2 nanotube arrays (TNT) photoanode and 

bio-anode in hybrid-MFC system.   

Third, enhanced power generation in microbial fuel cells (MFCs) with modification of 

carbon fiber brush anode is investigated. Carbon fiber brush electrodes have been used to 

provide high surface areas for growth of microorganism and enhanced performance in 

microbial fuel cells (MFCs). Several modifications for anode in microbial fuel cells (MFCs) 

have been a successful way for increasing efficiency of MFC such as high-temperature 

ammonia gas treatment. But these methods are complicated and costly. Therefore, in this 

research simple and less expensive modification at carbon fiber brush anode with heat and acid 

treatment is conducted. 

 

Keywords: Microbial fuel cells (MFCs), Photoactive material, Hybrid-MFC, Power generation, 

Anodization, Oxygen reduction reaction (ORR). 
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I. Introduction 

 

1.1 Research Background 

Domestic and industrial energy demands are being continuously increased due to the 

steady growth of global population. In accordance with report of the International energy 

agency (IEA), power consumption will rise up to equivalent of 18 billion tone oil by 2035 

from a present power consumption of 12 billion tone oil 1 which results in release of huge 

wastes such as carbon dioxide that causes global warming. To fulfill the energy demands 

and to solve the environmental issues, energy sources should be replaced by reliable, 

sustainable and clean energy technologies. The idea invented by British Botanist Potter 2 

in 1911 was to generate electricity using microorganism that oxidize organic matters is 

being considered an alternative energy source. Since then, Microbial fuel cell (MFC) 

technology has attracted the focus of great attention.  

Microbial fuel cell (MFC) technology can generate electricity by using microorganisms 

as a biocatalyst in the anode. Chemical energy stored in organic matters is directly 

converted into electrical energy by the metabolism of microorganisms. Exoelectrogens, an 

electrochemically active microorganism, can generate electrons and transfer to anode of 

the microbial fuel cell. Electrons which are generated by exoelectrogens flow to the 

external circuit consist of current collector and resistor. The electrons move to cathode and 

combine with protons which stats the metabolic process of microorganism. Finally, water 

(H2O) is formed as a product by oxygen reduction reaction (ORR) as oxygen provided 

from air.3-5 By this mechanism, electricity is generated.  

Electron transfer mechanism from microorganisms to the anode can be explained by 
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three possible pathways. First, Figure 1a displays that electrons are delivered by redox 

proteins or other electron transfer molecule located on the cell membrane upon direct 

contact with the anode surface.6 Membrane-associated electron transfer takes place 

through compounds that belong to the respiratory chain. This pathway can be explained by 

Geobacter metallireducers7, Aeromonas hydrophila8 and Rhodoferax ferrireducens9. 

Second, soluble mediators produced by bacteria can transfer electron to electrode as shown 

in Figure 1b.10 In this case, electron transfer occurs in two ways; i) through the production 

of reversibly reducible organic compounds and ii) through the generation of oxdizable 

metabolites. Shewanella putrefaciens and Pseudomonas aeruginosa are using the 

mediators.11-13 These microbial mediators influence the performance of MFCs. Electrons 

also can be transferred via microbial nanowires which have a high electrical conductivity 

Figure 1c.14 Txhe property of nanowires is investigated using species of Geobacter.15
  

Figure 1. Electron transfer mechanisms from microorganisms to electrode by (a) cell 

membrane, (b) soluble mediator and (c) conductive nanowires. 

MFCs have a lot of advantages compared with other types of fuel cell. It is 

environmentally friendly, because it is totally a reversible biological process in which 

power is generated by the degradation of organic matters by metabolism of microbes. Other 

types of fuel cell are limited to several sources as fuels but microorganisms can utilize any 

carbon bearing substance and any organic matters can be used for Microbial fuel cell (MFC) 
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technology, that’s why It can be applied to wastewater treatment plant16,17 and industrial 

process. However, low power output due to high internal resistance and cell configurations, 

and costly electrode materials are the bottlenecks for the practical application of MFCs.18 

Researches are trying to increase the efficiency of MFCs by reducing the internal resistance 

or improving electron transfer from microorganisms to anode electrode or enhancing 

kinetic of oxygen reduction reaction (ORR).19-22 The efficiency of MFCs has been 

improved dramatically, but further improvements are still required to use MFCs as 

promising electricity generation devices. The hybrid system can be one of the possible 

methods for increasing the efficiency of the microbial fuel cells.  

The solar energy reaching to earth in one hour is more than enough to fulfill the global 

energy consumption for one year. Therefore, to harvest this solar energy efficiently, an 

innovative method is the need of hour to meet the demand of energy supply.23 TiO2 

nanotubes arrays (TNT) is used to harvest solar energy because of its earth abundant, low 

cost and chemical stability.24 
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II. Equipment 

 

2.1  Field Emission Scanning Electron Microscope (FE-SEM) 

Field Emission Scanning Electron Microscopes (FE-SEM) use a focused electron beam, 

which scan the specimen surface in vacuum, imaging one point at a time. The interaction 

of the electron beam with every point of the specimen surface is registered, forming the 

entire image. Since the wavelength of the electron beam is much lower than the wavelength 

of the visible light, the magnification of the FE-SEM is much higher (thousands of times), 

than that of optical microscopes. Resolution of FE-SEM is about 1nm to 20 nm. 

Figure 2.1a shows that Schematic diagram of FE-SEM operation. Electrons in the 

electron gun are emitted from the cathode and accelerated by the anode to the energy 1 ~ 

50 keV. The electron beam is condensed by the condenser lenses (one or two). The electron 

beam, focused by the objective lens to very fine spot (1-5 nm), scans the sample surface in 

a raster pattern. 

The kinds of the scattered electron generated by the collision of electron beam are shown 

in Figure 2.1b. Primary electrons interact with the atoms of the surface of the sample, 

causing emissions of the secondary electrons, which are detected, and used in image 

generation. The backscattered electrons of the electron beam may also be detected. The 

backscattered electron image is used for contrasting the sample regions, having different 

chemical compositions.25 
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Figure 2.1. (a) Schematic diagram of SEM operation25 and (b) electron scattering by an 

electron beam.26 

 

2.2  Potentiostat 

The galvanostatic mode uses three electrodes configuration. A current is applied between 

auxiliary and working electrodes while the potential of the working electrode is monitored. 

In this case, redox (electron transfer) reaction must occur at the surface of the working 

electrode to support the applied current. Commonly it is used for constant current stripping 

potentiometry and constant current electrolysis, such as electrodeposition and battery 

studies. Constant current techniques have one advantage that the ohmic drop due to 

solution resistance is also constant. On the other hand, in potentiostatic experiments such 

as the cyclic voltammetry data correction is more complicated. 

Linear sweep voltammetry (LSV) is a voltammetric method in which potential between 

a working electrode and a reference electrode is swept linearly with time and the current 

at a working electrode is measured. It can identify unknown species and also can determine 

the concentration of solutions. In this research, LSV is used to measure ability of 

photoactive material by measuring photocurrent. The sample is connected to the working 

electrode while Platinum wire and Ag/AgCl electrode are used as counter electrode and a 
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reference counter electrode respectively. The applied potential varied from -0.8 V to 0.8 V 

vs. Ag/AgCl electrode. Glucose medium (2.0 g·L-1) is used as electrolyte.27
   

Chronopotentiometry (CP) is the most common constant current technique that can 

obtain a polarization curve. An anode of microbial fuel cells is used as reference and 

counter electrode, and a cathode is used as working electrode. The current applied, which 

is linearly increased with a ramp of 200 µA/min and is continued until the value of the 

voltage approaches zero. The electrode potentials are measured using three electrode 

configuration across the MFC. For the measurement of anode potential, it is made as a 

working electrode (WE) and the air cathode as counter electrode (CE), whereas for the air 

cathode potential measurement, air cathode becomes as a WE and anode is as a CE. Both 

electrode potential i.e. anode and cathode is measured against Ag/AgCl electrode (inserted 

inside the MFC).28 

Electrochemical Impedance Spectroscopy (EIS) involves the study of the variation of 

the impedance of an electrochemical system with the frequency of a small amplitude AC 

perturbation.29 In practice, the time-domain of the input and output signals are converted 

into a complex quantity that is a function of a frequency. The nyquist plots are the most 

often used data plots in electrochemical impedance spectroscopy. The air cathode is set as 

a working electrode whereas bioanode (in case of normal MFC) and TNT photoanode 

coupled with bioanode (in case of hybrid-MFC) are set as counter and reference electrodes. 

The frequency range is from 10 mHz to 1 kHz with the amplitude 10 mV.  

 

2.3  X-ray Photoelectron Spectrometer (XPS) 

X-ray photoelectron spectroscopy is an analytical method that measures the valence 

states, elemental composition and the empirical formula of any material. Figure 2.2a 
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shows the basic analytical process of XPS.  

XPS spectra is measured by crushing a material with X-rays while simultaneously 

measuring the kinetic energy and the number of electrons that escape from the material. 

Each atom on the surface has core electron with the characteristic binding energy that is 

conceptual, not strictly, equal to the ionization energy of that electron. When an X-ray 

beam directs to the sample surface, the energy of the X-ray photon is adsorbed completely 

by the core electron of an atom. If the photon energy, hn, is large enough, the core electron 

will then escape from the atom and emit out of the surface (Figure 2.2b). The emitted 

electron with the kinetic energy of Ek is referred to as the photoelectron. The binding energy 

of the core electron is given by the Einstein relationship (eq. 1 and eq. 2). 

ℎ𝑣 = 𝐸𝑏 + 𝐸𝑘 + ɸ (1) 

𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 − ɸ (2) 

Where hν is the X-ray photon energy (for Al Kα, hn =1486.6 eV); Ek is the kinetic energy 

of photoelectron, which can be measured by the energy analyzer; and ɸ is the work 

function induced by the analyzer, about 4~5 eV. Since the work function, ɸ, can be 

compensated artificially, it is eliminated, giving the binding energy by changing (eq. 2) to 

(eq. 3).30 

𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 (3)  

Figure 2.2. Schematic illustrations of (a) X-ray photoelectron spectrometer working 

principle31 and (b) photoelectron generation process.32  
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2.4  X-ray Diffractometer (XRD) 

X-ray diffraction (XRD) is a characterization technique that is used to find the 

crystallographic structure of different materials with lattice parameters, planar spacing, and 

crystallite size of materials. Figure 2.3a shows the schematic diagram of X-ray 

diffractometer. It consists of X-ray source, sample stage and X-ray detector. X-ray 

generated from X-ray source which hits an atom on the sample stage and reflected X-ray 

is detected by X-ray detector. The specific mechanisms of XRD are described in Figure 

2.3b. When an x-ray beam hits an atom, the electrons around the atom start to oscillate 

with the same frequency as the incoming beam. In almost all directions we will have 

destructive interference, that is, the combining waves are out of phase and there is no 

resultant energy leaving the solid sample. However, the atoms in a crystal are arranged in 

a regular pattern, and in a very few directions we will have constructive interference. The 

waves will be in phase and there will be well defined x-ray beams leaving the sample at 

various directions. Hence, a diffracted beam may be described as a beam composed of a 

large number of scattered rays mutually reinforcing one another. This method is based on 

the principle of Bragg’s law (eq. 4). The variable d is the distance between atomic layers 

in a crystal, and the variable lambda (λ) is the wavelength of the incident X-ray beam and 

n is an integer. Reflections occur from planes set at an angle θ with respect to the incident 

beam and generates a reflected beam at an angle 2·θ from the incident beam. The possible 

d-spacing defined by the indices h, k, l is determined by the shape of the unit cell. Therefore, 

the possible θ values where we can have reflections are determined by the unit cell 

dimensions (eq. 5). However, the intensities of the reflections are determined by the 

distribution of the electrons in the unit cell. The highest electron density is found around 

atoms. Therefore, the intensities depend on what kind of atoms we have and where in the 

unit cell they are located. Planes going through areas with high electron density will reflect 
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strongly, planes with low electron density will give weak intensities.33 

n ∗ λ = 2d ∗ sin θ (4) 

sin θ =  λ / 2d (5) 

Figure 2.3. Schematic diagram of (a) X-ray diffraction spectroscopy34 and (b) Bragg’s law.35  

2.5  Gas Chromatography (GC) 

Gas chromatography (GC) is a common type of chromatography used in analytic 

chemistry for separating and analyzing compounds that can be vaporized without 

decomposition. Figure 2.4a shows that the basic process of GC analysis. A method of 

analysis is started with the vaporization and introduction of sample into a stream of carrier 

gas such as He or N2. It is carried out through a chromatographic column and separated into 

its constituents. These fractions pass through the column at characteristic rates, and are 

detected as they emerge in a time sequence. The detecting responses are recorded on a chart, 

from which the components can be identified both qualitatively and quantitatively.36 

GC detectors can be classified into two groups, universal and selective detectors based 

on their general response to specific elements or ions. Flame-ionization detector (FID) is 

the most commonly used detector in GC. The other detectors include electron-capture 

detector (ECD), thermal conductivity detector (TCD), nitrogen-phosphorus or thermionic 

specific detector (NPD or TSD), flame photometric detector (FPD) and mass spectrometric 
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detectors (MSD). For quantitative analyses, detectors must have a wide linear dynamic 

range: the response must be directly proportional to the amount of compound present in the 

detector over a wide range of concentrations. FID has a wide linear range (~106) and is 

sensitive to organic compounds. FID with either helium or nitrogen carrier gas are to be 

used for packed columns, and helium is used for capillary columns. TCD detects changes 

in the thermal conductivity of the gas stream as solutes are eluted. Although its linear 

dynamic range is smaller than that of the FID, it is quite rugged and occasionally used with 

packed columns, especially for compounds that do not respond to FID.37 In our group, we 

are using two kinds of detector, FID and TCD to detect short alkyl chain (methane) and 

carbon dioxide. 

Figure 2.4. Schematic illustration of (a) the operation of GC36 and (b) the components of 

column.37 

There are three basic components in column: i) polyimide coating, ii) fused silica, and iii) 

stationary phase (Figure 2.4a). In gas-solid chromatography, the stationary phase is an active 

adsorbent, such as alumina, silica, carbon or a polyromantic porous resin, packed into a 

column. The passage of solute through the column will be retarded by adsorption or exclusion 

mechanisms in Figure 2.5. When a volatile compound is introduced into the carrier gas and 
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carried into the column, it is partitioned between the gas and stationary phases by a dynamic 

countercurrent distribution process. The compound is carried down the column by the carrier 

gas, retained to a greater or lesser extent by sorption and desorption in the stationary phase.38 

The elution of the compound is characterized by the partition ratio, k, a dimensionless 

quantity also called the capacity factor. It is equivalent to the ratio of the time required for 

the compound to flow through the column (retention time) to that of an unretained 

compound. The value of the capacity factor depends on the chemical nature of the 

compound, amount, and surface area of the liquid phase; and the column temperature. Under 

a specified set of experimental conditions, a characteristic capacity factor exists for every 

compound. Separation by gas chromatography occurs only if the compounds concerned 

have different capacity factors.  

Figure 2.5. Schematic illustration of the separation of different molecule species in a 

capillary column.38 

2.6  Ultraviolet–Visible spectroscopy (UV-Vis) 

Ultraviolet–Visible spectroscopy (UV-Vis) refers to absorption spectroscopy or 

reflectance spectroscopy in the Ultraviolet-Visible spectral region. Figure 2.6a shows the 

schematic illustration of UV-Visible spectrometer operation. For double-beam UV-Vis 

spectrometer, the light from D2 and tungsten lamp is split two beams for the analysis. One 
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is used for reference, the other passes through the samples and the result display the ratio 

of the two beam intensities.39 Figure 2.6b indicates various electronic transitions in 

molecular energy level by light absorption. There are three kinds of electrons in molecules: 

namely σ (single bond), π (multiple bond) or n (non-bonding). i) σ bond electrons are most 

stable due to have lowest energy. It requires a lot of energy (UV region) to excite to a higher 

energy level. ii) π bond electrons have much higher energy than the ground state. So these 

electrons can be excited more easily with lower energy (UV or Vis). iii) n bonding electrons 

are generally related to the lone pair electrons.40 These have higher energy than π-electrons 

and can be excited by UV or Visible light. When the molecules absorb the light energy, the 

electrons get excited to lowest unoccupied molecular orbital (LUMO, anti-bonding) from 

the highest occupied molecular orbital (HOMO, bonding or non-bonding energy level). 

The difference between HOMO and LUMO is called energy gap or band gap which is a 

characteristic value for each material. 

Figure 2.6. Schematic illustration of (a) the operation for UV-Visible spectrometer39 and 

(b) various electronic transitions between bonding and anti-bonding state by light 

absorption.40 
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III. Photo- coupled Bio-Anode: A New Approach for Improved 

Microbial Fuel Cell Performance  

3.1 Introduction 

Microbial fuel cells (MFCs) convert chemical energy into electrical energy through the 

decomposition of organic matter by microorganisms.41,42 These microorganisms are 

allowed to grow on anode surfaces where they serve as biocatalysts, oxidizing organic 

matter generally that intrinsic to waste water, and transferring electrons to an external load. 

Electrons from the external load are delivered to the cathode where they combine with 

protons and atmospheric oxygen (O2) is used to produce water (H2O).43 From this 

mechanism, power is generated while achieving degradation of organic matters.    

Figure 3.1. Schematic diagram of air-cathode single chamber microbial fuel cell (MFC). 

 

Within a MFC there are three common modes for transfer of electrons from 

microorganisms to the anode. First, electrons can be transferred by proteins located on the 

cell membrane upon direct contact with the anode surface.44-46 Second, soluble mediators, 

some of which are produced by the microorganisms themselves47-49, can facilitate electron 

transfer to the anode.50,51 Third, the electrons can be transferred via microbial-nanowires 

arising from the microorganisms.52 MFC performance is influenced by a number of 
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factors including configuration53-55, the specific microorganisms used56, electrode 

materials57-59, and the activation barrier of the cathodic reaction 60,61 

Recent efforts directed towards enhancing MFC performance have seen their coupling 

with a photocurrent generating entity/device such as photosynthetic microorganisms 

hybridized with electrogenic cultures56, development of a microbial photoelectrochemical 

solar cell device based on a bioanode and Cu2O photocathode61, coupling of a solar water 

splitting device with microbial electrolysis cell (MEC) hydrogenesis62, and a microbial 

photoelectrochemial system using a TiO2 (P25) photocathode under UV-light.63 All these 

approaches are focused on the pairing of photocathodes or photoelectrochemial systems 

to improve MFC performance by reducing the over-potential of the required oxygen 

reduction reaction at the cathode surface. 

In this research, the innovative way to improve overall MFC performance by coupling 

the MFC bioanode with a semiconductor photoanode, forming a hybrid-MFC. The 

addition of electrons from the photoanode into the external circuit of the MFC can 

increase the oxygen reduction reaction (ORR) at the cathode, resulting in improved MFC 

performance. Moreover, the external photoanode coupled to the MFC device can offer 

supplemental benefit of normalizing anthropogenic CO2 by reducing and converting it to 

hydrocarbon fuel like CH4.  

As for the photoanode, among photocorrosion-stable metal oxide semiconductors 

titanium dioxide (TiO2) possesses excellent charge transfer properties.65 From its many 

crystalline and structural forms, anatase TiO2 nanotube arrays are known to possess 

outstanding photocatalytic properties.66 Therefore, in this research, we couple a TiO2 

nanotube arrays film with a single chamber MFC forming a hybrid-MFC of advanced 
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performance, a schematic illustration of which is given in Figure 3.2. 

Figure 3.2. Schematic drawing of the hybrid-MFC comprised of a carbon felt bioanode, 

TiO2 nanotube arrays (TNT) photoanode, carbon cloth air-cathode, and external circuit 

with a 1,000 Ω resistor. Electrons photogenerated in the TiO2 nanotube arrays (TNT) 

photoanode add to the electrons generated by the microorganisms at the bioanode, and 

reach to air cathode after passing through the external circuit where they react with O2 

and H+ producing water. Further, the TNT photoanode reduces CO2 and water vapour, in 

turn forming CH4.  

3.2 Experimental Section  

3.2.1 Chemicals and materials  

Wet proof carbon cloth (30 wt% PTFE, Fuel Cell Earth LLC), Pt on Vulcan XC-72 

(10 %, Premetek Co.), 2- propanol (99.5 %, Sigma), Nafion perfluorinated resin solution 

(15-20 %, Aldrich), carbon vulcan powder and polytetraflourethylene (PTFE, 60 wt% 

in water, Aldrich) were used for air cathode preparation. Carbon felt (Samjungcng corp., 

Republic of Korea) was used as the anode. Di-sodium phosphate (Applichem), 

ammonium chloride (Sigma), potassium chloride (Sigma), sodium phosphate 



- 21 - 

 

monobasic monohydrate (Sigma-Aldrich) and glucose (bacteriological grade, Oxoid) 

were used for MFC medium preparation. All chemicals were used as received without 

further purification. Titanium mesh (10.0 mesh, 0.5 mm diameter) and titanium wire 

(1.0 mm diameter, 99.5 %) were used to connect the cathode and bioanode to the external 

electrical circuit.  

Vitamin stock solution 

The reagents listed in Table 1 were dissolved in 800 mL of deionized water (DI-water). 

And then, the pH was adjusted to 7.0 with 1M-HCl and 1M-KOH with a pH meter (Lab 

850, SCHOTT Instruments, Germany). The final volume was adjusted with deionized 

water (DI-water). The prepared vitamin stock solution was kept at 4 ˚C to prevent 

decomposition of the temperature-sensitive reagents. 

Table 1. The List of reagents for vitamin stock solution 

 

Chemical Amount (mg/L) 

Biotin(d-biotin) 2 

Folic acid 2 

Pyridoxine HCl 10 

Riboflavin 5 

Thiamine HCl 1.0 H2O 5 

Nicotinic acid 5 

d-pantothenic acid, hemicalcium salt 5 

Vitamin B12 0.1 

p-aminobenzoic acid 5 

Lipoic acid 5 

 

 



- 22 - 

 

Mineral stock solution 

The reagents listed in Table 2 were dissolved in 800 mL of deionized water (DI-water). 

The pH was adjusted to 7.0 with 1M-HCl and 1M-NaOH with a pH (Lab 850, 

SCHOTT Instruments, Germany). The final volume was adjusted with deionized water 

(DI-water). The prepared mineral stock solution was kept at 4 ˚C to prevent 

decomposition of the temperature-sensitive reagents.  

Table 2. The list of reagents for mineral stock solution 

 

Chemical Amount (/L) 

Nitrilotriacetic acid 1.5 g 

Magnesium sulfate heptahydrate 3 g 

Manganese sulfate monohydrate 0.5 g 

Sodium chloride 1 g 

Ferrous sulfate heptahydrate 0.1 g 

Calcium chloride dehydrate 0.1 g 

Coblt chloride hexahydrate 0.1 g 

Zinc chloride 0.13 g 

Cupric sulfate pentahydrate 10 mg 

Aluminum potassium disulfate dodecahydrate 10 mg 

Boric acid 10 mg 

Sodium molybdate dehydrate 25 mg 

Nickel chloride hexahydrate 24 mg 

Sodium tungstate 25 mg 
 

The TiO2 nanotube array (TNT) photoanodes were prepared using titanium foil (0.1 

mm thickness, 99.5 %, Nilaco Corporation, Japan), subsequently anodized to make the 

TiO2 nanotube array film at the Ti foil substrate. Ethylene glycol (Spectrophotometric 

grade, 99+%, Alfa Aesar) and ammonium fluoride (98.0 %, Alfa Aesar) were used for 

preparation of the anodization electrolyte.   
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3.2.2 Preparation of FE-SEM samples of bioanode 

Phosphate-buffered saline solution containing 8 g·L-1 NaCl; 0.2 g·L-1 KCl; 1.44 g·L-

1 Na2HPO4, 0.2 g·L-1 KH2PO4 was prepared. Glutaraldehyde was diluted from 25 % to 

2.5 % by using Phosphate-buffered saline solution and the pH was adjusted to 7.0 by 

using 1 M-NaOH. Anode of microbial fuel cells was cut (2 mm x 2 mm x 2 mm) and 

put into 2.5 % glutaraldehyde solution for 1 hour to fix microorganisms. After 1 hour, 

solution was removed with micro pipette and 1 mL of phosphate-buffered saline 

solution was added. After 10 minutes samples were centrifuged at 8,000 rpm for 5 

minutes. Glutaraldehyde was removed with same way. And then, dehydration step was 

followed by using 25, 50, 70, 85, 95 and 99.9 % ethanol. After dehydration, the samples 

were dried at 55 ˚C for 4 hours.   

3.2.3 Microbial Fuel Cell (MFC) assembly and operation 

The air-cathode microbial fuel cell used in these experiments consists of a single 

cylindrical chamber (4 cm length, 28 mL) 66, prepared using wet-proofed carbon cloth 

(Fuel Cell Earth LLC) with Pt layers as catalyst (0.5 mg∙cm-2). Pt catalyst was coated 

on the side of the carbon cloth in contact of MFC medium (inner side), while the air 

side of the cathode was protected with a layer of 40 wt% carbon black powder and four 

layers of 60 wt% PTFE.67 The bioanode was carbon felt (2.0 cm x 2.1 cm x 1.0 cm) 

connected with a titanium mesh and titanium wire functioning as current collectors, 

prior to use the carbon felt was washed in DI-water to remove contaminants. The 

MFCs were operated under fed batch conditions at 30 ± 1 ˚C. Prior to performance 

evaluation, the MFCs were operated for more than 2 months for stabilization of the 

generated voltage, after which, one of the MFCs was connected with a TNT 

photoanode, the electrical connection made using Ti wire, to make hybrid-MFC. A 
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circular shaped TNT photoanode (with area of approximately 7 cm2) was attached 

externally to MFC assembly adjacent to bio-anode side. The electrical connection from 

TNT photoanode to MFC external circuit was accomplished via Ti wire connecting 

TNT photoanode to bio-anode. The schematic of the hybrid-MFC is illustrated in 

figure 1. 

3.2.4 Microbial Fuel Cell (MFC) medium 

The MFCs were inoculated with wastewater from Hyeonpung sewage treatment plant 

(Daegu, Republic of Korea). The medium contained glucose (2 g·L-1) as a substrate and 

a 50 mM phosphate buffer solution (PBS) containing: 4.58 g·L-1 Na2HPO4; 2.45 g·L-1 

NaH2PO4·H2O; 0.31 g·L-1 NH4Cl; 0.13 g·L-1 KCl; trace vitamins (10 mL·L-1) and 

minerals (10 mL·L-1) stock solutions.68 The initial pH was adjusted to 7.1, reactors were 

kept at 30˚C in an incubator and were refilled when the voltage decreased below 20 mV. 

3.2.5 Synthesis of TiO2 nanotube arrays (TNT) photoanode   

The TiO2 nanotube arrays (TNT) photoanode was prepared by electrochemical 

anodization of Ti foil (6.0 cm× 4.0 cm). Prior to anodization, the Ti foil was cleaned by 

sonication in acetone, ethanol and DI-water for 10 minutes each respectively. The 

electrochemical anodization was carried out in a two electrode electrochemical cell 

comprised of Ti foil (anode) and carbon paper as a counter electrode (cathode). The 

electrolyte used for anodization was comprised of 0.5 wt% NH4F and 2 vol% DI-water 

in ethylene glycol. The anodization was performed at 40 V and 30 minutes with a 

distance of 2.0 cm between the two electrodes. The anodized Ti foils were sonicated in 

ethanol for 2 minutes to remove debris and annealed at 450 ˚C for 2 hours with ramp of 

2˚C/min to achieve TNT photoanode.69 The TNT photoanode was cut in circular shape 

having diameter of 3 cm (area 7 cm2) and was attached on the outer side of MFC adjacent 
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to bio-anode side (which is attached inside the MFC assembly).  

3.2.6 Characterization of TiO2 nanotutbe arrays (TNT) photoanode 

The TiO2 nanotube arrays (TNT) photoanode crystallinity was investigated by X-ray 

diffraction spectrocopy (XRD, Panalytical, Empyrean, operating at 40 kV and 30 mA 

with Cu Kα radiation (λ = 1.54Å)) as an X-ray source, scanned with a rate of 2.5°/min 

in the range of 2θ = 5 - 90°. Morphological analysis was done using a field emission 

scanning electron microscope (FE-SEM) (S-4800, Hitachi, Japan). The electronic states 

and surface composition of TNT photoanode was studied using X-ray photoelectron 

spectroscopy (XPS, Thermo VG, K-alpha) using Al Kα (148606 eV) as an X-ray source.        

3.2.7 Evaluation photocurrent of TiO2 nanotutbe arrays (TNT) photoanode 

Photocurrent measurements were conducted using a three electrode cell with the TNT 

Photoanode as the working electrode, exposed surface area 1 cm2, a Pt wire as the 

counter electrode, and Ag/AgCl as the reference electrode. The TiO2 nanotutbe arrays 

(TNT) photoanode was immersed in 0.1 M aqueous glucose solution (2.0 g ∙ L-1) and 

irradiated using a 100 W Xenon solar simulator (Oriel, LCS-100, USA) with an AM 1.5 

filter. The voltage applied was -0.8 V to 0.8 V vs. Ag/AgCl electrode.  

3.2.8 Microbial Fuel Cell (MFC) characterization 

The performance of the MFC was characterized and analyzed using polarization 

curves electrodes potential, power density curves, and electrochemical impedance 

spectroscopy (EIS) measurements. All electrical and electrochemical characterizations 

were done using potentiostat (Bio-Logic, VSP model, France) employing two/three 

electrode configuration. Polarization curves and electrode potential (anode and cathode) 

for MFCs were acquired by employing chronopotentiometry (CP) technique. The 
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voltage across the cell was recorded every 1 min for external applied current, which 

was linearly increased with a ramp of 200 µA/min and was continued until the value of 

the voltage approaches zero. The electrode potentials were measured using three 

electrode configuration across the MFC. For the measurement of anode potential, anode 

was acting as a working electrode (WE) and the air-cathode as counter electrode (CE), 

whereas for the air cathode potential measurement, air cathode becomes as a WE and 

anode was as a CE. Both electrode potential i.e. anode and cathode were measured 

against Ag/AgCl reference electrode (inserted inside the MFC).   

Power densities (mW∙cm-2) and current densities (mA∙cm-2) were normalized by the 

projected cathode area (7 cm2). The power density was calculated using power density 

= V∙I /A, where V = voltage, I = current and A= projected area of the cathode. For the 

hybrid-MFC, the polarization curve was measured under continuous illumination using 

a 100 W Xenon solar simulator (Oriel, LCS-100, USA) with an AM 1.5 filter. The 

normal MFC was measured under dark conditions. Electrode potentials (Anode and 

Cathode) for both normal and hybrid MFC were measured using.  

An Electrochemical impedance spectroscopy (EIS) analysis was carried out at open 

circuit condition with a two electrode mode; the air-cathode was set as a working 

electrode whereas bioanode (in case of normal MFC) and TiO2 nanotube arrays (TNT) 

photoanode coupled with bioanode (in case of hybrid-MFC) were set as counter and 

reference electrodes. The frequency range was from 10 mHz to 1 kHz with the 

amplitude 10 mV. Charge transfer resistance was obtained from diameter of semicircle 

which was simulated with an equivalent circuit of MFC used in this research.  

3.3 Results and Discussion  
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3.3.1 FE-SEM Analysis of photoanode and microorganism on the anode surface  

The FE-SEM images of TiO2 nanotube arrays (TNT) photoanode surface and 

microorganisms on the anode surface are obtained by using FE-SEM. The samples are 

fixed by using carbon tape. The samples are coated with a platinum by using a sputter 

coater (MC1000, HITACHI, Japan) at 15 μA for 30 sec. 3.0 kV and 10 μA are used 

during analysis. The SEM images in Figure 3.3 reveal that the TiO2 nanotube arrays on 

the surface of photoanode with an average diameter 70.3 nm (a), and cross-sectional 

view of TiO2 nanotube array with 3.6 μm in length (b). After 6 months of operation, the 

morphology of microorganisms on the carbon felt anode surface is examined by FE-

SEM. Some microbial colonies are observed on the carbon felt anode (Figure 3.3c). 

The high-magnification image (Figure 3.3d) reveals that microorganisms are 

accumulated on the anode surface and cross-linked with each other, which are studied 

to play a key role in electron transfer to carbon felt anode.53 
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Figure 3.3. The FE-SEM images of (a) photoanode surface, (b) cross-section view of 

photoanode, (c), (d) microorganisms attached to carbon felt anode.  

3.3.2 XRD patterns of TiO2 nanotube arrays (TNT) photoanode  

The XRD patterns of Ti foil and TNT photoanodes are shown in Figure 3.4. The 

Ti foil exhibits peaks at 2θ values of 40.1º, 53.0º, 70.5º and 76.0º attributed to (101), 

(102), (103) and (112) planes of α-Ti, respectively, whereas the TiO2 nanotube arrays 

(TNT) photoanode shows peaks at 2θ values of 25.4º, 37.0º, 37.9º, 48.1º, 54.0º, 55.1º, 

63.0º, 68.9º and 75.1º corresponding to (101), (103), (004), (200), (105), (211), (204), 

(116) and (215) planes of anatase TiO2, respectively.69 The peak appearing at 27.4º is 

attributed to (110) plane of rutile TiO2 originating from the barrier layer separating the 

anatase nanotubes from the underlying Ti substrate.70 

Figure 3.4. XRD patterns for Ti-foil (Black line) and TNT photoanode (Red line). 

3.3.3 XPS analysis of TiO2 nanotube arrays (TNT) photoanode 

The chemical and electronic states of the TiO2 nanotube arrays (TNT) photoanode 

are studied using X-ray photoelectron spectroscopy (XPS) analysis, and are shown in 
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Figure 3.5. The XPS survey scan of annealed TNT photoanode is shown in Figure 3.5a, 

which clearly indicates the presence of Ti, O, and surface adsorbed N, and C elements 

in the sample. The high resolution XPS spectrum of Ti 2p region (Figure 3.5b) shows 

two intense peaks appearing at 458.7 eV and 464.5 eV corresponding to Ti 2p3/2 and Ti 

2p1/2 binding energy region, which indicates the presence of Ti4+ ions in TNT.71 Figure 

3.5c displays high resolution and fitted spectrum corresponding to O 1s region for TNT 

photoanode showing three peaks corresponding to Ti-O bond (530.0 eV), O-H bond 

(531.4 eV), and C-O bond (532.5 eV) respectively.72,73 The high-resolution XPS spectra 

of C 1s and N 1s are shown in Figure 3.5d and Figure 3.5e respectively, and can be 

assigned to surface adsorbed carbon (C–O bond at 286.1 eV, and C=O bond at 288.03 

eV)74 and nitrogen (N atoms around 399.2 eV) contents.75 It is obvious that if the N 

atom is doped into the TiO2 lattice, it is not likely to have significant interaction with 

nearby oxygen atoms too. However, an interstitial N-doping in the anatase lattice is 

likely to have some strong interaction with nearby oxygen and hence a change in 

effective charge on the nitrogen. Anatase TiO2 can absorb only UV light, because it has 

wide bandgap energy (3.2 eV). However, N-doped anatase TiO2 can absorb visible light 

because N-doping is decrasing the electronic band gap of TiO2. Therefore, N-doped 

TiO2 can generated more electrons than pure TiO2.  
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Figure 3.5. (a) XPS Survey scan of TiO2 nanotube arrays (TNT) photoanode 

exhibiting the presence of Ti, O, C and N elements. High resolution XPS of: (b) 

Ti 2p; (c) O 1s; (d) C 1s; and (e) N 1s regions for TiO2 nanotube arrays (TNT) 

photoanode. 

3.3.4 Photocurrent measurement of TiO2 nanotube arrays (TNT) photoanode 

Figure 3.6 shows the photocurrent-voltage performance of TNT photoanode sample. 

TNT photoanode used as a working electrode and platinum wire used as a counter 

electrode. The voltage is applied from -0.8 V to 0.8 V vs. Ag/AgCl electrode. TNT 

Photoanode is activated by 100W Xenon solar simulator (Oriel, LCS-100, USA) with an 

AM1.5 filter. Glucose medium (2.0 g ∙ L-1) is used as electrolyte. There is no current 

generation without light irradiation. But, the photo-current is generated by light 

irradiation (0.29 mA∙cm-2 at 0 V vs. Ag/AgCl electrode). These electrons can flow 

through the external circuit and can be used for ORR at air-cathode. The 

photoelectrochemical response is measured light on/off illumination (chopped current-

time curve) in order to confirm whether the photocurrent is specifically generated by 

only the absorbed photons without any dark current component. 
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Figure 3.6. Photocurrent density versus bias potential for TNT photoanode with inset 

to figure showing transient photocurrent response of TNT photoanode under simulated 

solar light illumination (the light on/off cycle is 10 s).   

3.3.5 Performance evaluation of hybrid-MFC 

The performance of a normal and hybrid-MFC are evaluated by measuring their 

polarization and power density curves as a function of applied external current under 

dark and illuminated conditions. In Figure 3.7, as compared to a normal MFC, it is 

obvious that the hybrid-MFC exhibits significantly improved power and current 

density. The hybrid-MFC exhibits maximum values of power and current density 

around 1284 ± 20 mW∙m-2 and 7142.85 mA∙m-2 , respectively, 1.5 and 1.9 times higher 

than the normal MFC (850 ± 12 mW∙m-2 and 3714.14 mA∙m-2). During MFC operation, 

electrons are generated by metabolism of exo-electrongens attached to the surface of 

the carbon felt bioanode (Figure 3.3c, 3.3d). These electrons flow to the external 

circuit via Ti mesh and Ti wire connectors, and after passing through the external load 

arrive at the cathode where they react with protons (H+) and atmospheric O2 to give 

water. The oxygen reduction reaction (ORR) is normally a kinetically slow process, 

and is considered a prominent factor limiting MFC performance. Based on 

experimental analysis and achieved results, it suggests that in the hybrid-MFC, under 

illumination, the TNT photoanode generates photoexcited electrons that can be 

involved to the MFC system. By coupling the TNT photoanode with a conventional 

bioanode the quantity of electrons is increased (in case of under illumination) which 

in turn accelerates the oxygen reduction reaction (ORR) at the air cathode, and as a 

consequence significantly improving overall performance.  
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Figure 3.7b exhibits the open circuit potential (OCP) and working potentials of 

electrodes (anode and cathode) as function of applied current under dark and 

illumination, further supporting the synergetic effect of TNT photoanode on power 

generation in hybrid-MFC. The anode potential polarization curves for normal and 

hybrid MFC are not altered much under dark and illumination conditions. In contrary 

to anode potential, cathode potential for hybrid MFC under illumination displays a 

moderate change, to be specific, in the current density range of 2.2-4.8 A∙m-2 with the 

cathode potential under dark for normal and hybrid MFC shows a potential decrease 

from 0.045 V to -0.13 V and 0.038 V to -0.16 V, respectively. However, the cathode 

potential for hybrid-MFC under illumination displays comparatively less potential 

decrease i.e from 0.07 V to -0.04 V within aforementioned current density range. Such 

a high cathode potential of hybrid MFC under illumination indicates the increased 

electrons at air cathode added up by TiO2 nanotube arrays (TNT) photoanode thus 

accelerating the oxygen reduction reaction.76  

Figure 3.7. (a) Power density and polarization curves (b) Electrode potential 

curves measured against a reference electrode (Ag/AgCl) (A = anode, white 

symbols and C = cathode, solid symbols) for normal and hybrid MFCs under dark 

and AM 1.5 illumination. Power densities are normalized by the projected surface 

area of cathode (7 cm2).  
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3.3.6 Electrochemical characterization of hybrid-MFC 

The resistance of the air cathode is studied using electrochemical impedance 

spectroscopy (EIS) to help understand the influence of the photoanode on hybrid-MFC 

performance. Figure 3.8 shows the Nyquist plots corresponding to the EIS spectral for 

normal MFC and hybrid-MFC under dark and illumination. It can be seen that the 

charge transfer resistance (RCT) of the air cathode, exhibited by the radii of the 

semicircles, is decreased for the illuminated hybrid-MFC as compared to those for 

hybrid and normal MFCs in dark. In contrast the Ohmic resistances (RΩ) show no 

significant differences under light or dark conditions (Figure 3.8b).77 The charge 

transfer resistance of the hybrid-MFC estimated from the Nyquist plots is 294.9 Ω in 

dark, and 190.9 Ω under illumination, a decrease of approximately 65.5 %; the 

decrease in charge transfer resistance can be directly linked to the ORR process.37,39 

Fitted Nyquist plots with a proposed equivalence circuit can be found in the 

Supplementary Information (Figure 3.8c). Among all the EIS spectra the illuminated 

hybrid-MFC shows the smallest Nyquist plot arc radii, suggesting that the TiO2 

nanotube arrays (TNT) photoanode photogenerated-electrons are added to the 

bioanode electrons and after doing work reach to the air cathode. The increased 

quantity of electrons reaching the air cathode appear to act like a Zener-diode switch 

decreasing the air cathode internal resistance. 
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Figure 3.8. (a) Electrochemical impedance spectra (EIS) for normal-MFC in dark, and 

hybrid-MFC in dark and light. The decreased semi-circle radii in the illuminated (100 

W Xe lamp with 1.5 AM filter) hybrid-MFC suggests decreased charge transfer 

resistance (RCT). (b) Enlarged view of Ohmic resistance (RΩ) region suggesting no 

significant difference between a normal-MFC and a hybrid-MFC. (c) Fitted Nyquist 

plots from EIS measurements of hybrid-MFC and normal-MFC under dark and AM1.5 

illumination. Inset shows the proposed equivalent circuit, where R1 is solution 

resistance, R2 is electron transfer resistance, and C is the cathode capacitance. 

3.3.7 CO2 photoreduction test TiO2 nanotube arrays (TNT) photoanode 

In order to explore the supplementary and additional advantages of TNT photoanode, 

which it can provide simultaneously with the improved performance of MFC, the ability 

of the photoanode to reduce CO2 photochemically to hydrocarbon fuel mainly CH4 is 

examined. A TNT photoanode of 7 cm2 area is loaded into a photoreactor (stainless steel, 

volume = 15.4 cm3, quartz window) which is purged with CO2 gas (1000 ppm in He). 

After purging of the chamber, CO2 gas (1000 ppm in He) is then passed through a water 

bubbler, forming a mixture of CO2 and water vapor, is filled in photoreactor.78 The 

photoreactor is sealed, exposed to simulated solar light (AM 1.5) for 1 hour and the 
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reaction products (500 µL) analyzed by a Shimadzu GC-2014 gas chromatograph 

(Restek Rt-Q Bond column, ID = 0.53 mm, length = 30 m) equipped with flame 

ionization detector (FID) and thermal conductivity detector (TCD). A schematic 

showing the experimental setup for photocatalytic CO2 reduction is shown in Figure 

3.9.  

Figure 3.9. Schematic representation of experimental setup employed for CO2 

photoreduction involving: (1) CO2 gas cylinder (1000 ppm in He); (2) Mass flow 

controller; (3) Water bubbler for making CO2 gas/H2O vapors mixture; (4) Photoreactor 

(Stainless Steel with quartz window, chamber volume 15.4 cm3) loaded with 

photocatalyst material (circular TNT photoanode sample with area = 7cm2), irradiated 

by simulated solar light (100 W Xe lamp with 1.5 AM filter); and (4) Gas 

chromatography unit equipped with FID and TCD for analysis of product gases. 

 

The hour normalized photocatalytic CH4 evolution rate is calculated based on Eq. (1). 

 

Rate of CH4 evolution = 
Amount of CH4 produced (ppm)

Area of photocatalyst exposed (cm
2
)
  (1) 
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     Figure 3.10 shows the CH4 evolution rate of 1.10 ppm∙cm-2∙h-1 for the TNT 

photoanode, and for comparison that of control experiments employing pure Ti 

foil and TNT photoanode in Ar/H2O(g) instead of CO2/H2O(g); the results suggest 

negligible involvement of any organic impurities on the surface of the samples 

for CH4 generation. The control tests using Ar(g) instead of CO2 are well 

established in the literature as a means for estimating the carbon source 

(contaminant or CO2) under identical conditions of irradiation.35,39-45 Thus using 

Ar instead of CO2 we found no detectable above-baseline amounts of hydrocarbon 

products, an important experimental result suggesting CO2 the original source of 

CH4 generation and negligible involvement of any organic impurities on the 

surface of the samples for CH4 generation. 

Figure 3.10. CH4 production rate by photoreduction of CO2 and water vapour 

employing TNT photoanode under AM1.5 illumaination.  
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The possible mechanism involved in photocatalytic CO2 conversion is depicted 

in Figure 3.10; the possible reactions involved in the photoreduction of CO2 

into CH4 are summarized in Eqs. (2 - 4).79 

 

TiO2 + hν → e-
CB + h+

VB     (2)  

2H2O + 4h+ → 4H+ + O2     (3)   

CO2 + 8H+ + 8e- → CH4 + 2H2O               (4)  

 

3.4 Conclusions 

Microbial fuel cell (MFC) is eco-friendly and sustainable energy resource. Due 

to slow kinetic of oxygen reduction reaction (ORR) at air-cathode, power 

generation of MFC is very low. In this research, to improve performance of 

MFC, solar energy is applied in MFC system. The hybrid-MFC system is 

achieved via coupling with TiO2 nanotube arrays (TNT) photoanode, which 

comprised of a TiO2 nanotube array film, a well-known TiO2 nanostructure, 

synthesized by electrochemical anodization of Ti-foil, with the MFC bioanode. 

Power and current densities are significantly improved in the hybrid-MFC, a 

behaviour which can be attributed to increased flow of electrons in the MFC 

external circuit. Moreover, we demonstrate the additional advantage of using the 

TiO2 nanotube arrays (TNT) photoanode for photoconversion of CO2 and water 

vapour to methane, which suggests an additional advantage of the hybrid-MFC 

design. We believe that the innovative strategy proposed in this work for 

fabrication of a hybrid-MFC can suggest new pathways by which high 

performance cost-effective MFCs might be achieved.  
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IV. Electrochemical Degradation of Methylene Blue (MB) Powered by 

Photo- coupled Bio-Electricity in Hybrid-Microbial Fuel Cell 

4.1 Introduction  

Synthetic dyes release with huge amount of pollution from printing, textile, leather and 

other related to industries are representative in crucial pollutants family as they usually 

contain complicated structure such as organic compund.80 Conventional degradation 

using biological methods of dye wastewater have low efficiency due to microbial 

retardation, while physicochemical degradation methods are can cause secondary 

pollution and need pretreatment.81,82 Especially, microbial fuel cells (MFCs) are 

emerging as a innovative methods to effectively accelerate degradation of organic 

matters with generating electricity.83,84 

In other researches, by using MFCs, many types of pollutants have been successfully 

treated, such as dyes.85 The recent studies just focusing on bio-electrochemical 

decomposition of dyes may be limited by biological methods, those need high cost of 

materials for decolourization.86 Power generation of MFCs has also been sufficiently 

and directly apply to treat wastewaters containing organic matters such as phenol and 

arsenic87,88 However, there have been few researches on electrochemical degradation of 

dyes with MFCs as renewable and sustainable power sources.  

In this research, to improve the bio-electrochemical decomposition of dyes in MFCs, 

the solar energy is applied in MFC system. The solar energy reaching earth in one hour 

is similar to the annual global consumption of energy. Therefore, harvesting solar energy 

is innovative methods for enhance electrochemical degradation ability of MFCs. TiO2 

nanotubes arrays (TNT) is used as a photoanode to apply solar energy. The promising 
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electrochemical decomposition system with utilization of photo- coupled bio-electricity 

in hybrid-MFC for dye degradation is proposed, with methylene blue (MB) as a target 

pollutant due to its wide use and strong toxic effect to aquatic environment and human 

beings.89 This work presents an efficient and cost-effective methods to decompose 

methylene blue (MB) in MFC assisted solar energy using TiO2 nanotubes arrays (TNT) 

photoanode.   

4.2 Experimental section  

4.2.1 Chemicals and materials  

Wet proof carbon cloth (30 wt% PTFE, Fuel Cell Earth LLC), Pt on Vulcan XC-72 

(10 %, Premetek Co.), 2-propanol (99.5 %, Sigma), Nafion perfluorinated resin solution 

(15-20 %, Aldrich), carbon vulcan powder and polytetraflourethylene (PTFE, 60 wt% in 

water, Aldrich) were used for air cathode preparation. Carbon felt (Samjungcng corp., 

Republic of Korea) was used as the anode. Di-sodium phosphate (Applichem), 

ammonium chloride (Sigma), potassium chloride (Sigma), sodium phosphate monobasic 

monohydrate (Sigma-Aldrich) and glucose (bacteriological grade, Oxoid) were used for 

MFC medium preparation. All chemicals were used as received without further 

purification. Titanium mesh (10.0 mesh, 0.5 mm diameter) and titanium wire (1.0 mm 

diameter, 99.5 %) were used to connect the cathode and bioanode to the external electrical 

circuit.  

The TiO2 nanotube array (TNT) photoanodes were prepared using titanium foil (0.1 

mm thickness, 99.5 %, Nilaco Corporation, Japan), subsequently anodized to make the 

TiO2 nanotube array film at the Ti foil substrate. Ethylene glycol (Spectrophotometric 

grade, 99+%, Alfa Aesar) and ammonium fluoride (98.0 %, Alfa Aesar) were used for 



- 45 - 

 

preparation of the anodization electrolyte.   

4.2.2 Reactor construction and operation  

The electrochemical decomposition system which means hybrid-MFC was proposed 

below (Figure 4.1). The air-cathode single chamber MFC was constructed as employed 

in previous studies with a working volume of 25 ml.66  

The air-cathode was prepared using wet-proofed carbon cloth (Fuel Cell Earth LLC) 

with Pt layers as catalyst (0.5 mg∙cm-2). Pt catalyst was coated on the side of the carbon 

cloth in contact of MFC medium (inner side), while the air side of the cathode was 

protected with a layer of 40 wt% carbon black powder and four layers of 60 wt% PTFE.67    

The anode was carbon fiber felt (2 cm x 2 cm x 1cm) and photoanode was TiO2 

nanotube arrays (TNT) which prepared by electrochemical anodization of Ti foil (6.0 cm 

x 4.0 cm). Prior to anodization, the Ti foil was cleaned by sonication in acetone, ethanol 

and DI-water for 10 minutes each respectively. The electrochemical anodization was 

carried out in a two electrode electrochemical cell comprised of Ti foil (anode) and carbon 

paper as a counter electrode (cathode). The electrolyte used for anodization was 

comprised of 0.5 wt% NH4F and 2 vol% DI-water in ethylene glycol. The anodization 

was performed at 40 V and 30 minutes with a distance of 2.0 cm between the two 

electrodes. The anodized Ti foils were sonicated in ethanol for 2 min to remove debris 

and annealed at 450 ˚C for 2 hours with ramp of 2 ˚C/min to achieve TNT photoanode.68 

The TiO2 nanotube arrays (TNT) of 7 cm2 area was connected with MFC system through 

thin cupper wire.  
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The hybrid-MFC was inoculated with wastewater from Hyeonpung sewage treatment 

plant (Daegu, Republic of Korea). The medium contained glucose (2 g·L-1) as a 

substrate and a 50 mM phosphate buffer solution (PBS) containing: 4.58 g·L-1 Na2HPO4; 

2.45 g·L-1 NaH2PO4·H2O; 0.31 g·L-1 NH4Cl; 0.13 g·L-1 KCl; trace vitamins (10 mL·L-

1) and minerals (10 mL·L-1) stock solutions.68 The initial pH was adjusted to 7.1, 

reactors were kept at 30 ̊ C in an incubator and were refilled when the voltage decreased 

below 20 mV. The voltages across the external resistors (1000 Ω) were recorded by a 

data acquisition system (2700, keithley, USA) at an interval of 30 min. 

Figure 4.1. Schematic drawing of the hybrid-MFC comprised of a carbon felt 

bioanode, TiO2 nanotube arrays (TNT) photoanode, carbon cloth air-cathode, and 

external circuit with a 1,000 Ω resistor. Electrons photogenerated in the TiO2 nanotube 

arrays (TNT) photoanode add to the electrons generated by the microorganisms at the 

bioanode, and reach to air cathode after passing through the external circuit where they 

react with O2 and H+ producing water. Further, the photo- coupled bio-electricity can 

degrade methylene blue (MB). 
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4.2.3 Evaluation of methylene blue (MB) decomposition in hybrid-MFC 

The electrochemical degradation was evaluated by concentration changes of MB in 

each MFC (MFC-P, MFC-B and MFC-H). The concentration of methylene blue (MB) 

was monitored using UV–visible spectrometer (UV-2500, Shimadzu, Japan) by 

recording the absorbance at 665 nm.90 In medium, methylene blue (MB) was containing 

(35 μmole/L) solution. A 100 W Xenon lamp (LCS-100, Oriel, USA) was used as a 

solar light source in 1 sun condition. The medium containing methylene blue (MB) was 

sampled per 30 min for irradiation (100 W Xe lamp with 1.5 AM filter).   

4.2.4 Evaluation of power outputs of the hybrid-MFC 

The performance of the MFC was characterized and analyzed using polarization 

curve and power density curves. All electrochemical characterizations were done using 

potentiostat (Bio-Logic, VSP model, France) employing two electrode configuration. 

Polarization curves for MFCs were acquired employing chronopotentiometry (CP) 

technique. The voltage across the cell was recorded every 1 min for external applied 

current, which was linearly increased with a ramp of 200 µA/min and was continued 

until the value of the voltage approaches zero. Power densities (mW∙cm-2) and current 

densities (mA∙cm-2) were normalized by the projected cathode area (7 cm2). The power 

density was calculated using Power Density = V∙I /A, where V = voltage, I = current 

and A= projected area of the cathode. For the hybrid-MFC, the polarization curve was 

measured under continuous illumination using a 100 W Xenon solar simulator (LCS-

100, Oriel, USA) with an AM 1.5 filter. The normal MFC was measured under dark 

conditions. The electrode potentials (Anode and Cathode) for both normal and hybrid 

MFC were measured using.  
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4.3 Results and discussion  

4.3.1 Evaluation of power generation of hybrid-MFC 

The performance of hybrid-MFC is evaluated by measuring their polarization and 

power density curves as a function of applied external current under dark and 

illuminated conditions. As both conditions are compared, it is obvious that the hybrid-

MFC under illuminated condition exhibits significantly enhanced performance. The 

illuminated hybrid-MFC exhibits maximum power density around 1024 mW∙m-2. It is 

1.3 times higher than the unilluminated hybrid-MFC (793 mW∙m-2). During MFC 

operation, electrons are released by the glucose consuming microbial attached to the 

surface of the carbon felt anode. These electrons flow to the external circuit via Ti 

mesh and Ti wire connectors, and after passing through the external load, (1000 Ω) 

they arrive at the cathode where they react with protons (H+) and atmospheric O2 to 

give water. This mechanism is called oxygen reduction reaction (ORR). Usually, ORR 

is a kinetically slow process and is considered as a prominent limiting factor of MFC 

performance. Based on experimental analysis and achieved results, TiO2 nanotube 

arrays (TNT) photoanode generates (photoexcited) electrons that are added to the 

external circuit of the MFC system. By pairing the TiO2 nanotube arrays (TNT) 

photoanode with a conventional bioanode, the quantity of electrons is increased (under 

illumination) which in turn accelerates the ORR at the air cathode, and therefore 

significantly improving overall performance of MFC.   
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Figure 4.2. Polarization curve and power density curve of hybrid-MFC which means 

methylene blue (MB) decomposition system under dark and illumination 

4.3.2 Degradation performance of hybrid-MFC 

To evaluate the photodegradation performance of each MFC, MB was chosen as the 

target pollutant. Three types of anodes namely, photoanode, bioanode and hybrid 

(bioanode combined with photoanode) are used for the degradation of MB and were 

tested under various possible conditions, as given in Table 3. For comparison, the 

photodegradation of MB with a blank reactor as a reference as well as the influence of 

air cathode in each MFC has been investigated. Figure 4.3a shows the photocatalytic 

degradation of MB with different anode operated under illumination in the presence of 

air cathode. It is evident that the concentration of MB decreases as time increases and 

this indicates that MB is suffering a degradation. However, the rate of degradation is 

different in different MFCs. The concentration of MB is decreased by 76.9 %, 75.9 % 

and 81 % for MFC-P, MFC-B and MFC-H are used, respectively for 3 h, under 

illumination. Hence the activities were in the order of MFC-H > MFC-P > MFC-B, 

with MFC-H having the highest. MFC-B shows the poorest performance because it 
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lacks the presence of TNT photoanode and only microorganisms are responsible for 

whatsoever dye has degraded. It is obvious that MFC-H has superior MB degradation 

ability due to the photocatalytic property of TNT photoanode and microbial 

biodegradability. The mechanism of MB degradation in presence of photoanode can 

be elucidated on the basis of photocatalytic property TiO2 and microbial degradability. 

The photoanode which comprised of TiO2 nanotubes generates photoexcited electrons 

under UV light illumination and creates more active radical species (O2
• -, OH•) which  

constitute the main oxidizing agents for the degradation of MB. In addition to 

photocatalytic activity of TiO2, biodegradability also contributes to degradation of MB. 

Microbial on bioanode oxidizes organic matter, acetate substrate in this study, creates 

protons and electrons. Thus, bioanode also contributes to creating active radical 

species (O2
• -, OH•) for degradation of MB. Therefore, it shows the highest activity for 

the photocatalytic degradation of MB.  

MFC-H which consists of both bioanode and photoanode was anticipated to show 

the maximum activity for the degradation of MB. Although theoretically, its activity 

should be greater than others due to increased number of electrons generated from both 

bioanode and photoanode, but the results from the gradient of concentration does not 

supports so. From Figure 4.3a, it is observed that for the initial 2 h, the concentration 

gradient of MFC-H is the steepest. However, after 2 h, the gradient becomes gradual. 

We comprehend this behavior to the electron mediator characteristic of MB due to 

which its degradation gets delayed in the presence of microorganisms.   

 Figure 4.3b shows the gradient of concentration for the MFCs operated under 

illumination but in the absence of air cathode. The overall rate of degradation could 

not match up with the degradation rate in the presence of air cathode, and thus 

becoming lower. In the absence of air cathode, it acts as an electron acceptor thus there 
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are active sites for electrons, protons and MB to react with. However, MFC-B and 

MFC-H are showing degradation performance even though active sites are no longer 

provided in the absence of air cathode. As mentioned earlier, there might a possibility 

of MB acting as an electron acceptor. Also, it is assumed that bioanode, where 

microbial is adsorbed to carbon felt, can act as an active site. 

Methylene blue also suffers degradation under dark condition with the air cathode. 

For a blank reactor, neither bioanode nor photoanode is used, a minimal change in 

concentration of methylene blue is observed. Concentration of methylene blue is 

decreased by 28.2 %, 74.2 % and 75.8 %, respectively, when MFC-P, MFC-B and 

MFC-H are used for 10 hr. Photoanode shows less performance than under 

illumination because it is limited for photoanode to create photoexcited electrons 

without illumination. Degradation performance of MFC-B and MFC-H is occurred 

because microbial at each anode, which also consists bioanode, consumes organic 

matter, glucose in this study, and creates electrons with organic waste, CO2 and proton 

(H+). These created electrons not only participate in oxygen reduction reaction at the 

cathode but also creates active radical species such as O2
• -, OH• , which are the main 

factors of degradation. The overall performance of hybrid-MFC is almost similar with 

MFC because it is limited for photoanode attached to hybrid-MFC to create 

photoexcited electrons without illumination. 
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Table 3. The list of experimental factor of MB degradation  

Figure 4.3. Photocatalytic degradation curves of MB in medium over the different MFCs 

under visible light irradiation (a) in the presence and (b) absence of air cathode. C0 and C 

refer to the concentration of MB at t = 0 and t = t. 

The mechanism of methylene blue (MB) degradation in presence of photoanode is as 

follows. The photoanode which comprised of TiO2 nanotube arrays (TNT) photoanode 

generates photoexcited electrons. They are promoted from the valence band to conduction 

-band and an electron- hole pair is produced by illumination (equation 1).91 

TiO2 + hv (UV) → e -
C B  + h+

V B    (1)   

Where, e -
C B  and h+

V B  are the electrons in the conduction band and the electron 

vacancy in the valence band, respectively. Both e -
C B  and h+

V B  can move to the TiO2 
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nanotube surface, where they can react other species present on the surface. Mostly, 

h+
V B  can react easily with H2O generate OH• radicals, whereas, e -

C B  can react with O2 

and generate superoxide radical anion (equations 2 - 3).91  

H2O (ads) + h+
V B  → OH •

( a d s )  + H+
( a d s )

  (2)   

O2 + e -
C B  → O2

-•  
( a d s )  

         (3)  

The superoxide (O2
-•)  generated  gets  protonated  forming hydroperoxyl  

radical  (HO2
-• )  and the subsequent ly H2 O2  which further  dissociates  int  

highly react ive  hydroxyl  radicals  (OH •)  (equations 4 - 6). 92   

O2
-•  

( a d s )
 + H+ ↔ HOO •

( a d s )        (4)   

2HOO •
( a d s )  →  H2 O2 ( a d s )  + O2 

      (5)   

H2 O2 ( a d s )
 + 2OH •

( a d s )         (6)   

This mechanism involves the dye excitation under visible light photon (λ > 400 nm) 

from ground state (Dye) to excited state (Dye*). This excited state dye is converted into 

semi-oxidized radial cation (Dye+• ) by an electron move to the conduction band of 

TiO2.
93 Due to reaction between these trapped electrons and dissolved oxygen in the 

system superoxide radical anions (O2 are converted into hydroxyl radicals (OH•) 

formation. These OH•  radicals are mainly responsible for the oxidation of the organic 

compounds represented in equation 7-8 and Figure 4.4.94-96 

Dye + hv → Dye*          (7) 

Dye* + TiO2 → Dye+ + TiO2
-         (8) 
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Figure 4.4. Schematic diagram of dye decomposition process.   

 

4.4 Conclusions 

Effective electrochemical decomposition system of methylene blue (MB) is 

proposed by hybrid-MFC. Methylene blue (MB) can be degraded by photo-

electricity coupled bio-electricity which from illumination at TiO2 nanotube 

arrays (TNT) photoanode and metabolism of microorganism respectively. The 

decomposition concentration ratio of methylene blue (MB) is evaluated by UV 

spectra. The result shows highest degradation ratio (81%) of methylene blue (MB) 

and maximum power density (1024 mW/m2) are achieved in hybrid-MFC under 

illumination. This work proposes a promising cost-effective alternative for 

enhancing electrochemical degradation of dyes with photo- coupled bio-

electricity generated in hybrid-MFC.  

 

 

 

 



- 55 - 

 

4.5 References  

 

80. Ding, H.R., Li, Y., Lu, A.H., Jin, S., Quan, C., Wang, C.Q., Wang, X., Zeng, C.P., 

Yan, Y., Photocatalytically improved azo dye reduction in a microbial fuel cell with 

rutile-cathode. Bioresour. Technol. 2010, 101, 3500–3505. 

81. Firmino, P.I.M., Da Silva, M.E.R., Cervantes, F.J., Dos Santos, A.B., Colour 

removal of dyes from synthetic and real textile wastewaters in one- and two-stage 

anaerobic systems. Bioresour. Technol. 2010, 101, 7773–7779. 

82. Alventosa-deLara, E., Barredo-Damas, S., Alcaina-Miranda, M.I., Iborra-Clar, M.I., 

Ultrafiltration technology with a ceramic membrane for reactive dye removal: 

optimization of membrane performance. J. Hazard. Mater. 2012, 209, 492–500. 

83. Zhuang, L., Zhou, S.G., Li, Y.T., Yuan, Y., Enhanced performance of air-cathode 

two-chamber microbial fuel cells with high-pH anode and low-pH cathode. 

Bioresour. Technol. 2010, 101, 3514–3519. 

84. Zhang, B., Tian, C., Liu, Y., Hao, L., Liu, Y., Feng, C., Liu, Y., Wang, Z., 

Simultaneous microbial and electrochemical reductions of vanadium (V) with 

bioelectricity generation in microbial fuel cells. Bioresour. Technol. 2015, 179, 91–

97. 

85. Murali, V., Ong, S.A., Ho, L.N., Wong, Y.S., Hamidin, N., Comprehensive review 

and compilation of treatment for azo dyes using microbial fuel cells. Water Environ. 

Res. 2013, 85, 270–277. 

86. Sirés, I., Low, C.T.J., Ponce-de-León, C., Walsh, F.C., The deposition of 

nanostructured b-PbO2 coatings from aqueous methanesulfonic acid for the 

electrochemical oxidation of organic pollutants. Electrochem. Commun. 2010, 12, 

70–74. 

87. Zhu, X., Logan, B.E., Using single-chamber microbial fuel cells as renewable power 

sources of electro-Fenton reactors for organic pollutant treatment. J.Hazard. Mater. 

2013, 252, 198–203. 



- 56 - 

 

88. Xue, A., Shen, Z.Z., Zhao, B., Zhao, H.Z., Arsenite removal from aqueous solution 

by a microbial fuel cell-zerovalent iron hybrid process. J. Hazard.Mater. 2013, 261, 

621–627. 

89. Rafatullaha, Mohd., Sulaiman, Othman., Hashima, Rokiah., Ahmadb, Anees., 

Adsorption of methylene blue on low-cost adsorbents: A review. J. Hazard.Mater. 

2010, 177 (1-3), 70-80. 

90. Heighta, Murray. J., Pratsinisa, S. E., Mekasuwandumrong, Okorn., Praserthdamc, 

Piyasan., Ag-ZnO catalysts for UV-photodegradation of methylene blue. Appl 

Catalys B: Environ. 2006, 63 (3-4), 305-312. 

91. Houas, A., Lachheba, H., Ksibia, M., Elalouia, E., Guillardb, Chantal., Herrmannb, 

J., Photocatalytic degradation pathway of methylene blue in water. Appl Catalys B: 

Environ. 2001, 31 (2), 145-157. 

92. Xiao, Q., Zhang, J., Xiao, C., Tan, X., Photocatalytic degradation of methylene blue 

over Co3O4/Bi2WO6 composite under visible light irradiation. Catalys Comm. 2008, 

9 (6), 1247-1253. 

93. Zhao, J.; Chen, C.; Ma, Wanhong.; Photocatalytic degradation of organic pollutants 

under visible light irradiation. Top. Catal. 2005, 35, 269-278.  

94. Hay, D.W., Martin, S.A., Ray, S., Lichtin, N. N., Disproportionation of 

semimethylene blue and oxidation of leucomethylene blue by methylene blue and by 

iron(III). Kinetics, equilibriums, and medium effects. J. Phys. Chem. 1981, 85 (11), 

1474–1479. 

95. Ajmal, A., Majeed, I., Malik, R.N., Idriss, H., Nadeem, M.A., Principles and 

mechanisms of photocatalytic dye degradation on TiO2 based photocatalysts: 

acomparative overview. RSC adv. 2014, 4, 37003-37026. 

96. Salen, J., Soleymani, A.R., Feasibility of using a slurry falling film photo-reactor 

for individual and hybridized AOPs. J. Ind. Eng. Chem. 2012, 18, 1683-1688. 

 

 

 



- 57 - 

 

V.  Investigation of Air-cathode Single Chamber MFC Performance with 

Modified Carbon Fiber Brush Anode 

5.1 Introduction  

Deficiency of energy resources and contaminated environment have brought global 

crises and, humanity is facing the problems of survival and development. Through 

microbial fuel cells (MFCs), we can alleviate the above-mentioned crises as they can 

not only produce energy but also treat wastewater. In microbial fuel cell (MFC) 

systems, electricity is generated by the transfer of electrons, which are generated from 

metabolism of exo-electrogens attached to the anode and moved through an external 

circuit to the cathode by releasing their energy across the resistance. At the cathode, 

protons and electrons typically are catalyzed to react with oxygen, forming water 

(H2O).97-99  

Recent researches in MFCs have showed enhanced performance by optimization of 

the reactor architecture and configurations100, electrode modification101 and improve 

catalytic kenitic.102 However, the performance of microbial fuel cell (MFC) systems 

still needs to be developed for real applications, the costs of electrode materials and 

simplified method for electrode pretreatment. The development of MFCs for large-

scale applications will require less expensive and simplified electrode modification 

methods for creating anodes capable of improved performance of MFCs. Many types 

of different electrode materials have been used as anodes, such as graphite blocks, 

graphite fibers, carbon cloth, carbon paper, and carbon felt.103-107  

Carbon fiber brush anodes appear particularly promising for achieving improved 

power generation and successful method for anode treatment these materials that has 



- 58 - 

 

been reported is using a high-temperature ammonia gas treatment.108 The reason for 

using high-temperature ammonia gas treatment is appeared related to creating a 

positive surface charge. In previous researches, it is reported that heat treatment is 

effective for improving performance of MFC using woven carbon cloth and that is 

associated with an increased ratio of N 1s/C 1s.109 Therefore, in this research, heat 

treatment, acid treatment of brush fibers and combination of acid treatment and heat 

treatment are investigated for enhance performance of MFCs. In addition, chemical 

changes on the surface of these fibers are also investigated.  

5.2 Experimental section 

5.2.1 Chemicals and materials  

Wet proof carbon cloth (30 wt% PTFE, Fuel Cell Earth LLC), Pt on Vulcan XC-72 

(10 %, Premetek Co.), 2-propanol (99.5 %, Sigma), Nafion perfluorinated resin 

solution (15-20 %, Aldrich), carbon vulcan powder and polytetraflourethylene (PTFE, 

60 wt % in water, Aldrich) are used for air cathode preparation. Anodes consist of 

carbon fiber brush electrodes that had a two-wire Ti core that served as a current 

collector, and brushes made of carbon fibers (Millrose, USA). Di-sodium phosphate 

(Applichem), ammonium chloride (Sigma), potassium chloride (Sigma), sodium 

phosphate monobasic monohydrate (Sigma-Aldrich) and glucose (bacteriological 

grade, Oxoid) are used for MFC medium preparation.   

5.2.2 Microbial fuel cell (MFC) configuration and anode pretreatments 

The air–cathode single chamber MFCs (4 cm long, 3 cm diameter, working volume: 

25 mL) are used as reactor.66 The air-cathode prepared using wet-proofed carbon cloth 

(Fuel Cell Earth LLC) with Pt layers as catalyst (0.5 mg∙cm-2). Pt catalyst was coated 

on the side of the carbon cloth in contact of MFC medium (inner side), while the air 
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side of the cathode was protected with a layer of 40 wt% carbon black powder and four 

layers of 60 wt% PTFE.67 Anodes consist of carbon fiber brush electrodes that had a 

two-wire Ti core that served as a current collector, and brushes made of carbon fibers 

(Millrose, USA).110 All brushes are first cleaned by soaking them in pure acetone for 

12 hours (CF-C). These brushes are acid treated (CF-A) by soaking the brushes in a 

solution of ammonium peroxydisulfate (200 g·L-1) and concentrated sulfuric acid (100 

mL·L-1) for 15 min. The carbon fiber brush electrodes are heat-treated (CF-H) in a 

muffle furnace at 450 ˚C for 30 min. Last, carbon fiber brush anode was treated by 

both methods first acid treatment and then heat treatment (CF-AH). Following 

treatments, all brushes are cleaned three times with DI-water before being used as 

anode in MFC system. 

5.2.3 Microbial Fuel Cell (MFC) inoculum, substrate and medium   

The MFCs are inoculated with wastewater from Hyeonpung sewage treatment plant 

(Daegu, Republic of Korea). The medium contains glucose (2 g·L-1) as a substrate and 

a 50 mM phosphate buffer solution (PBS) containing: 4.58 g·L-1 Na2HPO4; 2.45 g·L-1 

NaH2PO4·H2O; 0.31 g·L-1 NH4Cl; 0.13 g·L-1 KCl; trace vitamins (10 mL·L-1) and 

minerals (10 mL·L-1) stock solutions.52 The initial pH was adjusted to 7.1, reactors are 

kept at 30 ˚C in an incubator and are refilled when the voltage decrease below 20 mV. 

The voltages across the external resistors (1000 Ω) are recorded by a multi-meter (2700, 

keithley, USA) at an interval of 30 min. 

5.2.4 Analysis method  

Carbon fiber surfaces are analyzed by X-ray photoelectron spectra (Thermo 

Scientific, ESCALAB 250Xi, USA). Field emission scanning electron microscope 
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(FE-SEM) was used to analyze the surface morphology of carbon fibers. The samples 

are coated with Pt by using a sputter coater (HITACHI, MC1000, Japan, coating 

condition: 15 μA for 30 sec) to reduce charging effect. The surface area of carbon fiber 

was measured based on a Brunauer–Emmett–Teller (BET) adsorption isotherm 

(Micromeritics Instrument Co., ASAP 2020, USA).  

The performance of the MFC was characterized and analyzed using polarization and 

power density curves, and electrochemical impedance spectroscopy (EIS). All 

electrochemical characterizations are done using potentiostat (Bio-Logic, VSP model, 

France) employing two electrode configuration. Polarization curves for MFCs are 

acquired employing chronopotentiometry technique. The voltage across the cell was 

recorded every 1 min for external applied current, which was linearly increased with a 

ramp of 200 µA/min and was continued until the value of the voltage approaches zero. 

Power densities (mW∙cm-2) and current densities (mA∙cm-2) are normalized by the 

projected cathode area (7 cm2). The power density was calculated using, Power density 

= V∙I /A, where V = voltage, I = current and A= projected area of the cathode.  

An Electrochemical impedance spectroscopy (EIS) analysis was carried out at open 

circuit condition with a two electrode mode; the air-cathode was set as a working 

electrode whereas carbon fiber brush anode was set as counter and reference electrodes. 

The frequency range was form 10 mHz to 1 kHz with the amplitude 10 mV. The charge 

transfer resistance (RCT) was obtained from diameter of semicircle which was 

simulated with an equivalent circuit of MFC used in this research.111 

5.3 Results and discussion  

5.3.1 Power generation using different pretreatment anodes   
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The performance of different modified carbon fiber brush anodes is evaluated by 

measuring their polarization and power density curves as a function of applied external 

current, the maximum power densities generated by the anodes with different 

treatments are all larger than that of the control tests (CF-C; 901 mW∙m−2) (Figure 

5.1a). Acid treated anodes showed increased power by 5 % to 950 mW∙m−2, and heat 

treatment by 22 % to 1100 mW∙m−2. The combined acid and heat treated anode 

produced the highest power density of 1230 mW∙m−2, which is 36 % larger than the 

control. The resistance of each different treatment of MFC is analyzed using 

electrochemical impedance spectroscopy (EIS). Figure 5.1b shows the fitted nyquist 

plots including a proposed equivalence external circuit corresponding to the EIS 

spectral for different treatment. It can be seen that the charge transfer resistance (RCT) 

of the air-cathode, exhibited by the radii of the semicircles, is decreased from 75Ω 

(control reactor) to 74 – 65 (treated anodes). Thus, the higher power density observed 

likely resulted from reduction of charge transfer resistance (RCT).110  

Figure 5.1. Performance of MFCs with anodes acid (CF-A), heat (CF-H), and acid- 

and heat-treated (CF-AH) anodes, compared to the control (CF-C): (a) Polarization 

curve and power density, (b) Fitted Nyquist plots from EIS measurements of different 

treatment. Inset shows the proposed equivalent circuit, where R1 is solution resistance, 
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R2 is charge transfer resistance (RCT), and C is the cathode capacitance. 

5.3.2 Surface characteristics of carbon fibers with different treatments  

By BET adsorption isotherms, surface area of the carbon fibers is measured. Surface 

area of anode, which is acetone cleaned (control), is 5.01 m2∙g−1. Heat treatment 

method increase the actual surface area by 6.94 times to 35.3 m2∙g−1 compared to 

acetone clean (control). Only using acid treatment increase, the surface area by 29.5 % 

(6.48 m2∙g−1), while the area of combined methods acid- and heat treatment anode has 

a surface area of 43.9 m2∙g−1. The increase of surface area is caused by the cracking 

carbon fibers during the heat treatment process (Figure 5.2). Increasing the surface 

area can enhance performance of MFC when the material has the similar 

characteristics.112 However, it is not known to what extent changes in molecular-scale 

surface area of the anode will affect power generation. It is more likely here that 

changes in the surface characteristics affected power generation.     

Figure 5.2. The FE-SEM images of carbon fiber before (a) and heat treatment (b). 

XPS analysis of the different carbon fibers indicated the presence of primarily C, N, 

and O on the surface, with relatively smaller amounts of S, Cl, Si, and others elements 
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(Figure 5.3).  

Figure 5.3. XPS spectra of control (CF-C), the acid (CF-A), heat (CF-H), and acid and 

heat (CF-AH) treated anodes: Survey scan.  

The different modifying methods of treatment on carbon fibers can create changes 

in ratio of N 1s/C 1s, and the magnitude of this ratio is correlated with enhanced 

performance of MFC consistent with previous research.109 The ratio of N 1s/C 1s is 

increased from 4.58 % (control) to 5.6 % (acid and heat treatment), which is an increase 

of atomic ratio of N on carbon fibers. The N 1s spectra of the different samples (Figure 

5.4a) showed a maximum peak at BE≈400 eV, with a shoulder around 401.7 eV; these 

signals are assigned to tertiary amines and protonated nitrogen, respectively.113 The 

ratio of protonated N and the total ratio of N for the heat treatment anode (3.6) and the 

acid and heat treatment anode (3.9) were also both much higher than those of control 

(0.78) or the acid-treated anode (1.06) (Figure 5.4a and Table 1).Thus, it appears that 

the increase of protonated N is a main factor for enhancing performance using these 

different treatment methods. The XPS spectra indicate that the oxygen content in the 

spectra changed as a result of the different treatments. The atom ratio of O 1s/C 1s 

atom ratio is 20.5 % after acid treatment, and it decreased to 4.8 % as a result of heat 

treatment. The XPS spectra analysis also show two O 1s peaks at 533 and 531.7 eV 
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(Figure 5.4b), presumably arising from C–O and C=O bonds, respectively. The ratio 

of C–O and O 1s is calculated as 0.98 for the acid treatment, and it decreased into 0.68 

after further heating, showing that the oxygen decrease is mainly because of the 

decrease in the number of C–O bonds (Table 4). The decrease of the O-content has 

been shown to be connected with an increase in power generation. 109 This occurs due 

to a decrease in the oxygen converting C–O to C=O. Therefore the decrease in the 

ratios of C–O/O 1s (increase in C=O/O 1s) was observed and it is associated with 

improved power generation of MFC. 

Figure 5.4. The elements XPS spectra of control (CF-C), the acid (CF-A), heat (CF-H), 

and acid and heat (CF-AH) treated anodes: (a) N 1s and (b) O 1s.  

 

Table 4. XPS atomic fractions, N/C ratios, and O/C ratios of the different treatment 

methods. 
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5.4 Conclusions 

Modification of carbon fiber materials by simple methods, acid and heat treatment 

process improved power generation by 36 % from 950 to 1230 mW∙m−2 due to 

decreased charge transfer resistances (RCT). In previous research, power generation is 

increased by 20 % using carbon cloth anodes accomplished by high-temperature 

ammonia gas treatment and heat treatment.108 Only using heat treatment, however, 

improved power generation by 15 % compared to the carbon mesh control.91 

Considering costs of electrode materials and treatment methods, high-temperature 

ammonia gas treatment method is not proper for real applications such as wastewater 

treatment plant. Enhanced performance with modified carbon fiber brush anode in 

MFC is associated with a number of changes in the surfaces of carbon fibers, including 

increased ratio of N 1s/C 1s (4.6 % to 5.6 %) and increasing the concentration of 

protonated N species on the surface. These changes can be a guidance for further 

improvements in the efficiency of MFC. Additional chemical treatments for surface 

modifications which can focus on increasing the ratios of N 1s/C 1s may lead to 

increase performance of the MFCs through improved power generation.  

 

 

 

 

 

 



- 66 - 

 

5.5 References   

97. Rabaey, K., Verstraete, W., Microbial fuel cells: novel biotechnology for energy 

generation. Trends Biotechnol. 2005, 23 (6), 291-298.  

98. Logan, B.E., Simultaneous wastewater treatment and biological electricity 

generation. Water Sci. Technol. 2005, 52, 31–37.   

99. Rozendal, R.A.; Hamelers, H.V.M.; Rabaey, K., Keller, J., Buisman, C.J.N., 

Towards practical implementation of bioelectrochemical wastewater treatment. 

Trends Biotechnol. 2008, 26, 450–459.  

100. Logan, B.E., Hamelers, B., Rozendal, R., Schroder, U., Keller, J., Freguia, S., 

Aelterman, P., Verstraete, W., Rabaey, K., Microbial Fuel Cells:  Methodology and 

Technology. Environ. Sci. Technol. 2006, 17, 5181–5192.   

101. Zhou, M., Chi, M.; Luo, J.; He, H.; Jin, T., An overview of electrode materials in 

microbial fuel cells. J. Power Sources 2011, 196, 4427–4435.   

102. Zhao, F., Harnisch, F., Schröder, Uwe., Scholz, Fritz., Bogdanoff, P., Herrmann, I., 

Application of pyrolysed iron(II) phthalocyanine and CoTMPP based oxygen 

reduction catalysts as cathode materials in microbial fuel cells. Electrochem. 

Comm. 2005, 7 (12), 1405-1410.   

103. Read, S. T., Dutta, P., Bond, P. L., Keller. J., Rabaey, K., Initial development and 

structure of biofilms on microbial fuel cell anodes. BMC Microbiol. 2010, 98, 1-

10. 

104. Tender, L. M., Gray, S. A., Groveman. Ethan., Lowy, D. A., Kauffman. P., Melhado, 

J., Tyce, R. C., Flynn. D., Petrecca, R., Dobarro, Joe., The first demonstration of a 

microbial fuel cell as a viable power supply: Powering a meteorological buoy. J. 

Power Sources 2008, 179 (2), 571-575.  

105. Liu, J., Qiao, Y., Guo, C. X., Lim, S., Song. H., Li, C.M., Graphene/carbon cloth 

anode for high performance mediatorless microbial fuel cells. Bioresour. technol. 

2012, 114, 275-280.  



- 67 - 

 

106. Kim, J. –R., Min, B.-K., Logan, B.E., Evaluation of procedures to acclimate a 

microbial fuel cell for electricity production. Appl. Microbiol. Biotechnol. 2005, 68 

(1), 23–30. 

 

107. Wrighton, K. C., Thrash, J. C., Melnyk, R. A., Bigi, J. P., Byrne-Baile, K. G., Remis, 

J. P., Schichnes, D., Auer, M., Chang, C. J., Coates, J. D., Evidence for Direct 

Electron Transfer by a Gram-Positive Bacterium Isolated from a Microbial Fuel 

Cell. Appl Enviorn Micorbiol. 2003, 77 (21), 7633-7639.  

108. Cheng, S., Logan, B.E., Ammonia treatment of carbon cloth anodes to enhance 

power generation of microbial fuel cells. Electrochem. Comm. 2007, 9, 492-496. 

109. Wang, X., Cheng, S., Feng, Y., Merrill, M.D., Saito, T.S., Logan, B.E., Use of 

carbon mesh anodes and the effect of different pretreatment methods on power 

production in microbial fuel cells. Environ. Sci. Technol. 2009, 43, 6870–6874.   

110. Hutchinson, A.J., Tokash, J.C., Logan, B. E., Analysis of carbon fiber brush loading 

in anodes on startup and performance of microbial fuel cells. J. Power Sources 2011, 

196 (22), 9213-9219. 

111. He, Zhen., Mansfeld, F., Exploring the use of electrochemical impedance 

spectroscopy (EIS) in microbial fuel cell studies. Energy Environ. Sci. 2009, 2, 

215-219. 

112. Oh, S., Logan, B.E., Proton exchange membrane and electrode surface areas as 

factors that affect power generation in microbial fuel cells. Appl. Microbiol. 

Biotechnol. 2006, 70, 162–169.  

113. Jansen, R.J.J., Bekkum, H.V., XPS of nitrogen-containing functional groups on 

activated carbon. Carbon 1995, 33, 1021–1027. 

 

 

 



- 68 - 

 

VI. Conclusions 

As an alternative and sustainable energy generating technology, microbial fuel cell (MFC) 

has recently received considerable attention because MFC can produce electricity during 

degrade organic matters in waste water. But MFC has a limitation to real application such 

as expensive electrode materials and low power generation. To solve this problem, below 

researches are conducted. 

First, hybrid-MFC (MFC) system which enhanced performance using solar energy is 

proposed. To harvest solar energy, TiO2 nanotube arrays (TNT) is used as photoanode. The 

images of well-organized TiO2 nanotube arrays are obtained by FE-SEM. The XRD patterns 

show the formation of anatase TiO2 crystal after annealing at 450 ˚C for 2 hours. 

Furthermore, the resulting hybrid-MFC exhibited significantly improved power generation 

(1284 ± 20 mW∙m-2) as compared with the normal MFC (850 ± 12 mW∙m-2). Through the 

electrochemical impedance spectroscopy (EIS) also shows lower charge transfer resistance 

(190.9 Ω) compared with normal MFC (249.9 Ω). In addition, carbon dioxide (CO2) 

photoreduction is observed by illumination on TiO2 nanotube arrays. (Methane production 

rate: 1.1 ppm∙cm-2∙hr-1) 

Second, Electrochemical degradation of methylene blue (MB) degradation is 

performed. The innovative electrochemical decomposition system with utilization of 

photo- coupled bio-electricity in hybrid-MFC for dye degradation is proposed. 

Methylene blue (MB) as a target pollutant due to its wide use and strong toxic effect 

to aquatic environment and human beings. The result shows highest degradation ratio 

of methylene blue (MB) and maximum power density are achieved in hybrid-MFC 

under illumination.  
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Third, Modification of carbon fiber brush anode with improved power generation is 

investigated. Carbon fiber brush anodes appear particularly promising for achieving 

improved power generation. In this researches, carbon fiber brush anode is modified through 

simple treatment methods. The acid and heat treatment process improved power generation 

by 36 % from 950 to 1230 mW∙m−2 due to decreased charge transfer resistances (RCT). 

Enhanced performance of MFC is associated with a number of changes in the surfaces of 

carbon fibers, including increased ratio of N 1s/C 1s (4.6 % to 5.6 %). The increased ratios 

of N 1s/C 1s on surface of carbon fiber may lead to increase performance of MFC.  
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요 약 문 

 

태양빛을 이용한 전력 생산 효율이 증가된  

하이브리드 미생물 연료 전지의 분석 

세계 인구의 꾸준한 성장으로 인해, 국내 및 산업 에너지의 에너지 수요는 지속

적으로 증가하고있다. 국제 에너지 기구 (IEA)의 보고서에 따르면, 전력 소비는 

이산화탄소와 같은 온실 가스의 발생을 초래하는데, 이 양은 120 억 톤 오일을 

사용하는 것과 같다. 현재 전력 소비를 비춰볼 때, 2035년에는 180 억 톤 오일을 

사용 했을 때의 양과 같다. 현재의 에너지 수요를 충족하고, 환경 문제를 해결하

기 위해, 안정적이고 지속 가능한 청정 에너지 기술로 대체 되어야 한다. 1911 년 

영국의 식물학자 포터 2 세의 발명 아이디어는 미생물을 이용하여 유기물을 산화

하여 전기를 생산하는 것이었다. 이후, 미생물 연료 전지 (MFC) 기술은 큰 관심

을 이끌기 시작했다. 

미생물 연료 전지 (MFC) 기술은 애노드에서의 생 촉매로 미생물을 이용하여 

유기물에 저장된 화학 에너지를 직접적으로 미생물의 대사에 의해 전기 에너지로 

변환 하는 기술이다. 전기 화학적으로 활성화 된 미생물, 전자방출균의 물질 대

사를 통해 전자가 생성되고, 미생물 양극으로 전자가 이동한다. 이 때 생성 된 

전자는 외부 회로로 이동하며, 이를 통해, 음극으로 전달 된다. 대부분 미생물 연

료 전지에서, 전해질로부터 온 양성자, 외부에서 확산되어 온 산소와 결합하여 

최종 생성물로 물이 생성된다. 이러한 반응을 산소 환원 반응 이라고 한다. 위의 
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반응 과정을 통해 전기 에너지가 생성 된다.  

미생물 연료 전지는 다른 형태의 연료 전지에 비해 많은 장점을 갖는다. 무기 

연료 전지의 경우, 전기를 생산 할 수 있는 능력을 가지고 있으나, 오염 물질을 

분해 할 수 없다. 그렇지만, 미생물 연료 전지는 미생물의 대사 작용에 의한 유

기물 분해에 의해 생성되는 가역 생물학적 과정이기 때문에, 환경 친화적이다. 

또한 무기 연료 전지의 경우, 사용할 수 있는 연료가 수소 (H2), 메탄올 (CH3OH) 

및 에탄올 (CH2CH3OH) 등으로 제한적인데 비해, 미생물 연료 전지의 경우, 오 

폐수를 연료로 사용하기 때문에, 제한적이지 않다. 미생물 연료 전지는 지역 하

수 처리장에 적용시켜서 사용할 수 있을 것으로 기대되었지만, 낮은 효율과 비싼 

전극 재료는 미생물 연료전지를 이용하는데 있어 장애물로 작용한다.  

최근, 반응기 구조의 변형을 통한 내부 저항 감소 및 미생물의 전자 전달 향상 

등 여러 노력들을 통해 MFC 의 효율을 증가시키고 있다. 미생물 연료 전지의 전

력 생산량은 꾸준히 향상되고 있지만, 미생물 연료 전지의 실질적인 전력 생산 

장치로 이용하기 위해서는 전극의 내구성 향상 및 전력 생산량을 대폭 향상 시켜

야 한다. 미생물 연료 전지의 효율을 높이기 위한 여러 가지 방법들 중, 태양 에

너지를 이용하는 방법이 있다. 태양에너지는 고갈될 우려가 없으며 무한한 에너

지 중에 하나이다. 한 시간 동안 지구에 도달하는 태양에너지의 양은 1년간 소비

되는 국제 에너지 소비량과 비슷하다. 따라서 태양에너지를 수집하고 이를 이용

하는 방법은 환경 친화적이면서도, 지속 가능한 방법이다. 이전의 많은 연구에서 

미생물 연료전지를 태양에너지와 결합하려는 시도들이 있었지만, 미생물 연료 전

지의 산소환원반응 속도를 증가시키려는 시도는 없었다. 느린 산소환원반응 속도
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는 미생물 연료 전지의 효율을 감소시키는 여러 가지 요인들 중 하나이다.  

따라서 이 연구에서는 첫째로, 태양에너지를 이용할 수 있는hybrid - MFC 시스

템이 제안되었다. 반도체 물질을 이용하여 태양에너지를 받아 전자를 생성하고 

추가적인 전자를 미생물 연료 전지에 공급할 수 있다. 따라서 반도체 물질로 매

장량이 많고, 가격이 저렴하고, 화학적으로 안정한 특성을 가지는 티타늄 호일 

표면에 질소가 도핑된 TiO2 나노튜브를 형성하여 이를 미생물 연료 전지에 추가

하였다.  

FE-SEM, XRD, XPS를 통해 TiO2 나노튜브의 표면 및 Morphology를 분석하고, 

photocurrent 측정을 이용해 광전기화학적 분석을 통해 TiO2 nanotube arrays 

(TNT) photoanode 의 특성을 분석 하였다. 

이렇게 준비된 TiO2  nanotube arrays (TNT) photoanode 를 미생물 연료전지에 

적용 시키기 위해 일반적인 미생물 연료전지를 2 개월 이상 작동시켰다. 미생물 

연료 전지의 전압 생성 패턴이 안정화 되고 난 후, photoanode 를 일반적인 단일 

비생물 연료 전지에 연결하였으며, 전력 생산량을 분석하기 위해 전류-전압 그래

프 및 power density 그래프를 측정하였다. Anode 는 기준전극 겸 상대 전극으로 

사용되었고, cathode 는 작업 전극으로 사용되었다. 전류를 200 μA씩 증가시키면

서 1분동안 가해주었으며, 그때 나오는 측정되는 전압을 기록하고 전압의 값이 0 

이하로 떨어질 때까지 측정을 진행하였다. 측정 결과로 얻은 전류-전압 그래프를 

통해 TiO2 nanotube arrays (TNT) photoanode 에 빛을 조사해줬을 경우, 미생물 

연료 전지에 더 많은 전류가 흐른다는 것을 알 수 있었다. 이 추가적인 전류는 

TiO2  nanotube arrays (TNT) photoanode 에 빛을 조사함으로써 생성되는 전자로
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부터 기인한 것이며, 이 전자들은 cathode 쪽에서 산소 환원 반응에 참여할 수 

있다. 따라서 산소 환원 반응의 속도를 증가시킬 수 있다. Power density 의 결과

로부터 빛을 조사했을 경우 빛을 조사하지 않은 반응조에 비해 power density 가 

46.8% 증가한 것을 확인할 수 있었다. 또한 electrochemical impedance 

spectroscopy (EIS) 분석을 통해, 빛이 조사했을 경우, 빛을 조사하지 않은 반응

조에 비해 impedance (교류 저항)의 charge transfer resistance 가 54.7 % 감소 

된 것을 확인할 수 있었다. 마지막으로, TiO2  nanotube arrays (TNT) photoanode

에 빛이 조사되었을때, 이산화탄소 광환원 반응이 일어나 메탄이 생성되는 것을 

확인 할 수 있었다. (메탄 생성량: 1.1 ppm∙cm-2∙hr-1)  

둘째로, 염료의 전기화학적 분해를 향상시키기 위해 미생물 연료 전지 시스템

에 태양에너지가 적용되었다. 태양 에너지를 MFC 에 적용하면, 전기 화학적 분해 

능력을 크게 향상 시킬 수 있다. 본 연구에서 TiO2 nanotube arrays (TNT)은 태양 

에너지를 적용 할 수 있는 photoanode 로 사용되었다. 목표 오염 물질로, 수생 

환경 및 인간 생활에서 폭 넓은 사용되고 있고, 강한 독성을 지닌 메틸렌 블루 

(MB)가 사용되었다. 본 연구에서 MFC 에 TiO2 nanotube arrays (TNT) 

photoanode를 적용해 태양 에너지를 접목시켜, 가격 대비 효율적인 메틸렌 블루 

(MB) 분해 능력을 향상 시켰다. 

메틸렌 블루 (MB)의 분해 농도비는 UV 스펙트럼에 의해 측정되었다. 그 결과, 

빛을 조사하였을 경우, 하이브리드 MFC 에서 메틸렌 블루 (MB)의 최고 분해 비 

(81 %)와 최대 전력 밀도 (1024 mW∙m-2)를 나타냈다. 본 연구를 통해 하이브리

드 MFC 에서 생성 된 광-바이오 전기를 이용하여 염료의 전기 분해 능력을 향상
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시켜 향상 시켰음으로, 염료 분해 장치의 새로운 대안을 제시 할 수 있다. 

셋째로, 탄소 섬유 브러시 양극의 화학적 처리를 통해, 전력 생산이 증가된 미

생물 연료 전지가 연구되었다. 미생물 연료 전지에 탄소 섬유 브러시 양극을 적

용하면 전력 생산이 향상된 결과를 보인다. 고온 암모니아 가스 처리 방법이 양

극 재료를 처리하는 효과적인 방법으로 보고 되었는데, 이 방법은 전극 표면에 

양 전하를 생성 할 수 있다. 또한 이전 연구에서, 열 처리 방법은 탄소 천MFC의 

성능을 향상시키는 효과를 보고 하고 있는데, 이는 N 1S / C 1S 의 증가된 비율과 

관련이 있다. 따라서, 본 연구에서는 산 처리, 열 처리, 산 처리와 열 처리 결합

한 처리 방법을 이용하여 미생물 연료 전지의 성능을 평가 하였다. 특히 이들 섬

유의 표면에서 화학적 변화도 분석되었다.  

실험 결과, 산 및 열처리 공정을 통해 전력 생산량이 기준이 되는 처리 방법 

보다 36 %까지 향상되었다. (950 to 1230 mW∙m−2) 이는 전하 이동 저항의 감소

에 기인한다 (RCT). 향상된 미생물 연료 전지의 성능은 탄소 섬유의 표면에 변화

와 관련되어 있고, 이는 탄소 섬유 표면에 N 1S / C 1S 의 증가된 비율 (4.6 % to 

5.6 %)을 포함 한다. 따라서 이러한 변화는 미생물 연료 전지의 효율을 개선하기 

위한 지침이 될 것이다.   

 

핵심어: 미생물 연료 전지, 광활성 물질, 하이브리드형 미생물 연료 전지, 전력 

생산, 양극 산화, 산소 환원 반응. 
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