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ABSTRACT 

 

A Microbial fuel cell (MFC) is a bio-inspired carbon-neutral, renewable 

electrochemical converter to extract electricity from catabolic reaction of micro-

organisms. It is a promising technology capable of directly converting the abundant 

biomass on the planet into electricity and potentially alleviate the emerging global 

warming and energy crisis. The current and power density of MFCs are low compared 

with conventional energy conversion techniques. Since its debut in 2002, many studies 

have been performed by adopting a variety of new configurations and structures to 

improve the power density. The reported maximum areal and volumetric power densities 

range from 19 mW/m2 to 1.57 W/m2 and from 6.3 W/m3 to 392 W/m3, respectively, 

which are still low compared with conventional energy conversion techniques. In this 

dissertation, the impact of scaling effect on the performance of MFCs are investigated, 

and it is found that by scaling down the characteristic length of MFCs, the surface area to 

volume ratio increases and the current and power density improves. As a result, a 

miniaturized MFC fabricated by Micro-Electro-Mechanical System(MEMS) technology 

with gold anode is presented in this dissertation, which demonstrate a high power density 

of 3300 W/m3. The performance of the MEMS MFC is further improved by adopting 

anodes with higher surface area to volume ratio, such as carbon nanotube (CNT) and 

graphene based anodes, and the maximum power density is further improved to a record 

high power density of 11220 W/m3. A novel supercapacitor by regulating the respiration 

of the bacteria is also presented, and a high power density of 531.2 A/m2 (1,060,000 

A/m3) and 197.5 W/m2 (395,000 W/m3), respectively, are marked, which are one to two 
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orders of magnitude higher than any previously reported  microbial electrochemical 

techniques.   
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PREFACE 

 

 Energy crisis and global warming have become two popular topics all over the 

world, and we are gradually marching towards a severe energy crisis and global warming. 

The fossil fuels, including the oil, gas and coal contribute 80% of the total energy 

consumption in the world. Yet it is reported that oil, gas, and coal are all estimated to 

deplete or become economically unfavorable in the next 100-200 years. An increase in 

global temperature by 1.2 °F is also observed in the past 120 years, correlating the 

increase in CO2 concentration in the atmosphere. Thus, it is essential to develop carbon-

neutral, renewable energy sources. Renewable energy, such as solar energy, wind energy, 

hydropower energy, and bioenergy, has now been adopted as effective substitutes of 

fossil fuel. Of them, bioenergy is abundant, readily available and carbon-neutral, and 

microbial fuel cell (MFC) is a bio-inspired electrochemical converter to directly convert 

biomass into electricity with high efficiency. Thus in this dissertation the research on 

MFC is focused. A critical drawback for MFC is its low current and power density low 

compared with conventional energy conversion techniques and this drawback is 

successfully addressed in this dissertation. 
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CHAPTER 1 

INTRODUCTION 

1.1.  Microbial fuel cell background 

Energy crisis has been a popular topic all over the world, and we are 

gradually marching towards a severe energy crisis, with an ever-increasing 

demand of energy overstepping the current supply. According to United Kingdom 

Energy Research Center, the crude oil production is projected to peak in 2030, 

and after that it suffers from rapid post-peak decline 1. Similar predictions are 

shown for natural gas, which peaks in 2020 2. The depletion of coal is not as 

urgent as crude oil, and according to U.S. National Mining Association, the 

United States has enough recoverable coal to power the country for the next four 

century; however, according to a Nature commentary, affordable coal depletes 

very soon and the expense of coal likely increases. Furthermore, the global mean 

temperature has risen above pre-historical levels due to the excessive emission of 

greenhouse gas, resulting in the melt of glaciers and rise of sea levels 2. The 

depletion of fossil fuels and the threat of global warming facilitate the sought for 

carbon-neutral renewable energy sources 3, 4. Renewable energy, such as solar 

energy, wind energy, hydropower energy, geothermal energy and bioenergy, has 

now been adopted as effective substitutes of fossil fuel. However, the contribution 

from renewable energy sources is still minimal: according to Renewables Global 

Status Report 2011, renewable energy supplied only 16% of global final energy 

consumption in 2009 and close to 20% of global electricity supply in 2010. In 
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contrast, fossil fuel energy contributes a dominating portion of 81% on overall 

global energy consumption and 67.6% of global electricity supply 5. 

Unlike other renewable energy sources, bioenergy, which utilize biomass 

to produce energy, is carbon-neutral and has now been actively researched all 

over the world. Microbial fuel cell (MFC) is one approach to utilize biomass and 

directly generates electricity from biomass with high efficiency. Many other 

bioenergy conversions exist, including incineration, gasification, fermentation, 

methanogenic anaerobic digestion, etc., yet MFC has a number of attractive 

advantages such as direct electricity generation, high conversion efficiency, 

capability of operating at low organic concentration, and a reduced amount of 

sludge production. As a result, MFCs find potential applications such as scaled-up 

wastewater treatment and renewable energy production 6, 7, 8, 9, 10, bioremediation 

of recalcitrant components 11, 12 and power supply for remote sensors in hazardous 

or environmentally unfriendly conditions 13, 14, 15. In addition to these applications, 

MFC also has potential to be a miniaturized power source. 

Miniaturized power sources are used to power electronic devices, such as 

cell phones, remote sensor, and radio-frequency identification (RFID) devices, 

etc. The gold standard of miniaturized power sources is a lithium-ion battery. 

However, the lithium-ion battery is not renewable, and often bears safety issues. 

Other miniaturized power sources also possess challenging limitations. For 

instance, hydrogen fuel cells 16 and nuclear batteries 17 possess potential safety 

issues and Ni-Cd batteries and lead-acid batteries are not environmentally 

friendly. Besides, a power gap exists as the progress of lithium-ion batteries has 
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not kept pace with portable technologies 18. Consequently, it is urgent to find an 

alternative to replace lithium-ion batteries. Miniaturized MFCs have potential to 

be one of attractive alternative. Though the volumetric power density of MFCs in 

the year of 2011, 2333 W/m3, is still more than 104 folds smaller than that of 

lithium-ion batteries, 60-180 Wh/kg (7.2×107 - 2.16×108 W/m3, assuming the 

density of Lithium-ion battery to be 3000 kg/m3), from the fact that during the last 

few years the power density of MFCs has increased by 104 folds 19, we foresee 

that miniaturized MFCs can be practical miniaturized power sources through 

painstaking research in the future. 

 

1.2.  MFC operation principle 

An MFC is a device that directly converts chemical energy of organic 

compounds to electrical energy with the aid of catalytic reactions of microbes. 

The operating principle of a typical two-chamber MFC is illustrated in Figure 1.1. 

It is composed of two chambers; anode and cathode chambers which are separated 

by a proton exchange membrane (PEM). Both chambers are equipped with 

electrodes; the anode and the cathode. The PEM separates the electrolyte in the 

anode and the cathode chambers.  
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Figure 1.1.  A Schematic of a conventional two-chamber microbial fuel cell.  

Exoelectrogen in the anode chamber break down an organic chemical, acetate, to 

produce electrons, protons, and CO2. The electrons pass through an external 

resistor to be reduced at the cathode. 

 

In operation, specific types of bacteria in the anode chamber breathe by 

breaking down organic substrates to produce carbon dioxide, protons, and 

electrons, and the electrons are transfered to the anode via extracellular electron 

transfer (EET). Then the electrons flow across the external circuit to the cathode 

due to the potential difference between the two electrodes, which reduce the 

electron acceptors such as oxygen or ferricyanide etc. at the cathode. As a result, 

an unbalanced charge distribution results in an electrical field gradient between 

the anode and cathode. This electrical field gradient drives cations to flow from 

anode to cathode chambers, and drives anions to flow from cathode to anode 

chambers respectively. This process results in direct conversion of biomass into 
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electricity. Assuming oxygen is used in the cathode chamber, the half reactions in 

the anode and cathode can be written as 

   Anode:                       CH3COO- + 2H2O  2CO2 + 8e- + 7H+   

Cathode:              O2 + 4H+ + 4e-  2H2O                                   (1.1) 

For a typical electrochemical system (a fuel cell with an external load 

connected), energy is produced as electrochemical reactions occur. The total 

energy of this electrochemical system can be divided into two parts, the energy 

change in the electrochemical system (fuel cell) which is dissipated as heat and 

the energy change in the external load which is obtained as electrical energy, 

which can either be converted to be heat, light or mechanical work. The energy 

dissipated as heat is the entropy change which cannot be harvested, and the total 

energy that can be harvested is the free energy. When the external load 

approaches to infinite, the largest free energy can be obtained, which is relevant to 

the standard cell electromotive force by: 

ΔG=-n×F×E0      (1.2) 

Here ΔG is the maximum free energy - the Gibbs free energy [J], n is the 

number of electrons exchanged, F is the Faraday’s constant [9.65×104 Cmol−1] 

and E0
 is the standard cell electromotive force of the electrochemical system [V]. 

The maximum electromotive force in a typical electrochemical system is 

calculated by the Nernst equation: 

 

 

                                                                                                                                                                                                                       

0 0

p
'

r

RT [ products ]
E E ln

nF [ reactants ]
   
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Here E0
’ is the electromotive force for a specific constitute concentration 

at a given temperature (V), E0 is the standard cell electromotive force [V], R is the 

universal gas constant: R = 8.31 JK−1mol−1, T is the absolute temperature [K], F is 

the Faraday’s constant, the number of coulombs per mole of electrons: F = 

9.65×104 Cmol−1, n is the number of moles of electrons transferred in the cell 

reaction, П is the reaction quotient which is the ratio of the activities of the 

products divided by the reactants raised to their respective stoichiometric 

coefficient.  

Considering an example of a MFC in which exoelectrogen such as 

Geobacter sulfurreducens respire and at the same time produce energy by 

transferring electrons from breaking down organic substrates such as acetate to an 

electron acceptor such as oxygen. Applying the two half reactions in equation (1) 

into the Nernst equation, the total cell potential, which is the potential difference 

between the maximum electromotive forces of anode and cathode at pH=7, can be 

derived to be: Eo’=1.089 V. Note that this is the theoretical cell potential limit 

which often cannot be achieved in practice due to various potential loss, and we 

will discuss this in detail in the following sections. 

 

1.3.  Exoelectrogen and extracellular electron transfer (EET) 

Exoelectrogen is not limited to Geobacter species (such as Geobacter 

sulfurreducens, Geobacter metallireducens) and Shewanella species (such as 

Shewanella oneidensis MR-1, Shewanella putrefacians IR-1, Shewanella 

oneidensis DSP10). Pseudomonas species (Pseudomonas aeruginosa KRP1), 

http://en.wikipedia.org/wiki/Standard_electrode_potential
http://en.wikipedia.org/wiki/Universal_gas_constant
http://en.wikipedia.org/wiki/Absolute_temperature
http://en.wikipedia.org/wiki/Faraday_constant
http://en.wikipedia.org/wiki/Coulomb
http://en.wikipedia.org/wiki/Mole_(unit)
http://en.wikipedia.org/wiki/Electron
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Rhodopseudomonas palustris DX-1, Saccharomyces cerevisiae, Escherichia coli, 

etc., have been also studied as exoelectrogen which have the capability of EET.  

 

 

Figure 1.2.  A schematic of three extracellular electron transfer (EET) 

mechanisms.  (a) Indirect electron transfer by redox shuttles, (b) Electron transfer 

by conductive nanowire matrix, or electron transfer by electron superexchange 

through redox cofactors, such as cytochrome c. 

 

 To date, two major EET mechanisms have been reported. One is indirect 

EET, which rely on electron shuttles that transfer electrons from inside to outside 

exoelectrogen. Electron shuttles can be either self-secreted or externally added. 

Electron shuttles are redox driven and generally have two states: oxidized and 

reduced states. Electrons in Nicotinamide adenine dinucleotide (NADH, reduced 

form), which is a co-enzyme in all living cells, can be transferred to the oxidized 

states that are located outside exoelectrogen through a series of membrane-bound 

and periplasmic cofactors, which reduces the oxidized states. The reduced states 

are then driven to the anode by redox and release electrons to anode and become 
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oxidized state. Afterwards, the oxidized states again are driven back to 

exoelectrogen to repeat the process, as illustrated in Figure 1.2 (a). 

The other mechanism is the direct EET, which is still on debate. Years ago, it was 

generally believed that the direct EET mechanism is due to the nano-meter scale 

pili secreted by exoelectrogen, and in-situ measurements indicate the pili are 

metallic like, although the conductivity is low compared with metal. According to 

this mechanism, electrons produced by exoelectrogen can be transferred to the 

anode directly through the conductive nano pili. Recently some researchers 

claimed that EET relies on the electron super-exchange (electron hopping) 

between adjacent redox cofactor (such as cytochrome c), and the process is driven 

by redox. The redox cofactor is immobilized in exoelectrogen, and the reduced 

redox cofactor caused by the respiration of exoelectrogen can exchange electrons 

with adjacent oxidized redox cofactor. After multiple electron exchange 

processes, electrons are transferred to the anode from exoelectrogen. With regards 

to how electrons are transferred from inside the exoelectrogen to the redox 

cofactor still remains to be unveiled.  

 

1.4.  MFC applications 

According to dimensions, MFCs may be divided into three categories, the 

macroscale, mesoscale and microscale MFCs. The macroscale MFCs have a total 

volume, including anode and cathode chambers, larger than 500 mL. The 

mesoscale MFCs have a total volume between 0.2 to 500 mL and the microscale 

MFCs have a total volume less than 200 μL. During the past century, MFCs have 
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found numerous new applications. In this section, we will briefly review the 

application of conventional MFCs and then discuss the potential applications of 

microscale MFCs. 

The main role of an MFC is a power source to generate electricity from 

organic substance, and during the past century a variety of substrates which 

contains organic substance have been utilized, ranging from wastewater 

(municipal, industrial, and food wastewater, carbohydrate, proteins, organic acid 

and alcohol, living plants, inorganic substrate to even radiation waste. 

Most reported MFCs are merely at lab-scale, yet some have reached 

beyond the lab-scale to be field-scale, such as power supplies for sensors and 

monitoring systems for remote, rural, dangerous and environmentally unfriendly 

applications where batteries and on-site solar energy harvest systems use are 

limited. The first application of an MFC as a practical power source was to power 

a meteorological buoy (Figure 1.3(a)) 20. Pilot-scale environmental sensor 

networks were built by Trophos Energy Inc. in 2010 14, 15. MFCs have been 

demonstrated to power a hydrophone, a wireless temperature sensor and a 

photodiodes. In these systems, DC-DC converters and low power management 

systems were implemented to boost the output voltage to be at a usable voltage 

range. To avoid energy loss, capacitor arrays were adopted to allow capture and 

store energy from arrays of MFCs. MFCs have also applications in powering 

robots 21, 22, 23. 
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Figure 1.3.  Photographs of MFCs for a variety of applications.  (a) 

photograph of the first application of MFC as a viable power source to power a 

meteorological buoy, (b) robot with air-cathode MFCs on board, to perform 

sensing, information processing, communication and actuation when fed (amongst 

other substrates) with flies. This is the first robot in the world, to utilize unrefined 

substrate, oxygen from free air and exhibit four different types of behavior, (c) 

Single chamber MEC shown with gas collection tube (top), Ag/AgCl reference 

electrode (extending from the front), cathode connection (left clip) and brush 

anode connection (right clip). 

 

Beyond generating electricity, MFCs have also been used for producing 

hydrogen or other chemicals (e.g., methanol or acetate) when no electron reducers 

are present at cathodes, or used for environmental sensors for sensing organic 

concentration or chemical oxygen demand (COD), dissolved oxygen, toxicity, pH 

and temperature. 

The applications of macroscale MFCs suggest possible applications of 

microscale MFCs. Microscale MFCs may perform better in some applications, 

including power sources for implantable medical devices, low-power integrated 

circuit, and portable power sources in rural and environmental unfriendly setups, 

and developing electronics and sensors, etc. partially because microscale MFCs 

possess unique advantages such as small size, short start-up time, compatibility 

with microfabrication. 

cba
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Traditional implantable medical devices (IMDs) should be replaced when 

battery runs out. For example, the battery of pacemakers, spinal cord stimulators 

and retinal stimulators needs to be replaced every few years, causing pains and 

financial burdens for patients. The power needed for IMDs falls in the level of 

μW to mW, which is in accordance with the power output of MFCs. MFCs as 

power sources in IMDs have been proposed to be placed in human large intestine 

and could utilize intestinal contents and microorganisms to generate electricity24. 

However, the size of the reported MFC is rather large (10 cm × 1.0 cm × 2.5 cm), 

which may cause potential issues including the clogging of large intestine, 

bringing pain to patients and the biocompatibility of the implantable MFC also 

needs to be further studied. A microfabricated MFC for IMD application has also 

been proposed to use glucose in human plasma25. The microfabricated MFC is 

made of a biocompatible material (PDMS) and has small dimensions (1.7 cm × 

1.7 cm × 0.2 cm) and net weight of less than 0.5 g, yet the maximum output 

power is very low (about 2.3 nW). Another microscale MFC for IMD applications 

has been proposed to use white blood cells to produce electrons; yet this research 

is only in its preliminary stage 26. Currently there are many challenges to be 

addressed for the application of microscale MFCs to IMDs, yet considering the 

fact that the power density of microscale MFCs has been improved by several 

orders of magnitude within the last decade, microscale MFCs may become an 

attractive alternative to currently available power sources such as Lithium-ion 

batteries, nuclear batteries, hydrogen batteries and rechargeable batteries. 



12 

Microscale MFCs can be used as power sources for low-power 

electronics. As microscale MFCs are small in size, they can be integrated with 

DC-DC converters. They can be power sources for RFID applications; for 

instance, battery assisted passive RFID devices as their power consumption is 

extremely low. One advantage of MFCs is that they do not need to be charged 

when the output power becomes low; one can add substrate to the anode chamber. 

Furthermore, microscale MFCs can be built by flexible materials, such as PDMS, 

parylene and polymide etc., which make them useful in flexible electronics. 

Microscale MFCs as power sources for low-power electronics can be rather close-

to-market: it is unlikely that the technical development of batteries keeps in pace 

with the accelerating power demands; small, microscale fuel cells enable higher 

overall energy density than batteries; and the market for low-power electronics 

has an inherently high cost tolerance16. In order to be used in low-power 

electronics, the negative effect of using fuel cell with live electrogen should be 

addressed. One possible way is to use hermetic packaging to make sure electrogen 

and electrolyte not exposed to human beings in everyday use. 

Microscale MFCs are attractive in remote locations as power sources 

where externally-supplied electricity is not readily available. MFCs may operate 

in harsh environments, such as low temperature (4 °C) and environmental 

unfriendly conditions. Consequently renewable and self-sustainable power 

sources including MFCs may be an alternative to where Lithium-ion batteries are 

not the best option. 
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Microscale MFCs have the potential to be electronic devices. A bacteria-

based and logic gate has been developed using a Pseudomonas aeruginosa 

lasI/rhlI double mutant with two quorum-sensing signaling molecules as the input 

signals27. By using microscale MFCs, these devices could be minimized, allowing 

potential integration. 

Finally, microscale MFCs can be used for miniaturized biosensors as 

exoelectrogen are sensitive to specific chemicals. A silicon-based microscale 

MFC toxicity sensor has been reported and preliminary result of its fast response 

at the exposure of formaldehyde has been validated28. This microscale MFC-

based toxicity sensor is the first attempt to use exoelectrogen as a toxicity sensor 

using microfabrication technology. Despite of preliminary success there are 

several challenges to be addressed, including capability to obtain quantitative 

sensitivity to toxin, selectivity to different toxins, and others. It is possible to form 

an array of such sensors to identify different toxic substrates. 

 

1.5. Prior art of MFCs 

Most macroscale MFCs are proposed to process large amounts of organic 

substance, such as marine sediment or wastewater and transform them to generate 

electricity. One of the most well-known macroscale MFCs, as developed by 

Tender et al. 20, is composed of two benthic MFCs (BMFCs, one type of MFC 

driven by the naturally generated potential difference between anoxic sediment 

and oxic seawater) and is used to power an autonomous meteorological buoy. 

Their first BMFC has a volume of 1.3 m3 and produces 24 mW (Figure 1.4(a)). 
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The same group reported the second version which have a smaller volume of 0.03 

m3 yet producing an increased power of 36 mW (Figure 1.4(b)). More traditional 

MFCs involve wastewater treatment can be exemplified by the pilot scale MFC 

constructed by the Advanced Water Management Center in University of 

Queensland. This reactor has a volume of approximately 1 m³ and consists of 12 

modules. Carbon fiber anodes and cathodes are used, based on a brush design 

(Figure 1.4(c)). In the second phase, 12 additional modules was planned to be 

constructed. The performance of their MFC is not reported yet29. Another 

example MFC utilized in wastewater treatment contains 12 anodes/cathodes, a 

volume of 20 L, and a resulting power density of 380 mW/m2. Despite of these 

successful prior art, most macroscale MFCs suffer from low substrate 

concentration, low conductivity, low buffer capacity, high toxicity, high dissolved 

oxygen level, and large temperature variance in wastewater, which result in high 

energy loss to achieve power density in the range of 0.17-1.44 W/m2 (5-144 

W/m3). 

file:///D:/Mijn%20Documenten/microbialfuelcell.org/research.htm
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Figure 1.4.  Photographs of various macroscale MFCs.  (a) the first BMFC 

constructed by Tender et al. 2007, which has a mass of 230 kg, a volume of 1.3 

m3 and sustains 24 mW, (b) The second version of BMFC constructed by Tenders 

et al, . 2007, which has a mass of 16 kg, a volume of 0.03 m3 and sustains 36 mW, 

(c) macroscale MFC set up by the Advanced Water Management Center in 

University of Queensland, which has a volume of 1 m3 with 12 modules. 

 

The majority of previously reported MFCs are mesoscale MFCs. Due to the short 

distance between electrodes, large surface area to volume ratio, and fast mass 

transfer and reaction kinetics, the mesoscale MFCs present significantly higher 

power densities than those of macroscale MFCs. The highest areal power density 

reported in 2011, 6.86 W/m2, was achieved by a mesoscale MFC using a single 

chamber air-cathode MFC30. This elevated power density is mainly due to the 

large cathode area to anode area ratio and elimination of the proton exchange 

membrane. The same group also achieved an areal power density of 1.8 W/m2 and 

a volumetric power density of 1010 W/m3 by applying a new MFC configuration-

cloth electrode assembly (CEA) in a single chamber MFC. By eliminating the 

ca

b
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PEM and reducing oxygen diffusion by J-cloth, a low internal resistance of 92  

and a high CE of 71 % were achieved31. Ringeisen et al. constructed a mesoscale 

MFC having a smaller volume of 1.2 mL, a high anode specific area of 611 cm2, 

and a high flow rate of 1.2 mL/minute, to produce a high areal power density of 2 

W/m2 and a volumetric power density of 330 W/m3, respectively32. Other 

researchers have reported power densities in the range of 1.5-4.31 W/m2. Figure 

1.5 illustrates two exemplar mesoscale MFCs reported by Fan et al. 2008 and 

Reigeisen et al. 2006. 

 
Figure 1.5.  Two mesoscale MFCs.  (a) a single chamber air-cathode MFC; 

because of the large cathode area to anode area ratio, the highest reported areal 

power density (6.8 W/m2) was achieved (Fan et al. 2008) and (b) a miniaturized 

MFC with a volume of 1.2 mL; due to the high flow rate 1.2 mL/min, it produced 

high areal/volumetric power densities of 2 W/m2 and 330 W/m3, respectively 

(Ringeisen et al. 2006). 

 

Microscale MFCs have emerged with the surge of technological innovations and 

increased commercial success of microfabricated systems33, 34, 35. Due to the 

advantages of microfabrication technology, including small size, light weight, 

batch fabrication capabilities for potentially low production cost, low power, 

Anode 
cover

Carbon 
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microscale MFCs may introduce promising applications in portable power 

sources and “Lab-on-a-chip” systems as has been demonstrated by its increased 

recognition in prior literature. Such promise is supported by further impacts from 

short electrode distance, large area to volume ratio, fast mass transfer and reaction 

kinetics, and short start-up time, the similar parameters to improve power density 

when scaling down from macroscale to mesoscale MFCs.  

The first microscale MFC was conceived by Chiao et al. in 2002 utilizing 

Saccharomyces cerevisiae to break down glucose for generation of electricity36. 

The MFC featured an electrode area of as small as 0.07 cm2, and generated very 

low power, 5.72 nW/m2, which is far less than that of typical mesoscale MFCs, 

0.01 W/m2 37. In the following years, the same research group optimized the 

microscale MFC by introducing microfluidic channels in the anode and cathode 

chambers to increase the surface area to volume ratio, and were able to obtain an 

areal power density of 23 W/m2 and a volumetric power density of 0.276 W/m3, 

more than three orders of magnitudes higher than their first version38. Their power 

density was further enhanced by fabricating micropillars on the PDMS substrate 

by soft lithography, which effectively increase surface area to volume ratio, 

resulting in an areal power density of 4 mW/m2 and a volumetric power density of 

40 W/m3 25. A microscale MFC has been proposed to provide on chip power 

supply by Qian et al., and the 1.5 L MFC produced an areal power density of 1.5 

mW/m2 and a volumetric power density of 15 W/m3 39. They also implemented 

microfluidic channels and soft lithography to create a MFC with a volume of 4 

μL, producing an areal power density of 6.25 mW/m2 and 62.5 W/m3 40. 
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Geobacter species, which generally produce higher power density, were first 

introduced for utilization in microscale MFCs by Parra and Lin, reporting an areal 

power density of 0.12 W/m2 and a volumetric power density of 0.34 W/m3 41. 

Carbon nanotubes (CNT) were introduced as electrode material as they allow a 

large surface area to volume ratio and are shown to be biocompatible with 

microbes. With CNTs as electrodes, an areal power density of 73.8 mW/m2, and a 

volumetric power density of 16.4 W/m3 were achieved42. Choi et al. designed a 

microscale MFC producing an areal power density of 47 mW/m2 and volumetric 

power density of 2333 W/m3, the highest volumetric power density recorded in 

2011 for all MFCs regardless of their sizes. The improved power density was 

accomplished by reducing the distance between the anode and cathode and adding 

L-cysteine into the anode chamber to mitigate oxygen leakage43. The first 

successful microscale MFC array in a series stack configuration was also 

presented by the same group and produced a power output of 100 W and an 

areal power density of 0.33 W/m2, both of which are the highest in all microscale 

MFCs. The volumetric power density was reported as 667 W/m3 44. 

Microscale MFCs may also be employed for various exoelectrogen identification, 

characterization and toxicity sensing applications. Microscale MFCs have been 

utilized for identifying and characterizing exoelectrogen due to their compact size 

and simplicity in assembly into an array configuration of MFCs45. A novel 

microscale MFC toxicity sensor has also been constructed and its proof of concept 

has been used for the detection of formaldehyde28. Figure 1.6 illustrates the 

various types of microscale MFCs. 
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Figure 1.6.  Schematic of various microscale MFCs.  (a) the first microscale 

MFC by Chiao et al. 2002, which produced a areal power density of 5.72 nW/m2 

(b) microscale MFC presented by Siu and Chiao 2008, by applying micropillars to 

increase surface area to volume ratio, an elevated areal/volumetric power density 

of 4 mW/m2 and 40 W/m3 were achieved (c) microscale MFC presented by Choi 

et al. 2010, by reducing the distance between anode and cathode and mitigating 

oxygen leakage by adding L-cysteine, areal and volumetric power densities of 47 

mW/m2 and 2333 W/m3 were obtained (d) Three microscale MFCs in series 

presented by Choi and Chae 2011, Choi and Chae 2012, which achieved an OCV 

of 2.47 V and a maximum power output of 100 μW, (e) microscale MFC array 

presented by Hu et al. 2009, which aims for identify and characterize 

exoelectrogen (f) microscale MFC as a toxicity sensor presented by Dávila et al. 

2011. 
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 From examples of MFCs described above, one may clearly observe that 

mesoscale MFCs present higher power density than macroscale counterparts 

thanks to generous effects from scaling effects including shorter distance between 

electrodes, high surface area to volume ratio, fast mass transfer and reaction 

kinetics; yet microscale MFCs do not seem to benefit from them. The following 

chapter discusses theoretical analysis of the scaling effects to understand and 

predict how significantly the scaling effects impact the areal and volumetric 

power density of MFCs. 
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CHAPTER 2 

SCALING EFFECT ON MINIATURIZED MFCS 

 

2.1.  Mass transfer and reaction kinetics  

The Monod equation well describes substrate oxidation rates of bacteria in 

biofilms including air-breathing bacteria in biofilms46. The oxidation rates in 

biofilms reach at steady state where substrate flux equal to the oxidation rates. 

Then, bacterial kinetics can be expressed by substrate flux at steady state. In order 

to simplify the calculation, we assume that the reaction rate is significantly fast 

compared with diffusion and use the first order reaction kinetics model to describe 

reaction kinetics of air-breathing bacteria. The maximum flux of the substrate, J, 

that can be consumed by air-breathing bacteria is 

1J k Dc
                                     (2.1) 

where k1 is the rate constant, D is the diffusivity of fluid, and c is the 

concentration of the substrate. The maximum flux of the substrate can also be 

written as 

cJ k c
                             (2.2) 

where kc is mass transfer coefficient. It is common to use the stagnant film 

model, then, the mass transfer coefficient in a stagnant film can be written as:  

( )c

s

D
k Sh

L


                                      (2.3) 
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where Sh and Ls are the Sherwood number and the characteristic length 

[m], respectively. Sh can be deduced as: 

1/2 1/30.664ReSh Sc                                          (2.4) 

where Re is the Reynolds number which can be written as 

Re vL



                                 (2.5) 

where ρ is the specific density of the fluid, v is the linear velocity of the 

fluid, μ is the viscosity of the fluid. L is the characteristic length of the chamber of 

microscale MFC is written as 

4A
L

p


                (2.6) 

where A and p are the cross section area and the wetted perimeter of the 

anode chamber, respectively. From equation (2.4) the Schmidt number, Sc, can be 

written as 

Sc
D





                (2.7) 

Therefore, the maximum current and power can be written as 

max cI k b A e CE c     
                  (2.8) 

max cP k b A e CE c E      
                  (2.9) 

where b is the number of moles of electrons produced by oxidation of 

acetate (b = 8 mole e- /mol), A is Avogadro’s number (6.023×1023 

molecules/mole), e is electron charge (1.6×10-19 C/electrons), CE is the columbic 

efficiency and E is the output voltage of MFC.  
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Equation 2.5 shows Re decreases as the characteristic length decreases 

assuming all other parameters remain unchanged, and equation 2.3 demonstrates 

the mass transfer coefficient increases as scaling down MFC. This leads that 

scaling down MFC delivers a higher mass transfer coefficient assuming other 

parameters remain unchanged. Consequently, the maximum current and power 

are expected to improve as scaling down a dimension of MFC. 

For example, assume an anode chamber of 20 m × 20 m × 25 cm, linear 

fluid velocity of 1×10-3 m/minute, an anolyte concentration of 25 mole acetate/m3, 

a specific density of fluid of 997 kg/m3, a viscosity of fluid of 0.89×10-3 N·s/m2 

and a diffusivity of fluid of 0.88×10-9 m2/s then Re = 45.74, Sc = 103.5, and kc = 

1.0497×10-7 m/s, respectively. Assuming CE of 50 %, E of 0.4 V, the maximum 

areal/volumetric current densities of a macroscale MFC are 1.01 A/m2 and 4.05 

A/m3, respectively. Likewise, the maximum areal/volumetric power densities of a 

macroscale MFC are 0.405 W/m2 and 1.62 W/m3, respectively. 

For a microscale MFC with the same linear fluid velocity of 1×10-3 

m/min, yet scaling an anode chamber by a factor of 1000, (20 mm × 20 mm × 250 

μm), we can calculate that Re = 0.04574, Sc = 103.5 and kc=3.3193×10-6 m/s, 

respectively. Again assuming CE of 50 %, E of 0.4 V, the maximum 

areal/volumetric current densities of a microscale MFC are 31.99 A/m2 and 

1.28×105 A/m3, respectively. Likewise, the maximum areal/volumetric power 

densities of a microscale MFC are 12.8 W/m2 and 5.12×104 W/m3, respectively. 

This estimation sounds very attractive; however, one additional parameter, 
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internal resistance, must be taken into account to verify the scaling effect more 

appropriately. 

The maximum current of the microscale MFC can be calculated as 31.99 

A/m2 × 0.0004 m2 = 0.0128 A. To be able to reach such high current, the internal 

resistance of the microscale MFC must be very low; Rint = V / I = 31.25 Ω. This is 

a rather low internal resistance which few microscale MFCs can reach to date. Yet 

it should be noted the highest current density reported so far is approximately 66 

A/m2 47. By limiting the maximum current density of a microscale MFC to be 66 

A/m2, the maximum areal/volumetric current and power densities can be 

estimated as 66 A/m2 / 2.64×105 A/m3 and 26.4 W/m2 / 1.16×105 W/m3, 

respectively. 

Reynolds number, Re, and mass transfer coefficient, kc, at different 

characteristic lengths, from macroscale to nanoscale, are plotted in Figure 2.1. 

When the characteristic length decreases, Re decreases and kc substantially 

improves. 
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Figure 2.1.  Reynolds number and mass transfer coefficient versus the 

dimension of MFCs.  Moving from 1 cm to 100 nm in characteristic length 

lowers Reynolds number from 0.18 to 1.8×10-5 and enhances mass transfer 

coefficient from 1.7 × 10-6 to 1.66 × 10-4 m/s. 

 

2.2.  Internal resistance 

Internal resistance often limits the performance of an MFC as discussed in the 

previous chapter. Suppose the mass transfer, biological kinetics of exoelectrogen, 

and electron transport from electron donor to the anode all remain unchanged, 

electrical resistance of a cell is written as: 

l
R

A




                                                     (2.10) 

Here R is the electrical resistance, ρ is the resistivity, l is the length and A is the 

effective area of reaction occurs. R is directly proportional to 1/A. The internal 

resistance of a traditional two-chamber MFC is summation of the resistance of 

anode Ra, cathode Rc, electrolyte Re and ion exchange membrane Rm, 
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i a c e mR R R R R   
                                     (2.11) 

Note that the ohmic resistance of membrane refers to the resistance of ions 

movement, not electrons, different from the electrical resistance of membrane. All 

these resistance components in equation 2.11 are directly proportional to 1/A, 

 

1
iR

A


. 

OCV (Eocv) is independent of the scaling effect in an MFC, the highest power, 

Pmax, of an MFC is written as: 

2

max
4

OCV

i

E
P

R


                                              (2.12) 

Then, the maximum area and volume power density is expressed as 

2

max
max,

4

OCV
areal

i

P E
p

A R A
 


, 

2 2

max
max,

4 4

OCV OCV
volumetric

i i

P E E
p SAV

V R V R A
   

 
           

(2.13) 

where SAV is the surface area to volume ratio. The maximum areal power density 

remains constant as A changes since Ri is proportional to 1/A. This means the 

areal power density is rather independent of scaling effect assuming all other 

parameters, i.e. the mass transfer, reaction kinetics, thickness of biofilm and 

resistivity, etc., remain unchanged. In fact, some of these parameters improve as 

scaling down the dimension; thus in theory the areal power density is expected to 

improve as scaling down the dimension of an MFC. 
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Similarly, the volumetric power density is directly proportional to SAV. 

Therefore, as we scale down the chamber, the SAV increases, resulting in the 

enhancement of the volumetric power density. Detailed comparison between areal 

and volumetric power densities are presented in section above.  

According to equation 2.10, Ri is directly proportional to 1/A. In other words, Ri·A 

is constant for a specific MFC no matter how the surface area changes. Thus, it is 

useful to define a parameter, Ri·A, areal resistivity (ri). The larger the areal 

resistivity is, the smaller the areal power density becomes. Some researchers have 

extensively studied individual resistance components of an MFC. These analysis 

also suggest that when analyzing the overall performance, the areal resistivity is a 

more significant parameter than the individual resistances components. To reduce 

the areal resistivity, the electrode conductivity, electrolyte conductivity, mass 

transportation, electrode surface area to volume ratio should be increased, and 

electrode size, electrode distance, electrode overpotential, and electrolyte 

acidification should be reduced, and electrode biocompatibility should be 

improved.  

 

2.3.  Promises 

Scaling effect. As discussed above, by scaling down, the micro-scale MFC have 

advantage both in mass transfer and surface area to volume ratio. Due to the 

detailed description above, here the scaling effect is not discussed in detail.  
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Recent performance enhancement in micro-scale MFC. The discussion in 

previous section projects the power/current density of MFCs improves as scaling 

down their dimensions. In this section, we list prior art of macroscale, mesoscale, 

and microscale MFCs to compare their performance. When scaling down from 

macroscale to mesoscale, prior studies demonstrate enhancement of both areal 

and volumetric power densities. The highest areal and volumetric power densities 

in mesoscale MFCs are higher than those of macroscale MFCs by a factor of 4.8 

and 7. 

On the other hand the performance of microscale MFCs in literature does 

not support the scaling effect. In fact, the performance of microscale MFCs is 

even lower than that of macroscale counterparts. The first microscale MFC was 

reported in 2002. The areal and volumetric power densities of microscale MFCs 

have been improved by a factor of 5.8×107 and 8.5×103, respectively, in a decade. 

As discussed in the previous section, volumetric power density scales well to 

microscale MFCs and the highest volumetric power density in all MFCs (2333 

W/m3) was achieved using the microscale MFC. Figure 2.2 and Figure 2.3 show 

the areal and volumetric power density versus CE for exemplar macroscale, 

mesoscale and microscale MFCs reported before 2012. Microscale MFCs 

generally have lower areal power density and CE than those of macroscale and 

mesoscale MFCs, yet the gap among them close rapidly during the past few years. 

Unlike areal power density, the volumetric power density of microscale MFCs has 

already surpassed that of macroscale and mesoscale MFCs due to the significant 

increase in SAV. There are many aspects to address enhancing both areal and 



29 

volumetric power densities, such as increasing SAV, reducing internal resistance 

(areal resistivity), mitigating the oxygen leakage, reducing the energy loss caused 

by high overpotential and seeking for solutions for the acidification in the anode 

chamber, etc.; however we believe that if these challenges are effectively 

mitigated, the performance of microscale MFCs substantially improve and exceed 

that of mesoscale and macroscale MFCs. We expect in the next ten years through 

worldwide research, one or two magnitudes of power density enhancement can be 

achieved, bringing microscale MFCs an attractive alternative as miniaturized 

power sources. 

 

 

Figure 2.2.  Areal power density versus CE of macroscale, mesoscale and 

microscale MFCs. 
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Figure 2.3.  Volumetric power density versus CE of macroscale, mesoscale 

and microscale MFCs. 

 

2.4.  Challenges 

Scaling effect. Micro-scale MFCs have shown significant potential; however, in 

order to convert these promises into reality, many challenges still remain 

unsolved, including high internal resistance (high areal resistivity), non-

compatibility with microfabrication and oxygen leakage to anode. In this section, 

These challenges are discussed thoroughly and then present potential mitigations. 

High internal resistance . Minimizing energy loss is the predominant task to 

improve the performance of microscale MFCs. Energy loss originates from the 

potential loss, which is the difference between the equilibrium electrical potential 

with no net current and the potential with a current. Typically, the total cell 

potential, Eo’ is determined by the Gibbs free energy. However when an external 
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load is connected, energy loss is ubiquitous in practical applications, including 

different current densities, biofilm-anode compositions and thicknesses, substrate 

concentrations, pH, electrode materials, electrode distances, membrane, etc. 

Generally, energy loss in chemical fuel cells including MFCs are divided 

into three categories: ohmic loss, activation loss and concentration loss. The 

ohmic loss is the energy loss due to electrical resistance of electrodes, and 

resistance of ions flow in the electrolyte and PEM; thus the ohmic potential loss is 

directly proportional to current density. The activation loss is the energy required 

for overcoming energy barriers across the electrode/electrolyte interference to 

generate net current. It is characterized by the Butler-Volmer equation or Tafel 

equation and it is significant at low current densities. Concentration loss arises 

from the concentration gradient between bulk liquid and electrode surface, which 

generally becomes significant at high current densities. These three energy losses 

correspond to three types of internal resistance: the ohmic resistance, the 

equivalent resistance of activation overpotential and the equivalent resistance of 

the concentration overpotential. The overall resistance is the sum of the three. The 

maximum areal/volumetric power is proportional to OCV of a MFC, surface area, 

and internal resistance, and therefore decreasing internal resistance directly 

impacts the maximum power. In the following sections, we discuss the three types 

of internal resistance in detail and then present approaches to reduce them. 

The ohmic resistance can be divided into two parts: electrode resistance 

and electrolyte/membrane resistance. The former refers to the resistance caused 

by electrons movement through biofilm to anode, electrical contact, electrodes, 



32 

and wires. The later refers to the resistance caused by movement of ion in 

electrolyte and ion exchange membrane for charge neutrality. Note that the ohmic 

resistance of membrane refers to the resistance of ions movement, not electrons, 

different from the electrical resistance of membrane. The equivalent ohmic 

resistance of ion exchange membrane is much larger than the electrical resistance 

of membrane. A standard method to measure the resistance of membrane can be 

found in Kim et al. 48. They compared the resistance of an MFC with and without 

an ion exchange membrane, and deduced the resistance difference is the ohmic 

resistance of membrane. The ohmic resistance is critical to current/power density 

of MFCs as it dominates the overall internal resistance when current density 

increases. For instance, assuming Eocv to be 0.8 V, the ohmic resistivity is 100 

Ω·cm2, the highest power/current density of an MFC can achieve is limited to 1.6 

mW/cm2 / 4 mA/cm2, so the ohmic resistance directly determines the highest 

power density and current density. As a result, it is important to reduce the ohmic 

resistance. 

For most scaled up MFCs, to reduce the electrode resistance, researchers 

replace large electrodes with multiple small electrodes. It is easy to see that this 

approach is not suitable for microscale MFCs whose electrode is very small. Also, 

as the internal resistance of microscale MFCs is larger than that of macroscale 

MFCs, for most cases the contact resistance between electrodes and wires is 

negligible. 

It is critical to reduce the resistance for electrons to be transferred to 

electrodes. Researchers looked for materials having a high conductivity, low 
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overpotential, biocompatibility with exoelectrogen, etc. Carbon-based materials 

such as carbon cloth, carbon mesh, carbon paper, graphite fiber brush, graphite 

foam, graphite plates and sheets are often used in macro or mesoscale MFCs as 

these materials provide very small internal resistance (areal resistivity). In 

contrast, currently most microscale MFCs reported so far uses a thin layer of 

metals such as gold, mainly because metals are readily used in microfabrication. 

However, high internal resistance is prevalent in those microscale MFCs, 

primarily due to high contact resistance at the interface of exoelectrogen and 

electrode, resulting in low performance. This motivates the search for carbon-

based materials compatible with microfabrication to effectively mitigate the high 

internal resistance. One exemplar work is to use carbon nanotube (CNT) and 

graphene which offer superb conductivity and relatively good compatibility with 

microfabrication49. Though the use of CNT sometimes adversely impact the 

microorganisms growth 50, CNT has been successfully used as the anode material 

in macroscale or mesoscale MFCs by several researchers and the approach was 

adopted to microscale MFC anodes, which results in an 205% enhancement in the 

power density42, 51, 52. Graphene is another attractive material, yet to date 

fabricating a single layer, high quality graphene is still very challenging. The 

traditional fabrication approaches, such as mechanical exfoliation, chemical 

exfoliation, epitaxial growth on silicon carbide, and segregation of hydrocarbon in 

thin metal film, are challenging to be adopted to fabricate graphene on a large 

area for MFC electrodes. While graphene fabricated by epitaxial on metal and 

Chemical Vapor Deposition (CVD) can achieve a large area, it often contains 
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multilayers of carbon, resulting in a very high resistance. Yet due to the unique 

2D structure and superb conductivity, graphene has substantial potential in an 

alternative electrode material and we believe large-area high-quality graphene 

becomes available and can be used as electrodes material to effectively reduce the 

internal resistance (areal resistivity) of microscale MFCs in the future. 

 

Figure 2.4.  SEM images of CNT forest and graphene sponge anodes. (a, b) 

SEM images of biofilm on vertically aligned CNT forest electrodes presented by 

Inoue et al. 2012 (a) top view (b) cross section view; (c, d) SEM images of 

biofilm on graphene-sponge composite at different scales 

 

Having a large electrode area is effective to lower the internal resistance as 

the resistance is inversely proportional to the area of electrodes. Carbon-based 

electrodes with a high surface area to volume ratio (for instance, graphite granules 

(1100m2/m3) and graphite brush (7170-12800m2/m3)) have been readily applied in 

macroscale and mesoscale MFCs. In microscale MFCs, carbon nanotube forest 

with a high surface area to volume ratio has been used as an anode material to 
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reduce the internal resistance, as shown in Figure 2.4. Several work used 

microfabrication techniques to create large area to volume ratio electrodes. 

However, there should be a large enough distance between two microfabricated 

structures, such as between two carbon nanotube forests, two microfabricated 

trenches and pillars. The thickness of a typical biofilm is in the range of 50-100 

μm. If the distance between two microfabricated structures does not allow 

accommodating a biofilm, clogging may occur during the formation of biofilm, 

depriving the advantage of large surface area to volume ratio of these structures. 

The second component in ohmic resistance is the resistance associated 

with electrolyte and membrane. The electrolyte resistance can be reduced by 

increasing ions concentration in electrolyte, decreasing the distance between 

electrodes, and implementing separators with lower resistance.  

When ions concentration of anolyte or catholyte is low, then MFC is 

limited by insufficient substrate, buffer or electron acceptor. On the other hand, 

when the concentration becomes high, exoelectrogen metabolism would be 

inhibited, due to high salinity. High concentrations of cations such as Na+ and K+ 

prevents the efficient transport of H+ through membrane, resulting in acidification 

and consequently hampering the performance of MFC. Increasing buffer 

concentration, for most times, enhances the performance since it mitigates the 

acidification in the anolyte and biofilm. High buffer concentration can neutralize 

more protons accumulated in the anode chamber and can increase the mass 

transfer of the buffer into the biofilm to mitigate the acidification. Such approach 

can be implemented for microscale MFCs. Decreasing the distance between 
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electrodes has been implemented in several macroscale MFCs, yet it can be easily 

implemented in microscale MFCs. Microfabrication allows miniaturizing 

geometrical dimensions including the distance between electrodes. For instance, 

Choi et al. reported a microscale MFC with a chamber thickness of only 20 μm. 

The ohmic resistance associated with membrane can be decreased by replacing 

ion exchange membrane by other porous separators, such as J-cloth, 

polycarbonate and nylon etc. with a large pore size to reduce the resistance of ions 

movement. Some researchers have built membraneless MFCs and successfully 

reported high power density. These approaches can be used for microscale MFCs 

to enhance their power density.  

The activation overpotential exists when current density is low, in the 

range of 0-10 A/m2, in chemical fuel cells, which covers main operating region of 

most MFCs. Although ohmic and concentration losses would prevail in this 

current range in MFCs, it is still critical to decrease the activation overpotential to 

enhance the performance.  

The activation potential loss can be determined by the Tafel equation: 

0

ln( )act

i
V A

i
 

    (2.14) 

Here ΔVact, A, I  and io are the activation potential loss, the correlation 

coefficient determined by the reaction, the current density of MFC and the limit 

current density at which the overpotential is zero, respectively. The correlation 

coefficient can be calculated by: 
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A

F


              (2.15) 

Here R, T, F and α are universal gas constant (R = 8.31 JK−1mol−1), 

temperature, Faraday’s constant (9.65×104 Cmol−1) and charge transfer 

coefficient, respectively. A is a function of temperature and the charge transfer 

coefficient, and a larger A results in smaller activation overpotential. Most MFCs 

operate at room temperature, thus in order to decrease the activation potential, α 

should be as small as possible. By adding catalyst on electrodes and redox 

mediator to medium α can be decreased. It is also feasible to decrease the current 

density, i, to lower the activation potential by increasing the surface area. 

Many researchers have added catalyst on anodes and cathodes to reduce 

the activation overpotential. For instance, graphite anodes have been modified by 

electron mediators, such as Mn4+, or made hydrophilic by plasma treatment or 

coated by polymers such as Polytetrafluoroethylene (PTFE), polypyrrole or 

modified by quinone groups, or treated by ammonia. On the cathode, noble metal 

for reducing the high overpotential for oxygen reduction, such as Pt, is coated on 

air-cathode MFCs as catalyst. Recently, noble metal-free catalysts, such as 

pyrolyzed iron phthalocyanine (FePc) or cobalt tetramethoxyphenylporphyrin 

(CoTMPP) were used to increase power density. Moreover, aerobic microbes 

were also used as bio-catalyst. Currently none of microscale MFCs has 

implemented catalysts for the reduction of activation overpotential. Considering 

the smaller power and current density in microscale MFCs which may be due to 

large activation loss, it is very feasible to reduce the overall internal resistance by 
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adding catalysts on electrodes in microscale MFCs. Researchers have readily 

adopted materials with a larger surface area to volume ratio such as carbon cloth, 

carbon mesh, carbon paper, graphite fiber brush, graphite foam, graphite granules, 

graphite plates and sheets to reduce the activation loss. In microscale MFCs, 

researchers have used CNT, microfluidic channels and microfabricated pillars to 

increase the surface area to volume ratio to reduce the activation loss.  

Concentration losses dominate when the consumption rate of substrate or 

oxidant in the anode or cathode chamber exceeds the rate of supply in chemical 

fuel cells. When the rate of substrate or oxidant supply is lower than the 

consumption rate of MFC operation, the current density hits the limit set by the 

supply. The maximum power density often can be achieved at the critical point 

that concentration loss begins in chemical fuel cells. In contrast, the concentration 

loss occurs in any operating condition in MFCs because biofilm on anode and 

substrate transport to the biofilm continue to change until steady state. When 

biofilm reaches at steady state (constant biofilm thickness and density) and 

produces a highest current density, mass transfer in biofilm mainly affects 

concentration loss. As a result, in order to reduce the concentration loss, the mass 

transportation of substrate, proton and oxidant should be enhanced. 

Non-compatibility with microfabrication. In addition to the high internal 

resistance (high areal resistivity), another challenge of microscale MFCs is that 

manufacturing techniques involved in microscale MFCs is not completely 

compatible with all necessary components including membrane, gasket, and 

electrodes. Despite of attractive features of microfabrication, such as small size, 
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light weight, batch fabrication and potentially low cost, the challenge of 

compatibility needs to be addressed to take advantage of the scaling effects on 

microscale MFCs. 

The first and most urgent incompatibility challenge of microscale MFCs is 

the ion exchange membranes. So far, no microscale MFC has been fully 

microfabricated, primarily due to the necessity of ion exchange membranes. To 

address the incompatibility, we briefly explain why MFCs need ion exchange 

membranes. 

An ion exchange membrane allows specific ions to cross while stops 

others. Two types of ion exchange membranes are typically used in MFCs, cation 

exchange membrane (CEM) and anion exchange membrane (AEM). CEMs allow 

only cations to pass and AEMs allow only anions to cross. The first and most 

famous CEM is PEM which was discovered in late 1960s by Dupont Inc. The 

operating principle of PEM is that on the tetrafluoroethylene (Teflon) backbone 

attaches hydrophilic sulfonate groups, which can transfer protons from one side to 

the other. The operating principle of the AEM is similar, except for the different 

functional group-the positive charged quaternary ammonium groups which aid the 

anion transport. 

PEM was first used in hydrogen fuel cells during the Gemini space 

missions in the 1960s. Over the past 50 years, it has been widely used in fuel cells 

including MFCs to facilitate transport of H+ to compensate for transport of 

electrons. The other role of PEM is to prevent short circuiting electrodes, the 

movement of exoelectrogen from anode to cathode chamber, toxic catholyte to 

http://en.wikipedia.org/wiki/Polytetrafluoroethylene
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transport into the anode chamber, and it reduces oxygen diffusion. However, as 

mentioned in section 2.3, an ion exchange membrane such as PEM increases 

internal resistance and cause acidification in anode chamber. 

To address this issue, researchers have compared the performance of 

conventional separators, such as AEM, CEM, charge mosaic membrane (CMM) 

and bipolar ion exchange membrane (BEM). These works shows that the larger 

the pH gradient across the membrane is, the larger the internal resistance 

becomes. Generally AEM has better performance over other membranes, and 

monopolar ion exchange membranes perform better than BEM. Other separators 

have also been researched, such as ultrafiltration, Zirfon, J-cloth, glass wool, 

nylon, cellulose and polycarbonate. These work show that nylon, polycarbonate 

and glass wool perform better than traditional ion exchange membranes, and 

Zirfon has comparable performance as Nafion and ultrafiltration do not perform 

as good as AEM/PEM. It is interesting that the thinner and more porous the 

membrane is, the higher the power density and the lower the CE become. 

Unfortunately none of aforementioned ion exchange membranes seem to 

be compatible with microfabrication. However, it is useful to look for an 

alternative such as thin nanoporous PMMA or PDMS which are compatible with 

microfabrication. These materials can be used for separators upon surface 

modifications, similar nanoporous nylon and polycarbonate, which were reported 

to achieve higher power density than Nafion. From the FESEM images of nylon, 

polycarbonate and Nafion shown in Figure 2.5(a)-(c), the pore size of nylon and 

polycarbonate is in the order of 200 nm, 40 folds larger than that of Nafion, and 
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the larger pore size results in higher power density due to smaller resistance and 

alleviation of acidification. 

  

 

Figure 2.5.  Ion exchange membranes. (a)(b)(c): FESEM images of nylon, 

polycarbonate and Nafion, the pore size of nylon and polycarbonate is in the order 

of 200 nm, 40 folds larger than that of Nafion (d) Schematic of the membrane 

with functionalized pore wall and thin layers of porous silica on both sides of the 

membrane (e) Cross-sections of the porous silicon membrane (front view) 

 

Another alternative to replace conventional ion exchange membranes is 

nanoporous silicon membrane. Nanoporous silicon membrane has been 

implemented in PEM fuel cells due to its compatibility with microfabrication, 

stability at elevated temperatures, higher proton conductivity and free from 

volumetric size change. One of the first nanoporous silicon membranes, reported 

in 2004, has 5-20 nm nanopores fabricated by anodic etching of bulk silicon, 

(a) (c)

(e)(d)

5 μm

(b)

5 μm 5 μm
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which has comparable conductivity and formic acid permeability to Nafion. The 

nanoporous silicon membrane was optimized by the same group through adding 

self-assembled monolayer on nanoporous silicon with pore size of 5-7 nm, and 

then capping the SAM layer by a layer of porous silica, as shown in Figure 2.5 

(d)-(e). Moghaddam et al. reported the nanoporous membrane produced one order 

of magnitude higher in power density than that of using Nafion18. So far, 

nanoporous silicon has not been used in MFCs and we believe nanoporous silicon 

membrane brings not only compatibility with microfabrication, but also high 

proton conductivity that mitigates the acidification in MFCs. 

A gasket defines anode and cathode chambers, and holds a challenge to be 

microfabricated. PDMS was often used as a gasket material for microscale MFCs 

as it is compatible with microfabrication, easy to manipulate the film thickness, 

low cost, and it is biocompatible and nontoxic, which is critical for exoelectrogen 

growth. Elastomeric properties of PDMS allow it to conform to smooth, 

nonplanar surfaces and release from delicate features of the mold without damage. 

PDMS patterned by soft lithography has been used by many researchers. 

However, due to its high oxygen permeability, as high as PBS (phosphate 

buffered saline), the reported CE of a MFC was very low. Other alternatives have 

been reported such as defining chambers by deep reactive ion etching bulk silicon 

and fabricating gasket by electroplating metal, including Nickel. Both methods 

have potential to reduce the oxygen effect as silicon and metal has very low 

oxygen permeability. 
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Currently most microscale MFCs use a thin layer of metal film, such as 

gold as electrode material, mainly because these materials are readily used in 

microfabrication. Microscale MFCs suffer from high internal resistance (high 

areal resistivity), and this motivates researchers to explore using carbon-based 

materials for electrodes. However, most carbon materials are not fully compatible 

with microfabrication as conventional carbon materials are not ideal for 

microscale MFCs. 1D and 2D carbon-based materials-carbon nanotubes (CNT) 

and graphene are compatible with microfabrication and have potential to solve the 

challenge of high internal resistance. 

Mitigation of oxygen intrusion. As discussed in section 1.2, the operation 

principle of MFCs is to let exoelectrogen respire at the anode and transfer 

electrons to the anode. When oxygen is presents in the anode chamber, which is 

often the case as it is difficult to completely eliminate oxygen leakage, oxygen 

scavenges electrons produced by exoelectrogen as oxygen has higher potential 

than the anode. This results in lowering CE and it is typically accompanied by a 

decrease in current density. 

Unlike Geobacter species, Shewanella species suffer less from the oxygen 

leakage, and in fact they benefit from oxygen, as discussed in section 1.1. It is 

reported that under aerobic conditions the maximum power and short circuit 

current of a MFC using Shewanella oneidensis were approximately three times 

greater than those under anaerobic conditions. They attributed this effect as some 

genes or enzymes can be activated under aerobic conditions, which can help 

substrate utilization and finally more electrons are delivered to the anode. For 
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instance, under anaerobic conditions, lactate is oxidized to acetate (acetate cannot 

be further oxidized under anaerobic conditions), and only 4 electrons are 

produced by one lactate molecule (one third of the stored electrons) for power 

generation. In contrast, under aerobic conditions Shewanella can oxidize acetate, 

thus producing 12 electrons per lactate molecule. 

Microscale MFCs using Geobacter species, which are strict anaerobes, 

face an even severe challenge of oxygen diffusion to the anode as microscale 

MFCs may have smaller population of Geobacter and higher mass transfer 

coefficient. From Figure 2.2 and 2.3, CE of microscale MFCs are in the range of 

0.03 – 31 %, much lower than that of macro/mesoscale MFCs of 42.5 - 81 %. It is 

urgent to alleviate the oxygen leakage in microscale MFCs using Geobacter in 

order to increase CE of microscale MFCs. A few potential approaches are 

proposed in the following paragraphs to circumvent this challenge. 

The first approach is to use materials with lower oxygen permeability for 

construction of microscale MFCs. Most microscale MFCs reported so far uses 

PDMS. However, the oxygen permeability of PDMS is as high as water. The 

oxygen permeabilities of PDMS, silicone rubber and Polytetrafluoroethylene are 

substantially higher than those of other materials, such as parylene C, epoxy, PET 

(Polyethylene Terephthalate), metal, bulk silicon and glass. Here note that 

parylene C has been readily used in microfabrication and it has very low oxygen 

permeability; we believe parylene C is an excellent candidate for microscale 

MFCs. 
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The other approach is to use hermetic packaging which has been widely 

implemented in MEMS. Hermetic packaging can be accomplished by either 

ceramic packaging or polymer packaging. Ceramic packaging performs better in 

air tight and anti-interference ability, yet requires higher cost than polymer 

packaging. Perhaps one can use a low oxygen permeability material such as PTFE 

for microscale MFCs. Unlike traditional MEMS devices, microscale MFCs 

require microfluidic interfaces which certainly add additional challenges in 

hermetic packaging. 

In order to mitigate the oxygen leakage, some researchers have attempted 

to add an oxygen scavenger, L-cysteine, into anolyte as it scavenges the dissolved 

oxygen. Choi et al. analyzed the influence of the addition of L-cysteine in anolyte 

on OCV in microscale MFCs. OCV of MFC with L-cysteine in fed-batch mode is 

around 600 mV, much higher than that without with L-cysteine, which is around 

300 mV. This suggests the addition of L-cysteine in anolyte can alleviate oxygen 

leakage and reduce the potential loss, consequently enhancing the power density 

and CE. 

By adding some aerobic microbe in the anode chamber may also mitigate 

the oxygen leakage by scavenging oxygen in anolyte and breaking down complex 

organic substrate which conventionally cannot be readily used by exoelectrogen. 

Investigating the positive syntrophic relations between some aerobic microbe and 

the exoelectrogen may mitigate the oxygen leakage and enhance the power 

generation, similar with the positive syntrophic relationship between 

http://www.google.com.hk/search?client=aff-360homepage&hl=zh-CN&q=L-crystine&spell=1&sa=X
http://www.google.com.hk/search?client=aff-360homepage&hl=zh-CN&q=L-crystine&spell=1&sa=X
http://www.google.com.hk/search?client=aff-360homepage&hl=zh-CN&q=L-crystine&spell=1&sa=X
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exoelectrogen and homo-acetogens found in MECs and microbial electrochemical 

systems (MXCs). 

One can use membranes with less oxygen mass transfer coefficient to 

alleviate the oxygen effect. However, more often this approach may result in a 

poor transport of proton and adds to the acidification of anolyte. Thus, a trade off 

exists as one wants to replace membranes. It is possible to develop membranes 

with low oxygen mass transfer coefficient yet high ion transfer coefficient; 

however, the small size of oxygen molecule is the challenge in this development. 

As proton has the smallest size in all atoms maybe one can develop a membrane 

having a high mass transfer coefficient and a very small pore size which only 

permits proton to pass, yet this approach imposes another severe challenge: the 

larger the pore size in a membrane becomes, the higher the power density of 

MFCs is. 
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CHAPTER 3 

IMPROVED CURRENT AND POWER DENSITY WITH A MICRO-SCALE 

MICROBIAL FUEL CELL DUE TO A SMALL CHARACTERISTIC LENGTH 

 

3.1 Introduction  

 An MFC is an electro-chemical device to convert organic compounds into 

electrical current.  Key to MFCs is that they employ anode-respiring bacteria 

(ARB) as living catalysts at the anode 37, 53.  Unlike other techniques to convert 

organic material to electricity, the MFC is unique because it allows direct 

electricity generation 7.  The organic fuel for MFCs most often comes from 

wastewater, making the MFC a waste-to-energy technology that have led efforts 

to scale up MFCs 7, 29, 54.  In addition, MFCs hold promise for bioremediation of 

recalcitrant compounds 55 and supplying power for remote sensors in hazardous or 

hard-to-access conditions 56.    

 For remote applications, an interesting direction is miniaturizing MFCs:  

decreasing the characteristic length to the micrometer range, resulting in chamber 

volumes of 100s of μL 56.  Miniaturizing MFCs takes advantages of 

microfabrication 57, 58, 59, 60, adopted from standard integrated-circuits fabrication, 

which allows small-sized chip-scale devices for powering ultra-low-power 

electronics, especially in remote conditions 43, 56, 61.  Our prior work 44 reports the 

highest areal power density, up to 0.33 W/m2, in a micro-scale MFC, but it is still 

far lower than that of macro-/meso-scale counterparts (up to 6.80 W/m2) 62.  
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We utilize the ARB Geobacter because of their proven ability to deliver a high 

power density.  Geobacter oxidize acetate at the anode to release electrons and 

protons:  

CH3COO- + 2H2O
 
 2CO2 + 8e- + 7H+     (3.1) 

 Acetate first must be transported from the bulk liquid to the biofilm, and 

then it diffuses into the biofilm, where it gets oxidized.  Electrons are conducted 

to the anode and then pass through an external circuit to arrive at the cathode, 

where they reduce an oxidant.  In our case, they reduced ferricyanide to 

ferrocyanide.  

[Fe(CN)6]
3- + e-  [Fe(CN)6]

4-      (3.2) 

 Ions also move from the anode to the cathode via the liquid medium and a 

proton exchange membrane (PEM) is to establish charge neutrality.  Among the 

ions, the most critical one is the proton (H+).  Eq. 3.1 shows that 7 moles H+ are 

produced per mole acetate; these H+ must be transported out of the biofilm to 

avoid acidifying the biofilm, which retards the rate of biological reaction 63, 64.  

The protons combine with an acid/base buffer, which diffuse out of the biofilm.  

Thus, increasing the mass-transport rate of the H+ carrying buffer should improve 

MFC performance. 

 Here, we present a micro-scale, flat-plate MFC with a high surface area to 

volume ratio, which we postulate will enhance mass transfer of acetate and H+-

carrying buffer.  Fig. 3.1 gives a schematic of the MFC.  It has a PEM and two 

silicone gaskets sandwiched between two glass slides pre-fabricated with gold 

electrodes.  One rectangular hole is patterned in each gasket, and they define the 
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anode and cathode chambers with identical dimensions.  Two nanoports provide 

microfluidic pathways for anolyte and catholyte that flows through the 

corresponding chambers, as shown in Fig. 3.1 (b).  W and L are the lateral 

dimension and height of the cross-section of chambers, respectively.  L is 

designed to be much smaller than W, resulting in a very high surface-area-to-

volume ratio for each chamber.  Furthermore, L is very small to make the distance 

between the anode and the cathode small. 

 Scaling down the characteristic length of a micro-scale MFC ought to 

result in increased mass transport, consequently enhancing the MFC’s current and 

power density.  When mass transport is limiting, the maximum current density is 

proportional to the flux defined by the diffusion of substrate or products to the 

electrode, as defined by 

       (3.3) 

where n is the number of electrons equivalents corresponding to the limiting 

compound, F is the Faraday constant (96485 C/mol e-), D is the normalized 

diffusivity of the limiting compound, ∆C is the concentration gradient of the 

limiting compound, and λ is the diffusion layer thickness.  jL can increase if λ is 

minimized in the MFC, thus increasing the possible power density obtained.      

A miniaturized MFC may benefit from faster mass transfer due to its inherently 

smaller L 65, 66.  In a laminar flow, likely in microfluidic environments67, the 

Reynolds number, Re, and the mass transfer coefficient, kc [m/s], can be defined 

as 68: 
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where ρ, v, dh, L, μ, and are the specific density of the fluid, the linear velocity of 

the fluid, the hydraulic diameter of the anode chamber, the characteristic length, 

the viscosity of the fluid, respectively.  The hydraulic diameter is calculated by: 

4 /hd A p
                                                                            (3.5) 

where A = WL and p = 2(W+L) are area and wetted perimeter of the cross section 

of the anode chamber, respectively.  W and L are the lateral dimension and height 

of the cross section of chamber.  L is also the characteristic length of the anode 

chamber, and the hydraulic diameter (dh) becomes twice the characteristic length 

(L) when the lateral dimension of the anode chamber dominates the height 

(W>>L), which prevails in micro-scale MFCs.  Based on Eq. 3.4, kc should 

become larger as the linear velocity (v) increases or the characteristic length (L) 

decreases.  

The diffusion-layer thickness, λ, can be calculated by: 

1/2 1/30.664( ) ( )hc

D L

vdk
D


 

 

 

                                             (3.6) 

Because dh becomes 2L when the lateral dimension of the anode chamber 

dominates the height (W>>L), λ is proportional to L1/2; hence, λ decreases as the 

characteristic length scales down, resulting in smaller diffusion-layer resistance.  

Fig. 3.2 illustrates how scaling down L, with all other parameters unchanged, 

http://www.engineeringtoolbox.com/hydraulic-equivalent-diameter-d_458.html
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causes the mass transfer coefficient to increase and the diffusion layer thickness to 

decrease at 5 L/minute. 

 In summary, downscaling the characteristic length enhances the surface 

area to volume ratio and mass transfer coefficient, consequently improving the 

power density of a micro-scale MFC.  The next section addresses the 

implementation of a micro-scale MFC to adopt the scaling effect on the 

characteristic length, including the fabrication of the micro-scale MFC and the 

experimental procedures.  Then, the power density of the micro-scale MFC is 

evaluated, demonstrating both scaling effects.   

 

Figure 3.1.  Schematic and images of the micro-scale MFC. (a) A lateral view 

of the MFC after assembly; (b) Cross-sectional of (a) via plane A-A’, the height 

of the chambers is L and the width of the chambers is W, blue arrows indicate the 
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direction of anolyte and catholyte; (c) anode chamber defined by the gasket; (d) 

the different parts of the MFC before assembly; (e) Cr/Au electrode on top of a 

glass slide; 6 holes (one for inlet, one for outlet, and 4 for screws) mechanically 

drilled through the glass;  (f) silicon gasket mounted on top of the Cr/Au electrode 

to define the anode/cathode chamber;  (g) assembled MFC with microfluidic ports 

for inlet/outlet for anode/cathode chambers. 

 

Figure 3.2.  Scaling effect for micro-scale MFCs. Moving from L = 1 cm to L = 

0.1 m increases mass transfer coefficient from 5.2×10-7 to 1.7×10-4 m/s, and 

lowers diffusion layer thickness from 1.7×10-3 to 5.3×10-6 m.  Fig. 2:  Scaling 

effect for micro-scale MFCs; moving from L = 1 cm to L = 0.1 m increases 

mass transfer coefficient from 5.2×10-7 to 1.7×10-4 m/s, and lowers diffusion layer 

thickness from 1.7×10-3 to 5.3×10-6 m.   

 

3.2 Materials and Methods 

Micro-scale MFC fabrication.  MFC fabrication began with mechanically drilling 

six through holes on two glass slides (micro slides, 76 × 38 × 0.12 cm3, VWR):  

one inlet, one outlet, and four for assembly.  Afterwards, Cr/Au (20 nm/200 nm) 

was deposited by sputtering on the anode/cathode (Fig. 3.1(e)).  Then, the 

nanoports (10-32 coned, IDEX) and fluidic tubing (PEEK polymer, IDEX) were 
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aligned and glued to the inlets/outlets to supply anolyte and catholyte. Silicone 

rubber gaskets were patterned to define the chamber and electrode (Fig. 3.1(f)), 

and the PEM (Nafion 117) was cut to have the same dimension as the electrode. 

Finally the MFC was assembled with four screw bolts and four nuts to minimize 

oxygen/electrolyte leakage (Fig. 3.1(g)).  The volume of each chamber was 100 

μL, and the size of electrode was 4 cm2. 

Inoculum.  The inoculum for the micro-scale MFC was obtained from an acetate-

fed MEC that had a Geobacteraceae-enriched bacterial community originally 

enriched from anaerobic-digested sludge from the Mesa Northwest Water 

Reclamation Plant (Mesa, AZ).  Clone libraries of the 16S-rRNA gene showed 

that the biofilm anode was a mixed bacterial culture dominated by Geobacter 

sulfurreducens 69.  The anolyte was 25 mM sodium acetate medium with 1,680 

mg KH2PO4, 12,400 mg Na2HPO4, 1,600 mg NaCl, 380 mg NH4Cl, 5 mg EDTA, 

30 mg MgSO4·7H2O, 5 mg MnSO4·H2O, 10 mg NaCl, 1 mg Co(NO3)2, 1 mg 

CaCl2, 0.001 mg ZnSO4·7H2O, 0.001 mg ZnSO4·7H2O, 0.1 mg CuSO4·5H2O, 0.1 

mg AlK(SO4)2, 0.1 mg H3BO3, 0.1 mg Na2MoO4·2H2O, 0.1 mg Na2SeO3, 0.1 mg 

Na2WO4·2H2O, 0.2 mg NiCl2·6H2O, and 1 mg FeSO4·7H2O (per liter of 

deionized (DI) water) (pH 7.8 ± 0.2).  For start-up, inoculum and anolyte were 

mixed with a volume ratio of 1:1.  The catholyte was 100 mM potassium 

ferricyanide in 100 mM phosphate buffer solution.  The anolyte and catholyte 

were supplied into the micro-scale MFC using a syringe pump.  The MFC 

operated at 25C. 
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Operation and analysis.  The current was monitored every minute by recording 

the voltage drop across an external resistor connected between the anode and the 

cathode using a data acquisition system (DAQ/68, National Instrument).  During 

start-up process, a 148 Ω resistor was used, and the MFC operated at a flow rate 

of 1 µL/minute through each chamber.  Once the start-up was completed, the flow 

rate, controlled by a syringe pump, was increased for a series of steady states at 

which polarization measurements were performed.  To generate polarization 

curves, we measured voltage using a series of resistors from 148 Ω to 932 kΩ.  

The current through the resistor was calculated via Ohm’s law (I = U/R, where I, 

U, and R are current, voltage and resistance, respectively), and the resulting 

output power was calculated via Joule’s law (P = I2R).  The MFC’s internal 

resistance was calculated by linearly fitting the Ohmic region, i.e., when the 

voltage drop (∆U) was approximately linear with the increase of current (∆I) of 

each curve of areal current density versus voltage across external resistor 54:  i.e., 

R = ∆U/∆I. 

The minimum CE of the micro-scale MFC was computed by integrating current 

profiles over the time 54 and dividing this cumulative current (Cp) by the current 

that could have been produced if all the influent acetate had been oxidized to 

produce current (CT = V × b × NA × e × [molsubstrate]):  CE = CP/CT × 100 %, 

where V is the volume of anode chamber [m3], b is the number of moles of 

electrons produced by oxidation of substrate [8 mol e-/mol acetate], NA is 

Avogadro’s number [6.023 × 1023 molecules/mol], e is electron charge [1.6 × 10-

19 C/electron], and molsubstrate is the moles of acetate oxidized. 
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3.3 Results and Discussions 

 

Figure 3.3.  Current density as a function of different flow rates using a 148-

Ω external resistor. The current density almost linearly increased with flow rate 

and up to 12 μL/min. 

 

It took 6 days to complete the start-up process, at which time the current 

density exceeded 20 A/cm2.  After start-up process, the flow rate was increased 

from 1 to 15 μL/minute to characterize the power density as a function of flow 

rate.  Fig. 3.3 shows the current density recorded at different flow rates using a 

148  resistor.  The current density increased almost linearly with the flow rate 

up to 12 μL/minute, where it saturated.  The current density declined when the 

flow rate was further increased to 17 μL/minute due to cathode erosion from 

ferricyanide etching the cathode.  SEM images of the biofilm at the end of the 
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experiments showed a range of aggregation patterns on the anode surface, with an 

average coverage ratio of 30% and a per-cell electro-generation rate of about 106 

electrons/second. 

High flow rate in the MFC anode is not always synonymous with a 

decreased number of ARB on the anode surface, unless it is coupled with high 

shear rate and other advective flow patterns that promote detachment from 

biofilm surfaces.  Previous studies have documented the ability of 

Geobacteraceae cells to accumulate to high cell numbers on the biofilm anode at 

high flow rates (or low hydraulic retention times (HRTs)) compared to this study 

70, 71. 

The voltages for a series of external resistors were recorded for fixed 

anolyte flow rates.  Then, polarization curves (Fig. 3.4) were obtained from the 

data.  The curves of the output voltage versus current density, Fig. 3.4(a), show a 

high OCV of 0.81 V.  The internal resistances were calculated by linearly fitting 

the Ohmic region (i.e., where the voltage drop (∆U) is approximately linear with 

the current density (∆I)) for each individual polarization curve (Fig. 4(a)).  The 

curves show similar internal resistances of the micro-scale MFC, independent of 

the flow rate (2.1 kΩ).  However, the limiting current, jL changed significantly 

from 91 µA/cm2 at 5 µL/min. to 240 µA/cm2 at 15 µL/min.  These experiments 

confirm that a transport limitation to or from the bulk liquid limited the total 

current density produced by the Geobacter-enriched biofilm.  Similar conclusions 

have been recently reached at using nuclear magnetic resonance techniques and 

rotating disk electrodes 72. 
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The mass-transfer rate is a product of the concentration difference and 

mass transfer coefficient.  As a result, mass transfer is enhanced when the 

concentration and linear velocity of electrolyte are increased.  Fig. 3.4(a) clearly 

shows current limitation for the lower flow rates, suggesting that the maximum 

current produced by Geobacter-enriched biofilm was controlled by a diffusive 

process.  In a separate experiment, the total salts concentrations of the anolyte and 

the catholyte, with the exception of the anode buffer, were increased stepwise 

from 1× to 1.5× and to 2×.  The concentration increase did not improve the areal 

power density (data not shown).  This finding confirms that the transport of 

substrate was not limiting, and the only possible diffusion limitation was due to 

buffer transport at the anode biofilm.  Proton transport limitations has been 

demonstrated previously due to the high proportion of H+ produced by ARB (as 

shown in Eq. 3.1) 64, 73; our studies provide further evidence of the limitations.  

Our micro-scale MFC provides a design in which such limitations can be 

minimized by increasing the flow rate conditions.  

 The curves of the areal power density as a function of current density for 

different flow rates, Fig. 3.4(b), demonstrate that the areal power densities were 

almost independent of flow rates at low current densities, but reached a higher jL 

as the flow rate increased.  The areal power density at 5 μL/minute. reached its 

maximum power density (44 μW/cm2) at a low current density of 71 μA/cm2, 

whereas that of 15 μL/min. had a maximum power density of 84 μW/cm2 at a 

high current density of 214 μA/cm2.  This trend can be attributed to a higher rate 

of mass-transfer of deprotonated buffer (e.g., HPO4
2-) into the anode’s biofilm, 
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providing more rapid transport of acetate to Geobacter-enriched biofilm and H+-

carrying buffer out of the biofilm (e.g., H2PO4
-) 74.   

 

Figure 3.4.  Polarization curves for the MFC at different flow rates. (a) output 

voltage versus areal current density; (b) areal power density versus areal current 

density. 

The theoretical laminar mass transfer coefficient was calculated from Eq. 

3.4, and it is compared in Fig. 3.5 to the current density obtained through the 

polarization curves in Fig. 3.4.  The computed mass transfer coefficient of the 

limiting compound correlates well with the current density for the different flow 

rates.  This further supports that the increased current density arose from 

enhanced mass transfer.  We analyzed the computed mass transfer coefficient and 

found it to be consistent with the measured current and kinetics for acetate 

utilization. 
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Figure 3.5.  Mass-transfer coefficient of limiting compound (assuming 

normalized diffusivity of limiting compound is 0.76 m2/day) and maximum 

areal current density versus flow rate. The maximum areal current density 

increases proportionally to the mass transfer coefficient. 

 

Coulumbic efficiency (CE) is a measure of how efficiently an MFC 

harvests electrons, and low CE has been a challenge for micro-scale MFCs 43, 56.  

The maximum CE reported by micro-scale MFCs so far is 31% 43, which is 

significantly lower than that of macro- and meso-scale MFCs, which often reach a 

CE higher than 80% 75.  The low range of reported CE values for micro-MFCs 

(0.03 to 31% 56) is believed to be primarily due to high oxygen leakage into the 

anode chamber 43. 

Anolyte flow was stopped and current over time domain was monitored 

while the catholyte kept flowing 43.  The minimum CE was 79%, at least 2.5 fold 
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greater than previously reported CE for micro-scale MFCs; it is comparable to 

that of macro-/meso-scale MFCs. Thus, the anode chamber in our micro-scale 

MFC was well isolated from oxygen in the air.  The micro-scale MFCs reported 

previously had PDMS for their gaskets, which is a common microfabrication 

material due to its low expense.  However, PDMS is extremely oxygen permeable 

(52,531 ± 1,313 cm3·mm/m2·day·atm) 56.  This work eliminated the use of PDMS 

and deployed glass and silicon gasket as alternatives, which lowered oxygen 

permeability substantially. 

Fig. 3.6(a) compares the volumetric power density and CE of this work 

with those of reported macro-/meso- and micro-scale MFCs.  Our micro-scale 

MFC obtained 3,300 μW/cm3, the highest volumetric power density for all MFCs, 

regardless of scale.  Fig. 3.6(b) lists the key performance parameters of this work 

compared with those of prior art.  Notable is the high volumetric power density, 

which is due to the very small characteristic length, resulting in the high SAV of 

the micro-scale MFC and relatively fast mass transfer.  The corresponding areal 

power density was 83 µW/cm2, also the highest among all micro-scale MFCs.  As 

noted before, our micro-scale MFC achieved a CE of 79%, more than 2.5 times 

higher than that of the micro-scale MFCs and is comparable to the CE of 

macro/meso-scale MFCs. 
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Figure 3.6.   A Comparison of performance of the microscale MFC with 

prior arts. (a) Comparison of volumetric power density and CE of this work with 

existing macro-/meso- and micro-scale MFCs43, 75, 76, 77, 78, 79, 80, 81, 82; the CE of 

this work is substantially higher than those of micro-scale MFCs and is 

comparable with those of macro-/meso-scale MFCs, and the volumetric power 

density of this work is highest ever reported, regardless of scale; (b) specifications 

and performance of prior micro-scale MFCs and the MFC of this work (based on 

relative standard deviation (RSD)). 
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High internal resistance could still be a stumbling block for further 

enhancement of micro-scale MFCs.  Our earlier work showed that the 

cathode/PEM/electrolyte resistance is low (all less than 100 Ω·cm2) 43; thus, in 

our current micro-scale MFC, the anode overpotential seems to dominate the 

overall potential losses at high current densities due to the limiting transport of 

buffer that counteracts proton accumulation, as shown in Fig. 3.4.  Increasing the 

linear velocity in micro-scale MFCs can be a simple alternative to maximize 

current and power densities in MFCs.  

 The high power density and CE of the micro-scale MFC may find 

its application in powering sub-100 µW electronics, such as passive radio 

frequency Identification (RFID) tags, ultra-low power wireless sensor network 

and ultra-low power microcontroller unit (MCU), especially for applications in 

remote or hazardous conditions, where conventional powering units are hard to 

establish.  Micro-scale MFCs also may be attractive in space exploration for 

power supply and waste treatment. 
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CHAPTER 4 

A HIGH POWER DENSITY MINIATURIZED MICROBIAL FUEL CELL 

HAVING CARBON NANOTUBE ANODES 

 

4.1.  Introduction   

 Amidst global warming and the energy crisis, there has been significant 

interest in the development of sustainable energy sources83. Bioenergy could 

potentially constitute a large part of the renewable energy portfolio, provided that 

the Earth’s abundant biomass can be economically converted84. Unlike 

conventional biomass energy conversion techniques, a MFC is an electro-

chemical fuel cell which directly converts chemical energy of organic compounds 

to electrical energy through catalytic reactions of specific microbes called 

exoelectrogens or anode-respiring bacteria37, 53, 85. This direct conversion process 

allows electricity to be generated without intermediate products or equipment, and 

benefits MFCs’ high energy conversion efficiency. During the past few decades, 

various types of MFCs have been reported in applications for wastewater 

treatment and renewable energy production7, 29, 86, 87, 88, bioremediation of toxic 

components89, 90, and power supplies for remote sensors in hazardous or 

environmentally unfriendly conditions20. 

 Researchers have adopted different materials, such as carbon cloth, carbon 

mesh, graphite felt, foam, fiber brush, reticulated vitreous carbon, tungsten 

carbide powder, etc., which have a high SAV as well as mechanical and 

electrochemical stability32, 81, 91, 92, 93, 94. Recent research has been focusing on 
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implementing two dimensional (2D) and three dimensional (3D) nanostructured 

materials with high SAV such as carbon nanotubes (CNT) and graphene. CNT 

and graphene are two nanostructured carbon allotropes, which are attractive 

materials due to their high SAV, high conductivity, excellent electrochemical 

characteristics, superb mechanical and chemical stability, and manufacturing 

compatibility with batch-mode microfabrication49, 95, 96, 97. Both CNTs and 

graphene have been used as 2D and 3D carbon based anode materials for MFCs, 

such as in graphene sponge98, reduced graphene oxide on carbon fiber99, 

CNT/polyaniline or CNT/chitosan composite50, 100, multi-walled CNT52, 101, 102, 

polyaniline hybridized graphene103, chitosan/vacuum-stripped graphene 

scaffold104, 3D graphene on Ni foam105, 106, and reduced graphene oxide/CNT 

coated scaffold107, resulting in a SAV as high as 20,000 m-1; however, the 

reported maximum areal power density ranges from 19 mW m-2 to 1.57 W m-2. 

Based on the projected electrode area, the volumetric power density ranges from 

6.3 W m-3 to 392 W m-3 98, 101, 108, which still does not have a significant leap over 

conventional MFCs. Moreover, the biocompatibility of CNTs remains 

questionable109 and some prior studies of CNT-based MFCs show lower 

performance than MFCs having anodes of conventional carbon-based materials50, 

51, 52, 110. Besides implementing high SAV materials as anode, the cathode impacts 

the performance of MFCs significantly as well - especially air-cathode MFCs 30. 

CNTs and graphene based materials have also been used as cathodes materials in 

air-cathode MFCs, of which the cathode becomes the bottleneck, as reported by 

Wang et al. 2011 and Khilari et al. 2013 111, 112. 
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Miniaturized MFCs reduce the characteristic length scales of MFCs to the 

micrometer range, which results in chamber volumes which are on the μL scale25, 

39, 42, 45, 56, 108. In this chapter, we report the formation and morphology of biofilm 

on three different CNT-based electrode materials, and correlate the biofilm 

formation and morphology to the characteristics of the miniaturized MFC, 

including coulombic efficiency and areal/volumetric power density. The three 

types of anodes using CNT materials with different sheet resistance and 

morphology are: (1) Vertically Aligned Carbon Nanotubes (VACNT), (2) 

Randomly Aligned Carbon Nanotubes (RACNT), and (3) Spin-Spray Layer-by-

Layer Carbon Nanotubes (SSLbL CNT).  

 

Figure 4.1 SEM images of three types of CNT based anodes. (a) VACNT, (b) 

RACNT, and (c) SSLbL (scale bar: 400 nm).  

 

4.2.  Materials and Methods 

Bare gold electrode.  The bare gold electrodes were deposited on a glass slide 

(micro slides, 4.6 × 2.6 × 0.1 cm3, VWR) with six through holes pre-drilled 

mechanically (12 inch Bench Drill, Craftsman): one inlet, one outlet, and four for 
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assembly.  Afterwards, Cr/Au (20 nm/200 nm) films were deposited on the glass 

slides via sputtering on the glass slides (Emitech K675XD Turbo Sputter Coater). 

We chose a bare gold anode as control, following prior work that reported little 

difference exists on the attraction of Geobacter on carbon based material and gold 

113. 

VACNT and RACNT.  The VACNTs were directly synthesized on a quartz slide 

(5.08 × 2.54 × 0.1 cm3, Alfa Aesar) by catalytic chemical vapor deposition 

(CVD)114. After 5 nm-thick iron (Fe) catalysts were deposited on the quartz slide 

by electron-beam evaporation, the quartz slide was placed into a growth chamber. 

The temperature and pressure for CNT synthesis was 700 °C and 4 Torr, 

respectively. When the growth conditions were stabilized, the chamber was 

purged with nitrogen (N2) gas of 10 sccm. The CNTs were then grown under 

acetylene (C2H2) ambience after ammonia (NH3) pretreatment for 30 minute. The 

NH3 pretreatment is necessary for the vertical alignment of CNTs115. In contrast 

to the synthesis of VACNTs, RACNTs were synthesized without NH3 

pretreatment. VACNT shows highly directional CNT growth due to strong van 

der Waals interaction between densely grown CNTs. NH3 prevents Fe catalysts 

from being covered by amorphous carbon during synthesis, resulting in a high 

density of nucleation sites for CNTs growth. Without NH3 pretreatment, curved 

and randomly oriented CNTs are synthesized and amorphous carbon is found 

between the CNTs. 

SSLbL CNT.  The SSLbL apparatus and experimental procedure for assembling 

polymer-CNT nano-composite films has been described previously116. Briefly, the 
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SSLbL apparatus allows the sequential spraying of polyelectrolyte solutions and 

the rinsing of water onto a horizontal rotating substrate using three vertically-

oriented sprayers and a spin-coater. For SSLbL anode films, an aqueous solution 

of 1 % poly(styrene sulfonate) with 0.5 mg/mL multi-walled carbon nanotubes 

was prepared with three hours of bath sonication followed by 45 minutes of tip 

sonication and 1.5 hours of centrifugation at 3000 rpm to produce a stable 

dispersion. A solution of 10 mM poly(vinyl alcohol) at a pH of 2.8 was used as 

the polycation. Bare gold-coated glass slides were mounted onto the SSLbL 

vacuum chuck and rotated at 3000 rpm while solutions and rinse water were 

sprayed. A single bilayer was assembled using a spray/dry procedure of 

polycation, rinse, dry, polyanion, rinse, and dry. Deionized water matching the pH 

of the polycation solution was used for the rinse. Between bilayers, the substrate 

was dried at approximately 45 °C for 4 s. The multi-walled carbon nanotubes 

used in SSLbL CNT electrodes have a median diameter of 6.6 nm and an aspect 

ratio ~1000. 

Inoculum.  The inoculum for the micro-scale MFC was obtained from an acetate-

fed microbial electrolysis cell (MEC), which had a Geobacter-enriched bacterial 

community originally from anaerobic-digestion sludge. The anolyte was 

composed of a 25-mM sodium acetate medium with 1,680 mg KH2PO4, 12,400 

mg Na2HPO4, 1,600 mg NaCl, 380 mg NH4Cl, 5 mg EDTA, 30 mg 

MgSO4·7H2O, 5 mg MnSO4·H2O, 10 mg NaCl, 1 mg Co(NO3)2, 1 mg CaCl2, 

0.001 mg ZnSO4·7H2O, 0.001 mg ZnSO4·7H2O, 0.1 mg CuSO4·5H2O, 0.1 mg 

AlK(SO4)2, 0.1 mg H3BO3, 0.1 mg Na2MoO4·2H2O, 0.1 mg Na2SeO3, 0.1 mg 
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Na2WO4·2H2O, 0.2 mg NiCl2·6H2O, and 1 mg FeSO4·7H2O (per liter of 

deionized water) (pH 7.8 ± 0.2). For the start-up process, inoculum and anolyte 

were mixed at a volumetric ratio of 1:1. The catholyte was composed of 100-mM 

potassium ferricyanide in a 100-mM phosphate buffer solution. The anolyte and 

catholyte were supplied into the micro-scale MFC using a syringe pump.  

Start-up and Data acquisition.  Anolyte/catholyte solutions were pumped into the 

corresponding chambers at a flow rate of 0.25 µL/min. It typically takes 5-7 days 

to form a mature biofilm. Once the start-up process completes, the output current 

begins to reach steady state. 

 The current generated by the MFCs was recorded every minute by 

measuring voltage drop across an external resistor connected between the anode 

and the cathode using a data acquisition system (DAQ/68, National Instrument). 

During start-up, the MFCs were operated at 0.25 µL/min and the external resistor 

was set to 148-Ω. Once the start-up process completed, the flow rate was 

increased and polarization measurement was performed. For the polarization 

curve measurement, a series of resistors was employed, ranging from 148 Ω to 

932 kΩ. 

CE and energy conversion efficiency measurement. Coulombic efficiency and 

energy conversion efficiency were measured by stopping the anolyte supply while 

keeping the catholyte supply; the current over time domain was monitored while 

the catholyte kept flowing. Coulombic efficiency is the ratio of total coulombs 

transferred to the anode from the substrate to the maximum possible coulombs 

transferred if all substrate removal produced current. That is, CE = CP/CT×100%, 
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where CP is the total coulombs calculated by integrating the current over the time 

for substrate consumption and CT is the maximum possible coulombs of the 

substrate CT = V × b × A × e × (molsubstrate). V is the volume of anode chamber 

(m3), b is the number of moles of electrons produced by oxidation of substrate (b 

= 8 mol e-/mol acetate), A is Avogadro’s number (6.023 × 1023 molecules/mol), e 

is the electron charge (1.6 × 10-19 C/electron), and molsubstrate is the moles of 

acetate oxidized.  

 Energy conversion efficiency is the ratio of total energy harvested by the 

MFC to the maximum possible energy that the biomass can produce (standard 

molar enthalpy of biomass): η= EP/ET×100%, where EP is the total energy 

calculated by integrating the power output over the time for substrate 

consumption and ET is the maximum possible energy of the biomass ET = V × c 

×ΔfH°. V is the volume of the anode chamber (m3), c is the concentration of 

biomass in the anode chamber (c = 25 mol/m3, sodium acetate), and ΔfH° is the 

standard molar enthalpy of formation (708.8 KJ/mole for sodium acetate). 

 

4.3.  Results and Discussions 

Biofilm morphology and thickness on three CNT-based anodes.  Figure 4.1 shows 

the SEM images of the three CNT-based materials. Sheet resistance of the anodes 

was measured by a four-point probe method. The sheet resistance of VACNT, 

RACNT, SSLbL CNT, and bare gold electrodes were measured to be 1.48×103, 

2.98×103, 3.84×100, and 3.68×100 ohm/square respectively. VACNT and RACNT 
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electrodes have substantially higher sheet resistance than those of SSLbL CNT 

and bare gold electrodes. 

 Ex-situ characterization of morphology and thickness of biofilm on the 

CNT-based anodes were performed by scanning electron microscopy (SEM) as 

shown in Figure 4.2 (procedure of biofilm fixation is shown in supplementary 

materials). VACNT, RACNT, SSLbL CNT and bare gold anodes have biofilms 

thicknesses of approximately 3.3 µm, 6.5 µm, 9.0 µm and 1.8 µm respectively 

(Figure 4.2 (i)-(iv)). The bare gold anode, despite having very low sheet 

resistance, has a biofilm considerably thinner than others, suggesting CNTs attract 

more exoelectrogens.  

 16S rRNA analysis reveals that the Geobacter species dominate the 

biofilm, which is 40.8% of the total biofilm. The remainder of the biofilm is made 

up of unclassified bacterial species. The observed phylogenetic diversity likely 

reflects syntrophic interactions between exoelectrogens and nonexoelectrogens117. 

 

(i) 
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Figure 4.2.  Top and cross-sectional view SEM images of (i) VACNT anode, 

(ii) RACNT anode, (iii) SSLbL CNT anode, and (iv) bare gold anode. The 

thickness of biofilm of these anodes are 3.3±0.2 µm, 6.5±0.5 µm, 9±1 µm and 

1.8±0.2 µm thick, respectively (the figures show the thickest part), suggesting 

CNT-based anodes attract more exoelectrogen than the gold anode to form thick 

biofilm. (ii) shows the exoelectrogen and RACNT weaves together well, 

suggesting high biocompatibility of RACNT. 

 

 The biofilm morphology and thickness characterization suggests that 

CNT-based materials attract more exoelectrogens to form thicker biofilms than 

does bare gold. Prior art reports that cell growth is significantly accelerated on a 

nanostructured material-TiO2 nanotube 118. Although the promotion mechanisms 

of the nanostructured material on cell proliferation are still not fully 

understood119, it is plausible that the thicker biofilm generation may be due to the 

nanostructured CNTs, which provide a larger surface area for Geobacter sp: cell 

adhesion. The thicker biofilm on the CNT-based anodes also implies the 

biocompatibility of the CNT-based materials with Geobacter sp. The previous 

study by Ren et al. 2011 reported a discrepancy between the microbial and 

electrochemical responses on the anode, yet our results suggest an indirect link 

between the thickness of the biofilm and current and power generation 

capability120. 

Of the three CNT anodes, the SSLbL CNT has a lowest sheet resistance of 

3.84×100 ohm/square, which is significantly lower than those of VACNT and 

RACNT, ~103 ohm/square, and the thickest (9.0 m) biofilm, suggesting the sheet 

resistance of the anode impacts the biofilm thickness. Xie et al. has shown that a 

graphene sponge sandwiched by a stainless-steel current collector produces 
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significantly higher current than a bare graphene sponge anode. Here the 

stainless-steel electrode has a lower resistance than the graphene sponge, 

providing a “highway” for electrons 98. This work suggests that the high electrode 

resistance (graphene sponge itself, ~180 Ω) limits the current production from 

Shewanella MR1. The sheet resistance of the VACNT and RACNT anodes are 

1.48×103, and 2.98×103 ohm/square respectively, which are on the same order of 

internal resistance of MFCs having them as anodes, 4.3 kΩ and 2.3 kΩ 

respectively. The high sheet resistance of VACNT and RACNT electrodes likely 

limits the current from exoelectrogens. The SSLbL CNT anode possesses 

relatively high surface area and low sheet resistance, which result in the thickest 

biofilm. The measured data, however, does not provide conclusive evidence as to 

which aspect of features impact biofilm formation most extremely. 

 

Figure 4.3.  Polarization curves of miniaturized MFCs with CNT-based and 

gold anodes. (a) Power density versus current density and (b) voltage versus 

current density. The measured current is assumed to be solely from oxidizing 

acetate in the anolyte37, 121, 122. 
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Current/power density and efficiency of miniaturized MFCs.  The current/power 

density of miniaturized MFCs that have CNT-based anodes was characterized via 

polarization curves (Figure 4.3). The flow rate of anolyte/catholyte was set to be 2 

L/min. All MFCs show 0.7-0.8 V open circuit voltage, suggesting oxygen 

intrusion is successfully mitigated. The maximum current and power densities of 

2.59 A m-2 and 0.83 W m-2, respectively, were obtained from the SSLbL CNT 

MFC, in accordance with the biofilm thickness measurements (Figure 4.2). 

Maximum volumetric power density of 3320 W m-3 was obtained by the SSLbL 

CNT MFC, which is the highest among all MFCs. 

 

Figure 4.4.  Current and power versus run time in the MFC with SSLbL 

CNT anode for Coulombic efficiency (CE) and energy conversion efficiency 

measurement. The calculated CE and energy conversion efficiency are 69.8 % 

and 22.7 %, respectively. 

 

 Figure 4.4 shows the transient current profile to measure CE and energy 

conversion efficiency of the SSLbL CNT MFC. The anolyte flow was stopped, 

while keeping the catholyte running to measure harvested charges from the 

anolyte in the anode chamber43 A high CE of 69.8% and an energy conversion 
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efficiency of 22.7% were achieved (calculation of CE and EE from Figure 4 is 

shown in supplementary materials). CEs of 61.3%, 73%, 80.9% were also 

achieved for the VACNT, RACNT, and bare gold anodes, respectively. 

 

Figure 4.5.  Schematic illustration of three types of CNT-based anodes. (a) 

VACNT (Vertically Aligned Carbon Nanotubes), (b) RACNT (Randomly 

Aligned Carbon Nanotubes), (c) SSLbL (Spin-Spray Layer-by-Layer Carbon 

Nanotubes) and (d) Bare gold anode. Geobacter sp. form their biofilm on those 

anodes and the thickness of the biofilm is a function of types of anodes.   

 

Correlation between biofilm and current/power density.  A schematic illustration 

of the biofilm formation on three types of CNT-based and bare gold anodes is 

Synthesized VACNTs on quartz Biofilm formation on VACNTs 

Synthesized RACNTs on quartz 

CNT Bacteria Bio film 

SSLbL CNT film on Au 

Bare Au film on glass 

Quartz Glass Gold 

Biofilm formation on SSLbL 

Biofilm formation on Au 

Biofilm formation on RACNTs 

(a) VACNT anode 

(b) RACNT anode 

(c) SSLbL anode 

(d) Bare Au anode 
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shown in Figure 4.5. The high density and vertical structure of VACNT stops 

exoelectrogens from placing themselves inside the VACNT forest, which results 

in a thin biofilm and low current/power density. In contrast, RACNT film offers 

rather porous features and thus can accommodate exoelectrogens between CNTs, 

resulting in a thick biofilm. The SSLbL CNT film is comprised of horizontally 

oriented CNTs conjugated with polymers. A stratified-rod-network model of the 

electrical conductance of these SSLBL films can be found in a previous study123. 

Here we show that this structure results in the thickest exoelectrogen biofilm 

while the bare gold control anode has the thinnest biofilm. 

 The schematic illustration matches well with experimental result. The 

VACNT and RACNT electrodes show similar sheet resistances, while the 

RACNT anode forms a thicker biofilm and generate a higher current/power 

density than the VACNT films. The RACNT film may allow exoelectrogens to 

penetrate between the individual CNTs whereas exoelectrogens cannot penetrate 

inside the dense VACNT forest (Figure 2(i), (ii)). Exoelectrogens, similar to cells, 

generate mechanical force for adhesion on electrodes124. The dense VACNT 

forest may resist the bending of CNTs and thus exoelectrogens cannot penetrate. 

Prior studies by Ren et al. 2011 and Lyon et al. 2010 report the external loads 

impact not only current/power density but also the biofilm architecture and 

bacterial communities. Higher external resistance (5-10 kΩ) results in a lower 

current/power density as well as a lower cell count 125, 126. Our finding aligns well 

with these prior arts with regards to parameters that impact the biofilm structure, 

including materials and sheet resistance of anode. 
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 The electron generation rate of the SSLbL CNT biofilm is estimated to be 

4.22×105 electrons/second. This calculation is similar to that of Shewanella MR1, 

which can generate 106 electrons/second127. This calculation supports the 

postulation that the electron generation rate and exoelectrogen population have a 

major impact on the performance of MFCs. Porous electrodes were reported to 

enhance the mass transfer of acetate and H+ carrying buffer, which aid the 

electron generation capability of Geobacter sp. deep inside the biofilm103, 104. 

Therefore, anode materials having high surface-area-to-volume ratio, high 

porosity, and high biocompatibility help to reduce areal resistivity, consequently 

improving current and power density. 

Table 4.1: Measured specifications of 4 different anodes in miniaturized MFCs 

 Sheet resistance 

[ohm/square] 

Areal 

resistivity 

[kΩ·cm2] 

Biofilm 

thickness 

[m] 

Current 

density [A 

m-2] 

Power 

density [W 

m-2] 

VACNT 1.48×103 4.3 3.3 0.87 0.27 

RACNT 2.98×103 2.3 6.5 1.81 0.54 

SSLbL 

CNT 

3.84×100 1.2 9.0 2.59 0.83 

Bare gold 3.68×100 2.2 1.8 1.11 0.48 

 

Discussion on the impact of the resistivity of the anode.  Energy loss in micro-

scale MFCs involves two parts, ohmic loss and overpotential. The ohmic loss can 

be measured using the slope of the ohmic region in polarization curves, while the 

total overpotential is comprised of overpotentials at the anode, cathode, and 
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overpotential induced by the existence of a pH discrepancy between the anode 

and cathode chambers, etc7, 56, 128, 129, 130, 131. 

The areal resistivity may be used to obtain the ohmic loss. According to chapter 2, 

areal resistivity can be expressed as: 

i a c m er r r r r   
                                                   (4.1) 

where ri is the total areal resistivity and ra, rc, rm, re are areal resistivity of anode, 

cathode, ion exchange membrane, and electrolyte, respectively. ra is comprised of 

the resistance of the anode itself and electron generation/transfer from 

exoelectrogens to the anode. rc involves the resistance of the cathode itself, 

potassium ferricyanide ion transfer from the bulk solution to the vicinity of the 

cathode and reduction of the ions at the cathode. rm is mainly determined by the 

resistivity of the ion exchange membrane for movement of counter ions across the 

membrane. re is a function of the distance between the two electrodes and the 

conductivity of the acetate medium: 

e

l
r

K


                                                                (4.2) 

where l is the distance between the two electrodes, and K is the specific 

conductivity of the electrolyte. 

The distance between anode and cathode (l) is the sum of the thicknesses of the 

two gaskets, 500 µm total, and ion exchange membrane, 178 µm, for a total 

distance of 678 µm. The specific conductivity of the anolyte and catholyte were 

measured as 5.7 mS/cm and 2.5 mS/cm, respectively. Based on these measured 

and given parameters, re is equal to 14.4 Ω·cm2. rm, the resistivity of the ion 
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exchange membrane (Nafion 117), was measured to be 10 Ω·cm2
, in phosphate 

buffer medium. rc, the resistivity of the cathode, is also low, in the magnitude of 

10 Ω·cm2 . Consequently, ra, the anode resistivity, is responsible for the majority 

of total areal resistivity.  

 Of ra, the areal resistivity of the anode, the resistivity of the anode material 

itself is negligible for the SSLbL CNT and bare gold, and therefore the majority 

of the areal resistivity is attributed to the resistance of electron generation by 

exoelectrogen metabolism and transfer from exoelectrogens to anode. On the 

other hand, the VACNT and RACNT anodes have high sheet resistance, which 

significantly adds to the anode resistivity. This limits current/power density. 

Figure 4.3 shows that all MFCs suffer from concentration loss at high current 

density. This concentration loss is believed to be associated with the limited 

extracellular electron transfer (EET) at high current density132 and a mass transfer 

limitation of the transfer of acetate and H+ carrying buffer from bulk to biofilm. 

It is also helpful to compare the performance of miniaturized MFCs with different 

anodes to provide helpful information for future performance improvement. 

Because exoelectrogens are the catalysts for current/power generation in MFCs, 

biofilm morphology/thickness has a significant impact on the current/power 

generation. On the other hand, anode sheet resistance also impacts current/power 

generation. High sheet resistance increases the overall internal resistance of 

MFCs, which in turn limits the current/power generation. Based on biofilm 

thickness characterization of four types of anodes, the SSLbL CNT anode has the 

thickest biofilm, at 9.0 m, as well as the highest current/power generation 
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capability, shown to be 2.59 A m-2 and 0.83 W m-2 respectively. The RACNT has 

the second thickest biofilm, 6.5 m, and delivers the second highest 

current/power generation capability, 1.81 A m-2 and 0.54 W m-2. VACNT anode 

has the third thickest biofilm, 3.3 m, which is thicker than bare gold control at 

1.8 m, yet had the lowest current/power generation capability, 0.87 A m-2 and 

0.27 W m-2, lower than the bare gold control at 1.11 A m-2 and 0.49 W m-2. This 

result implies that the high sheet resistance of VACNT anode degrades 

current/power generation capability. The measured specifications are summarized 

in Table 4.1. 

Comparison with prior studies.  Table 4.2 summarizes measured specifications of 

the SSLbL CNT in comparison with previously reported miniaturized MFCs. 

Areal and volumetric power densities and the CE of this work are substantially 

higher than those of prior studies; correspondingly, areal resistivity of this work is 

much lower than that of prior studies. Miniaturized MFCs using CNT anodes 

exist, yet their areal and volumetric power density are very low42, 108. The 

improvements suggest successful biocompatibility of the CNT materials in this 

work. 

 

Table 4.2: A comparison of specifications of this work compared with prior art. 

Performance 

parameters 

Mink et 

al. 108 

Inoue et 

al. 42 

Choi 

et al. 43 

Qian 

et al. 39 

Siu et 

al. 25 

Biffinger 

et al. 133 

This work 

(SSLbL CNT) 

Anode 

material 

CNT CNT Gold Gold Gold Carbon/Pt 

ink 

CNT+polymer 
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Anode 

volume [L] 

1.5 40 4.5 1.5 15 25** 12.5 

Anode area 

[cm2] 

0.25 0.24 2.25 0.15 1.2 0.45 0.5 

Areal 

resistivity 

[kΩ·cm2] 

N/A N/A 22.5 4.5 30 3.375 1.2 

Pareal [W m-2] 0.0196 0.0738 0.047 0.015 0.004 0.06 0.83 

Pvolumetric [W 

m-3] 

392 343 2333 15.3 4.24* 10 3320 

CE [%] N/A N/A 31 2.8 14.7 NA 60%-80% 

*Calculated based on the reported data. 

**The volume of the device. 
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Figure 4.6.  A comparison of volumetric power density and CE of SSLbL 

CNT with existing macro-/meso- and micro-scale MFCs25, 31, 38, 39, 43, 81, 92, 134, 

135. The volumetric power density of this work is higher than all previous MFCs, 

regardless of scale, and the CE of this work are substantially higher than those of 

most micro-scale MFCs and are comparable with those of macro-/meso-scale 

MFCs. 

 

 Figure 4.6 shows the areal power density, volumetric power density and 

CE of the SSLbL CNT compared to prior studies - including macro/meso-scale 

and micro-scale MFCs. The volumetric power density of the SSLbL CNT MFC is 

3320 W m-3. Both the areal power density and CE of this work are also 

substantially higher than those of most micro-scale MFCs and are comparable 

with those of macro-/meso-scale MFCs. Most micro-scale MFCs deploying 

Geobacter reported previously used PDMS as their gaskets, which has substantial 

oxygen permeability. This results in severe oxygen intrusion into the anode 
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chamber, leading to a very low CE. Our work implemented a silicone gasket, 

which has an oxygen permeability (19685 cm3 · mm/m2 · day · atm), 2.7 times 

lower than that of PDMS (52531 cm3 · mm/m2 · day · atm), which yields a higher 

CE. 

 The areal/volumetric power density of 0.83 W m-2 and 3320 W m-3, 

respectively, are comparable or higher than those of other types of renewable 

energy conversion techniques, such as thermoelectric136, piezoelectric137, and 

indoor photovoltaics138, suggesting that the miniaturized MFC may be an 

attractive candidate for renewable energy conversion approaches. Approximately 

50-80 µW can be generated from the miniaturized MFCs at a voltage of 0.4-0.5 

V, which may fit well to sub-100 μW applications such as ultra-low power MCUs 

(microcontroller units), data storage, passive RFID tags, transmitters for wireless 

sensor network, implantable medical devices, etc138, 139, 140, 141. Furthermore, the 

miniaturized MFCs can be integrated into low-power electronics for autonomous 

operation in rural and environmentally unfriendly places where stand-alone 

maintenance and free operation are demanded32, 133. 
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CHAPTER 5 

IMPROVING THE CURRENT AND POWER DENSITIES OF 

MINIATURIZED MICROBIAL FUEL CELLS WITH THREE-DIMENSIONAL 

GRAPHENE SCAFFOLD ANODE142 

 

5.1.  Introduction  

 There is a surplus of harvestable, green, renewable energy stored in 

biomass which has the potential to offset concerns of global warming and energy 

depletion. Biomass in wastewater contains approximately 1.5×1011 kWh of 

potential energy, equivalent to 1.7×1010 W. Agricultural practices could produce 

1.34×1012 Kg of biomass, equivalent to a power of 6×1011 W, which is equivalent 

to 120% of the United States’ annual electricity generation85, 143, 144, 145. Many 

pursuits are being made to capture this major source of green renewable energy.  

 A MFC is an electrochemical fuel cell that directly converts the chemical 

energy of organic compounds from biomass to electrical energy. This is 

accomplished via catalytic reactions of microbes - named exoelectrogens or anode 

respiring bacteria86. MFCs are particularly attractive when compared to traditional 

biomass utility technologies such as incineration and gasification, primarily due to 

the direct electricity conversion which enables high efficiency. Many different 

microbe communities have been discovered to reduce various organic substances 

such as wastewater, marine sediment, nuclear waste, and even inorganic waste91. 

The catalytic living microbes in MFCs regenerate themselves, which allows for 
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higher efficiency when compared to enzymatic fuel cells which require the 

continuous supply of an external catalyst91.  

The catalytic activity of the anode is often one of severe bottlenecks of 

current/power generation, and therefore has critical influence on the viability of 

MFCs with an efficient electron acceptor. Consequently, the anode performance 

limits the power density. To date, the highest power reported for an MFC is 3320 

W/m3, which is at least several folds to two orders of magnitudes lower than 

conventional power sources/converters such as lithium ion batteries and hydrogen 

fuel cells146. In order to enhance the catalytic activity of the anode and improve 

the performance of MFCs, studies on reducing the electrode resistance, improving 

the mass transfer of organic compounds and H+ carrying buffers, implementing 

materials with properties of high surface area to volume ratios and high electrical 

conductivities, and improving the configuration of MFCs, have been actively 

sought56. 

 Miniaturized power sources/converters have become an active area of 

research, focusing specifically on devices such as piezoelectric nanogenerators147, 

ultra-fast charge-discharge batteries148, and ultrahigh-power micrometer-sized 

supercapacitors149. These devices all benefit from a small footprint, a high surface 

area to volume ratio, and short a charging time. Miniaturized MFCs have been 

reported42, 43, 56, 108, 150, 151 which demonstrate an areal power density comparable 

to that of their macro/meso-scale counterparts and with substantial improvements 

to volumetric power density151. 
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 While many different materials have been adopted as anodes, carbon 

based materials such as carbon cloth, carbon mesh, carbon paper, graphite fiber 

brush, graphite foam, graphite granules, and graphite plates and sheets have been 

adopted due to their ease of access, decent conductivity, and stability32, 81, 91, 92, 93, 

94. More recently, nanostructured carbon based materials have become widely 

used for the anode due to their further magnified low cost, good electrical 

conductivity, high surface area to volume ratio, and mechanical and thermal 

stability. These carbon based nanostructured anodes were implemented to be 

planar or 3D configurations. Planar electrodes incorporate carbon-based 

nanostructured materials, such as CNT and graphene on top of a planar surface 

where the exoelectrogens form a biofilm101, 150. Such constructs have shown areal 

/ volumetric power densities of 0.83 W/m2 and 3320 W/m3 based on the projected 

anode area and anode chamber volume. 3D electrodes are attractive to allow for 

the growth of a thick exoelectrogen biofilm; this is especially true when 3D 

electrodes are porous and have dimensions of tens of micrometers to a few fold 

larger. According to prior studies on the electron transfer of biofilms, the 

exoelectrogens located tens of micrometers away from the anode have difficulty 

transferring electrons to the anode due to EET limitation132, 152, 153, 154. A variety of 

3D nanostructured carbon based electrodes have been adopted in MFCs, such as 

CNT textile based anodes155, graphene sponge156, chitosan/vacuum-stripped 

graphene scaffold104, reduced graphene oxide/CNT coated scaffold107, polyaniline 

hybridized graphene103,  graphene modified carbon fiber99, electronspun 

nanofiber157, reduced graphene oxide on carbon fiber99, CNT/polyaniline or 
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CNT/chitosan composite50, 100, multi-walled CNT42, 52, 3D graphene on Ni 

foam105, 106, to capitalize on this increased biofilm formation. Such constructs 

feature a high effective surface area and conductivity and deliver maximum areal / 

volumetric power densities of 1.57 W/m2 and 394 W/m3 respectively.  

 In this chapter, we have analyzed the effects of 3D carbon nanostructured 

anodes on the current and power densities of MFCs. We present miniaturized 

MFCs having 2D and 3D graphene anodes including a 2D mercapto reduced 

graphene oxide (mRGO) anode on a current collector (CC, which is a gold or 

platinum thin film with low sheet resistance), a 2D laser scribed graphene (LSG) 

anode on CC, a 3D graphene scaffold on CC, and a 2D bare CC as a control. This 

comparative study illuminates many ways for future improvements to power 

density for MFCs using 3D anodes. 

 

5.2.  Materials and Methods 

Innoculum.  The inoculum for the miniaturized MFC was obtained from an 

acetate-fed MEC that had been continuously operated for more than 6 months and 

had a Geobacter-enriched bacterial community originally from anaerobic-

digestion sludge. The anolyte was comprised of a 25 mM sodium acetate medium 

with 1,680mg KH2PO4, 12,400mg Na2HPO4, 1,600mg NaCl, 380mg NH4Cl, 5mg 

EDTA, 30mg MgSO4·7H2O, 5mg MnSO4·H2O, 10mg NaCl, 1mg Co(NO3)2, 1mg 

CaCl2, 0.001mg ZnSO4·7H2O, 0.001mg ZnSO4·7H2O, 0.1mg CuSO4·5H2O, 

0.1mg AlK(SO4)2, 0.1mg H3BO3, 0.1mg Na2MoO4·2H2O, 0.1mg Na2SeO3, 0.1mg 

Na2WO4·2H2O, 0.2mg NiCl2·6H2O, and 1mg FeSO4·7H2O (per liter of deionized 
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water). The inoculum and anolyte were mixed at a volumetric ratio of 1:1 for the 

start-up process. The catholyte was composed of 50-mM potassium ferricyanide 

in a 100-mM phosphate buffer solution. The anolyte and catholyte were fed into 

the miniaturized MFC using a syringe pump (Harvard Instrument Inc.). Prior to 

the introduction of the anolyte and catholyte to the MFCs, both anolyte and 

catholyte were purged with nitrogen for 30 minutes. The MFCs operated at 40 ± 

3°C. 

Data acquisition.  The current generated by the MFCs was recorded every minute 

by measuring the voltage drop across an external resistor connected between the 

anode and the cathode using a data acquisition system (DAQ/68, National 

Instrument) using Labview Interface. During start-up, the MFCs were operated at 

0.25 µL/minute and the external resistor was set to 148 Ω. Once the start-up 

process completed, the flow rate was increased until the maximum current and 

power densities were obtained and polarization measurement was performed. For 

the polarization curve measurement, a series of resistors were employed, ranging 

from 148 Ω to 1 MΩ and open circuit. 

Calculation and Analysis.  The current through the resistor was calculated via 

Ohm’s law (I = V/R), where V is the voltage measured across resistor. MFC 

output power was calculated via Joule’s law (P = I2R). Areal and volumetric 

current/power density were calculated by Iareal = I/A, Pareal = P/A and Ivolumetric = 

P/V, Pvolumetric = P/V, where A and V were the projected anode area and anode 

volume. Polarization curves were plotted according to the voltage output and 
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current and power densities. Internal resistance (Ri) is obtained by linearly fitting 

the ohmic region of the polarization curve. Areal resistivity is obtained by ri=Ri∙A. 

SEM Imaging.  The MFCs were disassembled and rinsed by phosphate buffer 

saline (PBS). Adherent exoelectrogen on the anodes were fixed in a 2% 

glutaraldehyde solution for 24 hours at 4 °C (Glutaraldehyde solution, Grade I, 

25% in H2O, Sigma Aldrich). Samples were then dehydrated by serial 10 minute 

transfers through 50, 70, 90, and 100% ethanol. A layer of gold with a thickness 

of ~10 nm was deposited onto the sample to increase conductivity. Biofilm on 

anodes was then examined using a Field Emission Scanning Electron Microscopy 

(FESEM) (Hitachi S-4700-II). The anodes before biofilm growth were imaged 

using an environmental SEM (XL30 ESEM-FEG). 

Fabrication of the 2D single layer graphene.  A 2D single layer graphene was 

manufactured by chemical vapor deposition (CVD) on copper foil (25 μm, Alfa 

Inc.) at 1000 C.  CH4 and H2 are utilized for CVD. After CVD, the 2D single 

layer graphene on copper foil was first spin-coat on polymethyl methacrylate 

(PMMA). Afterwards, the copper was removed by copper etchant, and it was later 

cleaned by de-ion water by two times, 30 hour each time and afterwards it was 

dried for one day.  
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Figure 5.1. Schematic of the miniaturized MFC and characterization of 

different anode materials implemented in the miniaturized MFC. (a) 

Schematic of the miniaturized MFC having 3D graphene macroporous scaffold 

anode. The high specific area and macroporosity of the 3D anode allows the 

growth of larger quantity of biofilm; (b) SEM image of the 3D graphene 

macroporous scaffold; the 3D free-standing graphene scaffold was fabricated by 

chemical vapor deposition (CVD) on a nickel template, which was subsequently 

etched to form a free-standing 3D macroporous graphene scaffold; (c) typical 

Raman spectra of 3D scaffold; (d) SEM image of the single layer graphene (scale 

bar: 50µm; (e) is the zoomed-in view of (d)). 

 

Fabrication of 3D graphene macroporous scaffold.  3D graphene macroporous 

scaffold was prepared by following fabrication procedures which has been 

described previously158. Briefly, nickel were used as 3D scaffold templates. 

Graphene was grown by CVD at 1000 C. Afterwards, a thin PMMA layer was 

used as a support to reinforce the graphene scaffold structure for subsequent 

Nickel foam removal. The Ni foams covered with graphene were drop-coated 

with a PMMA solution, and then baked at 180 C for 30 min. Then the samples 

were put into HCl (3 M) solution at 80C for 3 h to completely dissolve the 

nickel. Finally free-standing graphene scaffold was obtained by dissolving the 
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PMMA with hot acetone at 55C. The Raman spectrum of the 3D graphene 

scaffold is shown in Fig. 1(c), there are two sharp peaks, 2D-band peak at ~2697 

cm-1 and G-band peak at ~1581 cm-1. The 2D to G ratio is 0.18, indicating that it 

is few-layer graphene. 

 

5.3  Results and Discussions 

Miniaturized MFCs with 2D and 3D graphene based anodes.  Fig. 5.1(a) shows a 

schematic of a miniaturized MFC having 1 cm2 graphene-based anode variants, 

including 2D single layer graphene and a 3D graphene scaffold. The SEM images 

of corresponding anodes are illustrated in Fig. 5.1(b, d). 3D graphene scaffolds 

are spaced by approximately 100-200 m. This spacing provides efficient mass 

transfer to facilitate EET. Fig. 5.1(c) shows the typical Raman spectra of 3D 

graphene scaffold. There are two sharp peaks, a 2D-band peak at ~2697 cm-1 and 

a G-band peak at ~1581 cm-1. The 2D to G ratio is 0.18, indicating that it is few-

layer graphene, which is in agreement with previous reported Raman of 3D 

graphene scaffold158.  
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Figure 5.2. Morphology of biofilm on anodes imaged by SEM and optical 

profilometer. (a, b) 3D graphene macroporous scaffold; (c, d) 2D single layer 

graphene; (e, f) control - bare gold current collector; the biofilm formation on the 

3D scaffolds showed a thick and dense biofilm, ~ 150-200 m thick and 1.6×1011 

Geobacter sulfurreducens / cm2, on the 3D scaffolds (a, b), matching well with the 

highest current and power density results found in this study. The biofilm 

thickness is a total of 5-6 stacks of graphene scaffolds. The biofilm on the 2D 

single layer graphene (c, d) had a ~ 20-40 m thick biofilm, which delivered the 

highest current and power density recorded among planar 2D anodes. The biofilm 

on the control was approximately 2-3 m (e, f), only several layers of 

exoelectrogen were present.  
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Biofilm Formation on 2D and 3D Graphene Anodes.  The MFCs with variant 

anodes were all successfully started up in 7-14 days.  Biofilms on 2D and 3D 

graphene anodes were visualized to characterize the morphology of their 

respective biofilms. The SEM and optical profilometer images after biofilm 

growth, as shown in Fig. 5.2(a, b), demonstrate thick and dense biofilm formation. 

This thickness of 150-200 m and density of 1.6×1011 Geobacter sulfurreducens / 

cm2, formed on the 3D graphene scaffold generated the highest current and power 

density reported. The biofilm thickness is comprised of 5-6 stacks of graphene 

scaffolds. The single layer graphene (Fig. 5.2(c, d)) yielded a thick biofilm of ~ 

20-40 m - equivalent to a density of 2.8×1010 Geobacter sulfurreducens / cm2 - 

which is consistent with the highest current and power density recorded among 

planar 2D anodes. The biofilm on the control was thin, at ~ 2-3 m, 2.3×109 

Geobacter sulfurreducens / cm2 (Fig. 5.2(e, f)), only a few layers of exoelectrogen 

were present yielding correspondingly low current and power densities.   
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Figure 5.3. Polarization curves of the MFCs with different anodes: control, 

2D single layer graphene, and 3D graphene macroporous scaffold. all data are 

collected at 18µL/min, unless specified. The 3D scaffold demonstrated 

substantially higher current and power density of 15.51 ± 0.30 Am-2 and 5.61 ± 

0.35 Wm-2 at a flow rate of 32 µL/min. 
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Current and Power Density of Miniaturized MFCs.  Fig. 5.3 shows the 

polarization curves of miniaturized MFCs with variant electrodes. The control 

showed a low sheet resistance of 3.65 Ω/square, and delivered a maximum current 

density of 2.20 Am-2 / 8800 Am-3 with a power density of 0.84 Wm-2 / 3360 Wm-

3. The 2D single layer graphene was fabricated by chemical vapor deposition 

(CVD) and showed sheet resistance of 4.13 Ω/square, current density of 6.06 Am-

2 / 24240 Am-3 and power density of 2.46 Wm-2/ 8840 Wm-3, a 1.75 and 1.96 fold 

improvement respectively over those of the control. The high performance of the 

2D single layer graphene is believed to be due to excellent conductivity, 

biocompatibility, and electrochemical characteristics of the 2D graphene159 which 

results in a thicker and denser biofilm formation as illustrated by the SEM and 

optical profilometry results. 

The 3D graphene scaffold was fabricated by CVD on a nickel foam template, 

which was subsequently etched to form a free-standing 3D macroporous graphene 

scaffold. The fabrication process of the graphene based electrodes are detailed in 

appendix C. This fabrication strategy is a low-cost approach to construct 3D 

graphene with a high surface area to volume ratio158. The 3D graphene 

macroporous scaffold was spaced by approximately 100-200 m and showed very 

low sheet resistance at 0.335 Ω/square. The 3D graphene macroporous scaffold 

addresses two of the stubborn bottlenecks comprised of the reduction of electron 

transfer efficiency of microbes located far from the anode, and insufficient buffer 

supply to the bacterial biofilm which have impeded MFCs in their ability to 

achieve high power density. The 3D scaffold provides high specific surface area, 
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high porosity, excellent conductivity, and biocompatibility. All of these features 

offer a spacious and optimized environment for the exoelectrogen to form a thick 

and dense biofilm. Specifically, the excellent conductivity mitigates the 

ineffective electron transfer of microbes far from the anode, and the high porosity 

mitigates the insufficient buffer supply to the bacterial biofilm. This biofilm 

demonstrated substantial current and power density improvements over its 2D 

counterparts. Maximum current and power densities of 10.23 Am-2 / 20460 Am-3 

and 3.86 Wm-2 / 7720 Wm-3 were obtained at a flow rate of 18 µL/minute. As the 

flow rate increased to 32 µL/minute, the miniaturized MFC delivered maximum 

current and power densities of 15.51 Am-2 / 31020 Am-3 and 5.61 Wm-2 / 11220  

Wm-3, which corresponds to a more than 3.3 fold improvement when compared to 

the control. The volumetric power density of 11220 Wm-3 reported here is the 

highest power density reported and is over 28.5 times that of 3D nanostructured 

carbon-based electrodes108.  

 

Internal Resistance and Current/Power Density of Miniaturized MFCs Having 

Planar 2D and 3D Anodes.  The internal resistance of MFCs significantly impacts 

current and power generation. According to chapter 2, the maximum areal current 

and power densities of an MFC are calculated as56: 

                                                     (5.1) 
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where imax, areal, pmax, areal, Imax, Pmax, Eocv, Ri, and A are the maximum areal current 

density, maximum areal power density, maximum current, maximum power, open 

circuit voltage, internal resistance, and electrode projected area, respectively. At a 

given configuration, both EOCV and A are constants, so as the internal resistance 

decreases, the maximum areal and volumetric current/power densities increase. 

Internal resistances of the MFC with differing anodes were calculated by linearly 

fitting the ohmic region of the polarization curves in Fig. 5.3(a). Areal resistivity 

is internal resistance normalized to the anode area of 1 cm2. The lowest internal 

resistance/areal resistivity of 219 Ω / 219 Ω∙cm2 is obtained by the 3D graphene 

scaffold. The single layer graphene and the control show relatively high internal 

resistance/areal resistivities, which are 2.2 and 7.4 times that of the 3D graphene 

scaffold, respectively. The areal resistivity of the 3D graphene anode is at least 4 

fold lower than in previously reported carbon-based anode MFCs150. 

According to chapter 2, the internal resistance of the MFC can be subdivided by 

the following expression: 

                                                 (5.2) 

where Ri is the total internal resistance and Ra, Rc, Rm, Re are the ohmic resistance 

of the anode, cathode, ion exchange membrane, and anolyte/catholyte, 

respectively. Ra is comprised of the ohmic resistance of the anode which includes 

the equivalent ohmic resistance of electron generation/transport from the 

exoelectrogen to the anode. Ra is a function of the electrical conductivity of the 

anode, the population of exoelectrogen, the mechanism of electron transfer from 

exoelectrogen to anode, the acidification inside the biofilm, as well as many other 

i a c m eR R R R R   
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factors43, 150. Rc involves the ohmic resistance of the cathode, including the 

equivalent charge transfer resistance of reducing ions at the cathode. Rm is 

determined by the equivalent ohmic resistance of the proton exchange membrane. 

Re is a function of the distance between the anode and cathode as well as the 

specific conductivity of the electrolyte. Prior studies report that Re, Rm, and Rc are 

all low, in the order of 10 Ω or sub 10 Ω range150. Therefore Ra, the anode 

resistance, dominates the internal resistance. The anode resistance is believed to 

arise from the limited catalytic capability of the biofilm on the anode.  

 Catalytic reactions at the anode limit the power density of MFCs 

regardless of the planar 2D or 3D electrode configuration. The 2D graphene 

marks a lower internal resistance and higher current/power generation capability, 

suggesting that graphene has better electrochemical characteristics and 

biocompatibility when compared to the control. The 3D scaffold anode shows 

significantly lower internal resistance and higher current/power density over 2D 

counterparts. This agrees with prior studies on the rate-limiting step of the EET of 

exoelectrogens132, 153, 160. As the biofilm grows, the catalytic reactions of the 

biofilm become ineffective for current generation due to two contributing factors: 

(1) limited EET of exoelectrogens far from the anode and (2) an acidification 

effect derived from exoelectrogen proximity to the anode resulting in insufficient 

H+ carrying buffer63, 64, 132. 3D porous electrodes solve these two challenges by 

including conductive grids. They are spaced by approximately 100-200 m to 

minimize the ineffective EET of microbes located far from anode and potentially 

alleviate acidification inside the biofilm, which is supported by a uni-directional 
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mass transfer model and experimental results.  The two effects of facilitating EET 

and alleviating acidification yield substantially higher current / power densities 

when compared to planar 2D electrodes. 

Besides the two effects, minimizing oxygen intrusion is also critical for obtaining 

a high power density of the Geobacter-enriched MFC. Unlike another commonly-

adopted microbe, Shewanella oneidensis MR-1, Geobacter sulfurreducens 

demands oxygen-free environment to effectively harvest electrons. In macro-

/meso-scale settings creating oxygen-free environment may not be a big 

challenge, however it is often very difficult to achieve oxygen-free environment 

in micro-scale devices. Many prior miniaturized MFCs used PDMS as the 

building material, which has a rather high oxygen permeability (52,531 cm3 

mm/m2/day/atm)13. In a previous work by our group, Choi et al. 2011, we added 

L-cysteine into the anolyte to observe the impact of oxygen on the current/power 

density of Geobacter sulfurreducens based MFC21. The result suggested removing 

oxygen in the anode chamber becomes very effective to enhance current / power 

density. Since then, we replaced PDMS with glass, which has little oxygen 

permeability to minimize the oxygen intrusion for the formation of an optimized 

biofilm. The 3D graphene macroporous scaffold anode MFC was characterized 

for its CE to verify the mitigation in oxygen intrusion. The MFC marked a high 

CE of 83%, which suggests the successful mitigation of oxygen intrusion, when 

compared to 31% CE in previous work21. 

 Table 5.2 lists a comparison of performance specifications of this work 

with prior art. Both the volumetric current and power densities are the highest 
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among all MFCs, regardless of scale 25, 39, 42, 43, 108, 133. The areal/volumetric 

current and power densities are 5.99/2.99 and 6.76/3.83 fold higher than 

previously reported miniaturized MFCs, respectively. These high current and 

power densities are attributed to the excellent biocompatibility characteristics of 

graphene and the high specific surface area of the 3D graphene scaffold structure. 

Potential of Geobacter Sulfurreducens MFCs.  Jiang et al.  predicted a maximum 

current density of 106 Am-3 for Geobacter sulfurreducens161. This extrapolated 

prediction was calculated from the measured current of a single Geobacter 

sulfurreducens cell. Our record of 3.1×104 Am-3 is only 3.1% of the predicted 

maximum current density, leaving plenty of room for improvement. A number of 

different approaches to further improve the current density exist and include 

implementing sophisticated nanomaterial-based electrodes and genetically 

engineering exoelectrogens162, 163. 
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Figure 5.4. A comparison of the power density of the MFC with 3D graphene 

scaffold anode with different power sources and converters. Both renewable 

and non-renewable power sources are compared, including thermoelectricity 

(TE), piezoelectricity (PE), indoor photovoltaics (indoor PVindoor), outdoor 

photovoltaics (outdoor PV), lead-acid battery, nickel-cadmium (Ni-Cd) battery, 

lithium manganese dioxide battery (Sony CR1620) and lithium ion battery. The 

power density of the MFC with 3D graphene scaffold anode is one to three orders 

of magnitudes higher than TE, PE, PV(indoor) and lithium manganese dioxide 

battery (Sony CR1620), and comparable with PV(outdoor), lead-acid battery, Ni-

Cd battery and lithium ion battery. 

 

When compared to other types of both renewable and non-renewable power 

sources/converters, as illustrated in Fig. 5.4, the volumetric power density of the 

MFC with a 3D graphene scaffold is one to three orders of magnitudes higher 

than  thermoelectricity (TE), piezoelectricity (PE), indoor photovoltaics, and 

commercially available lithium manganese dioxide batteries (Sony CR1620137, 

146), and is comparable to commercially available outdoor photovoltaics (outdoor 

PV), lead-acid batteries, nickel-cadmium batteries, and lithium ion batteries146. 

The miniaturized MFC may find potential applications to supply power for low 

power electronics including sub-1mW low power microcontroller units, neural 

signal acquisition systems, wireless sensor networks, and implantable medical 

devices. Miniaturized MFCs also continue to show increasing potential within 

space exploration for power supply and waste treatment138, 139, 140, 141, 164. Several 

studies have reported higher power demands being met by stacking individual 

MFCs, indeed many of the technical challenges associated with stacking have 

been effectively addressed165, 166. The miniaturized MFCs may take a similar 
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approach, being stacked in series and parallel to increase voltage and current 

readouts to enhance output power.  
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CHAPTER 6 

ENHANCED CURRENT AND POWER DENSITY OF MICRO-SCALE 

MICROBIAL FUEL CELLS (MFCS) WITH ULTRAMICROELECTRODE 

(UME) ANODES 

6.1.  Introduction  

Fossil energy is projected to deplete in the next one to two centuries, motivating 

the exploration of renewable energy sources as alternatives. Bioenergy is an 

attractive candidate due to the abundant biomass on the earth, its carbon-

neutrality, and renewability. MFCs, which convert organic mass directly to 

electricity, are electro-chemical fuel cells harvesting electrons from organic 

substances, i.e., acetate, by catalytic reaction of specific bacteria species, named  

anode respiring bacteria (ARB) or electroactive bacteria, via their unique EET. 

The direct electrochemical conversion of MFCs results in high energy conversion 

efficiency. Miniaturized MFCs feature with small footprint, light weight, and 

potentially low cost, suitable for applications such as passive Radio Frequency 

(RF) tags, ultra-low power wireless sensor networks, implantable medical 

devices, and scientific research on ARB 56, 138, 141, 167, 168, 169.  

Despite steady success of miniaturized MFCs over several years, the current and 

power densities of micro-scale MFCs, reported up to date, are magnitudes lower, 

compared with commercially available power sources, such as lithium ion battery 

(~100 W/m2) 170. Many approaches have been attempted to enhance the 

current/power density of micro-scale MFCs since the first report of a micro-scale 

MFC by Chiao et al. in 2002 36. Chiao et al. later used microfluidic channels to 
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increase SAV 171, and Siu and Chiao implemented micropillars to further increase 

SAV 25; Inoue et al. 42 and Mink et al. 108 presented high SAV anodes using 

carbon nanotubes; Jiang et al. implemented conductive nanofiber as 3D anode to 

reduce the start-up time and improve the performance172; Qian et al. 39 and Choi 

et al. 43 shortened the distance between anode and cathode to reduce the internal 

resistance, thereby enhancing the power density. We have presented micro-scale 

MFCs, having a high current and power densities up to 2.5 A/m2 and 0.83 W/m2 

150, 151, 170, respectively, the highest reported in micro-scale MFCs. However they 

are still one order of magnitude lower than that of macro-sized counterparts (30 

A/m2 and 6.8 W/m2) 30. 

Ultramicroelectrode (UME) is defined as an electrode having at least one 

dimension (such as width of band or radius of disk) smaller than 25 μm 173. As the 

dimension of UME approaches the diffusion layer thickness, which describes the 

region at the vicinity of an electrode where concentration of organic substrate and 

buffer is different from that in the bulk, the diffusion of the substrate and buffer 

greatly enhances. UMEs have been used in many applications, including chemical 

sensing, material synthesis, and energy conversion, etc., where the performance 

significantly improves as the diffusion rate substantially enhances 174, 175. 

Recently, Liu et al. 2010 implemented gold line UMEs, with a width of 10 m, in 

ARB biofilm, and achieved a high current density of 16 A/m2 176. Similarly, 

Pocaznoi et al. used a fine, 25 m in diameter of platinum wire as UME in ARB 

biofilm, enhanced the diffusion of acetate, and thereby remarkably improved the 

current density, up to 66 A/m2 47. 
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The UME effect can be effectively adopted in a micro-scale MFC through 

microfabrication technique as geometries of MFC can be precisely controlled in 

accordance with the scale of diffusion layer thickness. This work aims to adopt 

the UME effect in a micro-scale MFC using micro-fabrication techniques to 

substantially improve the current/power density of micro-scale MFCs. In the next 

section, materials and methods are presented, including design, fabrication and 

operation of the UME anodes and micro-scale MFCs, as well as data analysis. 

Subsequently, experimental results are demonstrated, including the polarization 

curves, areal resistivity, biofilm/efficiency characterization. Following a 

discussion of the micro-scale MFCs along with other types of energy converters, a 

conclusion is drawn. 

 

6.2.  Materials and Methods 
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Figure 6.1.  Schematic and optical image of the UME anodes.  (a, b) Schematic 

of ultramicroelectrode (UME): top and cross-section views; the gap between the 

concentric rings is designed to improve diffusion rates of substrate and buffer; (c) 

Photo of the UME and plain gold disk anode; (d, e) Microscopic images of two 

UMEs; both have a concentric ring width of 20 μm, (d) one has a gap of 100 μm 

and (e) the other has a gap of 220 μm. 

 

Micro-scale MFC Fabrication and assembly.  Figure 6.1 shows a concentric ring-

shape UME. The UME serves as the anode of a micro-scale MFC. The UME on a 

glass slide has a ring width of 20 μm. In order to explore the UME effect, we 

adopted two UMEs, having the ring width of 20 m, in which the gaps between 

ring electrodes are 100 μm (Figure 6.1(d)) and 220 μm (Figure 6.1(e)), 

respectively, and a plain disk of having 5040 m in radius is implemented as a 

control. 

 Diffusion layer thickness () can be described by: 

d i i ,areal

D nFDcA nFDc

k l l
   

                                        (6.1)                                                           

where D is the diffusion coefficient (0.88×10−9 m2/s for acetate), kd is the 

heterogeneous diffusion rate constant, F is the Faraday constant (96500 Cmol−1), 

c is the concentration of substrate (acetate in this work), A is the geometric area of 

the electrode, n is the number of electrons in redox reaction, li is the limiting 

current, and li,areal is the areal limiting current density. When n is 8 and c is 25 

mol/m3, areal limiting current density is computed at 165 A/m2, projected based 

upon the prior art of using UME anodes, 66 A/m2 at acetate concentration of 10 

mM. Assuming the limiting current density is linearly proportional to the 

substrate concentration173, we chose 165 A/m2 of 25 mM acetate concentration, 
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which gives  of ~100 m. The two UME gaps are chosen to be equal or larger 

than the diffusion layer thickness, to facilitate the mass transfer by the UME 

effect. The two UMEs and a disk-shaped plain gold disk anode are taken to 

explore the UME effect. 

 The fabrication of micro-scale MFC having UMEs starts with inlet/outlet 

formation. First, six through holes were drilled on a glass slide (46 mm × 26 mm 

× 1 mm, VWR), one as inlet, one as outlet and the rest four as screw holes. Then 

the glass slides were cleaned by piranha solution. Subsequently a layer of 

photoresist (AZ 4330, 4 μm thick) was patterned on the glass slide, and a layer of 

Cr/Au (20/400 nm) was deposited using a magnetron sputter (0.7 Pa, 150 mA for 

Cr and 45 mA for Au). The UME made of Cr/Au was patterned by lifting Cr/Au 

off in acetone. The optical microscopy images of the UMEs with a gap of 100 and 

220 μm are shown in Figure 6.1 (d) and (e), respectively. A gold disk anode, 

control, was fabricated by the same process. Areas of the UME 100μm, 220 μm, 

and plain gold disk are 18.6 mm2, 12.0 mm2 and 82.6 mm2, respectively. Three 

micro-scale MFCs are started for each type of anode. 

 The fabrication of cathodes also started with inlet/outlet formation. First, 

six through holes were drilled on a glass slide (46 mm × 26 mm × 1 mm, VWR), 

one as inlet, one as outlet and the rest four as screw holes. Then the glass slides 

were cleaned by piranha solution (concentrated H2SO4 and 30% H2O2, 3:1 volume 

ratio). Afterwards, a layer of Cr/Au (20/200 nm) was deposited using a magnetron 

sputter (0.7 Pa, 150 mA for Cr and 45 mA for Au). 
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 Anodes, cathodes, proton exchange membrane (PEM, Nafion 117), 

silicone gaskets (250 μm thick, Fuel Store Inc.), nanoports (10-32 Coned 

assembly, IDEX), bolts and nuts were assembled to build the micro-scale MFCs, 

as shown in Figure 6.2. First, nanoports were glued to the inlet and outlet of anode 

and cathode glass slides by instant epoxy glue. Second, two rectangular silicone 

gaskets with dimensions of 46 mm × 26 mm × 0.25 mm were patterned with a 

hole of 1.414 cm in diameter at the center, in order to define the anode and 

cathode chamber volume of 39.25 μL. Third, a rectangular PEM with a dimension 

of 46 mm × 26 mm was cut. Finally, anode, cathode, conductive copper tape as 

interconnect, PEM and silicone gaskets were assembled, as illustrated in Figure 

6.2 (a). Figure 6.2(b) shows the fabricated micro-scale MFC. 

 

Figure 6.2.  Schematic and optical image of the MFC with UME anode. (a) A 

schematic of a micro-scale MFC having UME anode and (b) Optical image of a 

fabricated micro-scale MFC. 

 

Inoculum and Electrolyte.  The inoculum for the micro-scale MFC was obtained 

from an acetate-fed microbial electrolysis cell (MEC) that had Geobacter-
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enriched bacterial community originally from anaerobic-digestion sludge 177. The 

anolyte is 25-mM sodium acetate in 100-mM Phosphate Buffer Solution (PBS) 

with 1,600 mg NaCl, 380 mg NH4Cl, 5 mg EDTA, 30 mg MgSO4·7H2O, 5 mg 

MnSO4·H2O, 10 mg NaCl, 1 mg Co(NO3)2, 1 mg CaCl2, 0.001 mg ZnSO4·7H2O, 

0.001 mg ZnSO4·7H2O, 0.1 mg CuSO4·5H2O, 0.1 mg AlK(SO4)2, 0.1 mg H3BO3, 

0.1 mg Na2MoO4·2H2O, 0.1 mg Na2SeO3, 0.1 mg Na2WO4·2H2O, 0.2 mg 

NiCl2·6H2O, and 1 mg FeSO4·7H2O (per liter of deionized water) (pH 7.8 ± 0.2). 

For start-up process, inoculum and anolyte are mixed with 1:1 volume ratio as 

anolyte. The catholyte is 50-mM potassium ferricyanide in 100-mM PBS (pH 

7.4). Anolyte and catholyte were supplied to the MFC through a syringe pump 

(PHD 2000, Harvard Apparatus). 

 

Operation Conditions.  The voltage profiles of the MFCs were recorded by a data 

acquisition system (DAQ/68, National Instrument). Voltage drop across an 

external load resistor connected between the anode and cathode was recorded 

every minute using a Labview Interface (National Instrument). The MFCs run on 

continuous mode unless specifically mentioned. During the start-up process, the 

MFCs were operated at a flow rate of 0.5 µL/min and at an external load resistor 

of 148 Ω. Once the start-up process completed, flow rates were increased to 2 

µL/min, 4 µL/min, 6 µL/min, and 8 µL/min. Upon changing the flow rate, the 

MFCs were left to reach quasi-steady state, usually in approximately 12 hours. 

Then polarization curves were obtained by recording voltage across a series of 

resistors connected between the anode and cathode, ranging from 148 Ω to 1 MΩ. 
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For each resistor, a period of 10-15 minutes are waited until the voltage is stable. 

Coulombic efficiency (CE) and energy conversion efficiency measurements were 

performed by stopping the anolyte supply while maintaining the catholyte supply. 

By limiting the anolyte supply we were able to measure the current over time until 

the current became less than 10 µA. Integrating the current over time allows to 

calculate total coulombs produced by Geobacter at a given anode chamber 

volume, indicating how effectively a MFC can harvest electrons.  

Data Analysis.  The current through external load resistor was calculated via 

Ohm’s law: I = V/R, where V is the voltage across the resistor, measured by the 

data acquisition system. MFC output power was calculated via Joule’s law: P = 

I2∙R. The current and power densities reported in this paper were all normalized 

on unit of anode surface area and anode volume, and the corresponding areal and 

volumetric current/power density were calculated by Iareal = I/A, Pareal = P/A and 

Ivolumetric = I/V, Pvolumetric = P/V, where A and V are the anode surface area and 

anode chamber volume, respectively. Polarization curves were obtained by 

measuring the voltage across a series of external loads, plotting current densities 

versus voltage and power densities. The highest areal and volumetric 

current/power densities were determined by locating the maximum current/power 

density in the polarization curves. Internal resistance of MFCs were obtained by 

linearly fitting the linear region of the polarization curve, and areal resistivity was 

calculated by normalizing the internal resistance of each MFC to the anode area. 

CE is the ratio of total coulombs harvested by MFCs from breaking down organic 

substrates (in our case, acetate) to the maximum possible coulombs if all organic 
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substrates are consumed to produce current: CE = CP/CT×100%, where CP is the 

total coulombs calculated by integrating the current over the time and CT is the 

maximum available coulombs of the substrates, CT = V × b × A × e × c. V is the 

volume of anode chamber (m3), b is the number of moles of electrons produced 

by oxidation of 1 mole of substrate (b = 8 mol e-/mol acetate), A is Avogadro’s 

number (6.023 × 1023 molecules/mol), e is electron charge (1.6 × 10-19 

C/electron), and c is concentration of biomass in the anode chamber (c = 25 

mol/m3, sodium acetate). 

 Energy conversion efficiency is the ratio of the total energy harvested by a 

MFC to the maximum possible energy that the biomass can produce (standard 

molar enthalpy (heat) of biomass): η = EP/ET×100%, where EP is the energy 

harvested by MFC, calculated by integrating output power over the time and ET is 

the maximum possible energy of the biomass ET = V × c ×ΔfH°. V is the volume 

of anode chamber (m3), c is the concentration of biomass in the anode chamber (c 

= 25 mol/m3, sodium acetate), ΔfH° is the standard molar enthalpy (heat) of 

formation (872.711 KJ/mol for acetate)178.  

SEM Imaging of Biofilm.  The MFCs were disassembled, rinsed in PBS, and 

biofilm on the UME anodes were fixed in 2 % glutaraldehyde solution overnight 

at 4 °C (Glutaraldehyde solution, Grade I, 25 % in H2O, Sigma Aldrich). Samples 

were then dehydrated by serial, 10 minutes transfers through 50%, 70%, 90%, and 

100% ethanol. Samples were examined using a Field Emission Scanning Electron 

Microscopy (FESEM) (Hitachi S-4700-II). Voltage of the electron gun was set to 

be 15 kV. 
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6.3.  Results 

Polarization curves.  All MFCs completed their start-up process in 3.5 days. 

Then, flow rates were increased and polarization curves were obtained, as 

illustrated in Figure 6.3. As flow rate increases, the current and power densities 

increases for all three types of anodes, which is due to improved mass transfer of 

acetate and H+ carrying buffer into the biofilm, and it is in accordance with 

previous studies151. At a higher flow rate (i.e., 8 µL/minute), the current and 

power density decreases, we believe it might be due to the detachment of biofilm 

at a high flow rate. The plain gold disk MFC for the control group demonstrate a 

maximum current and power density of 5.31 A/m2 and 1.98 W/m2. The MFC with 

100 m gap UME anode marked a highest current and power density of 17.7 

A/m2, 7.72 W/m2, which is 3.3-fold and 3.9-fold respectively of the corresponding 

performance of the plain gold disk MFC (Figure 6.3). The MFC with 220 m gap 

UME marked a highest current and power density of 15.03 A/m2 and 6.75 W/m2, 

which is 2.8-fold and 3.4-fold, respectively of the corresponding performance of 

the plain gold disk MFC. The performance enhancement between the two UMEs 

are similar. This enhancement is primarily due to the UME anodes, allowing 

higher the mass transfer of acetate and H+ carrying buffer into the biofilm, which 

is in agreement with previous studies47, 176. As is shown, both UME anodes mark 

higher current densities over the control at any given potential, suggesting that the 

enhanced mass transfer of the substrate is account for the current and power 

improvement. 
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Figure 6.3.  Polarization curves for the MFCs. (a, b) voltage and power density 

versus current density of MFC with 100 μm UME, (c, d) of MFC with 220 μm 

UME, and (e, f) of MFC with plain gold disk anode (control). 
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Figure 6.4. Areal resistivity versus flow rates of the MFCs. As flow rate 

increases, the areal resistivity reduces, and the lowest values are all obtained at 6 

µL/min. When flow rate further increases, the areal resistivity increases, possibly 

due to high flow rate cause the detachment of biofilm. 

 

Areal resistivity.  Internal resistance and areal resistivity were calculated based on 

the polarization curves (Figure 6.4). According to Ren et al. 2012, areal 

resistivity, which is the internal resistance normalized to a unit surface area, is 

effective for comparing different MFCs and thus we compared the areal 

resistivity. As flow rates increased from 2 µL/min. to 6 µL/min., areal resistivity 

for all MFCs decreased, in accordance with the increase of the power and current 

density. At a higher flow rate (i.e., 8 µL/minute), areal resistivity of all three 

MFCs increased; similar to the power density, this is possibly due to the 

detachment of biofilm. The areal resistivity of 165 ·cm2 and 171 ·cm2 were at 

least one order of magnitudes lower than that of prior art of micro-scale MFCs. 
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Biofilm Characterization.  Figure 6.5 shows SEM images of the biofilm on the 

UME and control. Geobacter formed a thick and dense biofilm on the UME 

anodes. The width of metal ring (20 μm) and biofilm (50 μm) were marked. The 

biofilm extended out of the UME laterally by ~15 μm on both sides. Outside of 

the 15 μm from the anode, Geobacter spread sparsely on the glass slides. This 

biofilm profile is similar to the SEM images of Liu et al. 176, and the extension 

limit of 15 μm agrees well. It was believed that when Geobacter are located far 

away from anode, they cannot form a thick and dense biofilm due to the limitation 

in long range EET 132, 176, 179. The sparse Geobacter on the glass slide may rely on 

oxygen or minute EET to the anode, and their electricity generation capability is 

negligible.  
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Figure 6.5. SEM images of the biofilm on UME anodes. (a) biofilm on UME 

100 μm: the metal ring of 20 μm and the biofilm on the ring of 50 μm show the 

biofilm extends outwards ~ 15 μm of the edge of electrode; (b) Zoomed-in view 

of (a); (c) biofilm on UME 220 μm. Similar to (a) biofilm extends outwards ~ 15 

μm of the edge of electrode; (d) Zoom-in view of (c). (e) biofilm on plain gold 

disk anode, biofilm on the plain gold disk anode is not as thick as (a) and (c), only 

a few layers of Geobacter exist; (f) Zoom-in view of (e). 

 

The effective area of biofilm, which denote the area where thick biofilm forms, 

was 2.5 times of the anode area of the concentric ring-shape UMEs whereas that 

of the plain gold disk electrode remained almost constant. This was because the 

area of the disk electrode, 82.6 mm2, was significantly larger than the increased 
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biofilm area. Taking into consideration of the increase of effective area of biofilm, 

the areal power density normalized to the biofilm area were 3.09 W/m2 and 2.70 

W/m2 for 100 μm and 220 μm gap UMEs, resulting in a power density of 56 % 

and 36 % improvement compared with that of the control. This power density 

enhancement was due to the mass transfer improvement induced by the edge 

effect of UME anode. 

Significant power enhancement was expected on MFCs equipped with UME 

anodes over the plain gold disk electrode. However, the power densities of these 

two MFCs with UMEs demonstrated rather moderate improvement, less than 

expected. Two possible reasons accounted for the rather incremental power 

enhancement: (i) although the mass transfer at the vicinity of biofilm on the UME 

was enhanced, yet the mass transfer inside the biofilm was still limited. Effective 

diffusion coefficient of acetate inside biofilm is one fourth of that in aqueous 

solution, due to the presence of microbial cells, extracellular polymers, etc. 180. 

Consequently, mass transfer of acetate and H+ carrying buffer was lower in the 

biofilm than in the anolyte, which resulted in insufficient acetate and acidification 

inside biofilm, limiting the current and power; (ii) the electrons generated by 

Geobacter far from the anode had lower transfer rate into the anode, resulting in 

the limitation of breathing for Geobacter far from anode, impeding the growth of 

biofilm. Liu et al. reported the maximum biofilm extension from the edge of 

electrode is also 15 m and one possibility of the maximum extension is due to 

the limitation on EET for the Geobacter located far from the electrode 176.  
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Figure 6.6. Coulombic efficiency and energy conversion efficiency 

measurement of the MFCs with UME anodes. (a) Current density versus time 

chart for CE measurement and (b) Power density versus time for energy 

conversion efficiency measurement for the micro-scale MFCs with different 

anodes. 

 

Efficiency Characterization.  CE and energy conversion efficiency measurements 

are depicted in Figure 6.6. All three MFCs achieved high CEs: the UME 100 μm, 

220 μm and plain gold disk anodes of MFCs marked 70.2 %, 71.4 %, and 67.4 %, 

respectively. These high CEs indicate that the micro-scale MFCs successfully 

mitigated oxygen intrusion to the anode chamber. The energy conversion 

efficiency for the micro-scale MFCs were 16.2 %, 17.2 % and 15.1 %, 

respectively. Table 6.1 shows typical conversion efficiencies of various electricity 

conversion techniques181. The energy conversion efficiency in our work is 

comparable to some of these electricity conversion techniques.  
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Figure 6.7. A comparison of areal power density and CE of this work with 

those of existing macro/meso (Rabaey et al. 2003 92, Fan et al. 2007 31, Liu et al. 

2008 134, Shimoyama et al. 2008135) and micro-scale MFCs (Siu and Chiao 2008 
25, Qian et al. 2009 39, Choi et al. 2011 43, Ren and Chae 2012 170). 
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Table 6.1. Efficiency of electricity conversion techniques in comparison with this 

work. 

Electricity conversion techniques Efficiency 

Steam turbine fuel-oil power plant 38-44% 

Steam turbine coal-fired power plant 39-47% 

Large gas turbine (MW range) up to 39% 

Wind turbine up to 35% 

Nuclear power plant 33%-36% 

Geothermal power plant up to 15% 

Photovoltaic cells up to 15% 

Protons Exchange Membrane Fuel Cell (PEMFC) 40% 

Biomass gasification combined cycle power plant 40% 

Waste-to-electricity power plant 22-28% 

MFC with UME anode 17% 

 

 

6.4.  Discussions 

Table 6.2 summaries the performance matrix of this work versus that of prior art. 

The areal power density of this work marks the highest among all micro-scale 

MFCs to date, very close to that of macro-scale counterparts. Figure 6.7 shows the 

chart of areal power density and CE of this work versus some representative 



121 

micro-scale (Siu and Chiao 2008 25, Qian et al. 2009 39, Choi et al. 2011 43, Ren 

and Chae 2012 170) and macro/meso-scale MFCs (Rabaey et al. 2003 92, Fan et al. 

2007 31, Liu et al. 2008 134, Shimoyama et al. 2008135). 

Table 6.2. Summary table of this work in comparison with prior art. 

Reporters [4] [9] [11] [39] This work 

Anode volume [L] 100 1.5 4.5 350 39.3 

Anode area [cm2] 4 0.25 2.25 0.01 0.186 

Anode/cathode material Gold Gold Gold Gold UME/gold 

Anolyte Acetate Lactate Acetate Acetate Acetate 

Catholyte Ferricyanide Ferricyanide Ferricyanide Ferricyanide Ferricyanide 

Ion exchange membrane Nafion Nafion Nafion Nafion Nafion 

Inoculum Geobacter 

enriched 

Shewanella  

MR-1 

Geobacter 

enriched 

Geobacter 

enriched 

Geobacter 

enriched 

Internal resistance [kΩ] 1.39 NA 10 NA 0.9 

Areal resistivity 

[kΩ·cm2] 

2 NA 22.5 NA 0.167 

Pareal [W/m2] 0.83 0.0196 0.047 0.12 7.72 

Pvolumetric [W/m3] 3320 392 2333 3.4 3658 

Power output [W] 332 0.49 10.6 0.12 144 

CE [%] 79.4 NA 31 NA 70.2 

Energy conversion 

efficiency [%] 

NA NA NA NA 15-17 

 

A more suitable UME to be investigated is the wire type UME, which benefit 

from the diffusion enhancement from all the directions, while the planar UME in 
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this dissertation can only benefit from the diffusion enhancement from on top of 

the planar electrode. Thus, we believe in the future, if the wire type UME is 

implemented, the performance of the MFC will further improved. 

The micro-scale MFCs in this work may find applications in powering ultra-low 

power electronics, such as low-power wireless sensor network and passive RFID 

tags, especially in long-term environmentally unfriendly conditions, where it is 

difficult to approach for regular maintenance 138, 140, 141, 182. The power density 

presented in this work is comparable, or slightly higher than conventional energy 

conversion techniques (Table 6.3) 136, 137, 138.  

Table 6.3. A comparison of the power density of micro-scale MFCs in this work 

with existing conventional energy conversion approaches. 

Energy source Harvested power density 

Ambient light (indoor) 0.1 W/m2 

Ambient light (outdoor) 100 W/m2 

Vibration/motion 4 W/m3 

Thermoelectric energy 60 W/m3 

RF energy 0.01 W/m2 

MFC with UME anode (bioenergy) 7.72 W/m2
 & 3658 W/m3 
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CHAPTER 7 

REGULATING THE RESPIRATION OF MICROBE: A BIO-INSPIRED HIGH 

PERFORMANCE MICROBIAL SUPERCAPACITOR WITH GRAPHENE 

BASED ELECTRODES AND ITS KINETIC FEATURES179 

 

7.1.  Introduction  

 Supercapacitors, or electro-chemical capacitors, are attractive due to their 

high current and power densities, free of maintenance, and high shelf/cycle 

lifetime 183, 184. Most supercapacitors utilize materials of either high specific area, 

such as activated carbon, carbon nanotubes, and graphene; others utilize pseudo-

capacitive materials, such as metal oxides (RuO2) 
185. Inspired by the recent 

bloom of bio-inspired materials and devices research 186, 187, 188, 189, biological 

pseudo-capacitance, which includes redox cofactors inside biological entities, 

might be promising energy storage materials, due to its abundance, renewability, 

carbon neutrality and environmental friendliness, to replace conventional redox-

based pseudo-capacitance made from non-renewable materials 190. However, 

biological pseudo-capacitance often fails to transfer electrons between biological 

entities and electrodes as the outer membranes of cells prohibit the exchange of 

electrons between redox cofactors inside of cells and the electrodes. One 

exception to this is specific species of bacteria used in microbial electrochemical 

technologies, named exoelectrogens or air respiring bacteria (ARB). Their unique 

capability allows transferring electrons outside their bodies to electrodes to 

complete their respiration, named extracellular electron transfer (EET). 
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Exoelectrogens are implemented in various microbial electrochemical 

technologies (METs), such as microbial fuel cells (MFCs), microbial electrolysis 

cells (MECs), microbial reverse electrodialysis cells (MRCs), etc. 37, 85, 128, 191, 192, 

193. Recently, several reports have demonstrated that exoelectrogens, such as 

Geobacter, Shewanella, and Proteobacteria, store electrons, which could be used 

as capacitors 194, 195, 196, 197, 198, 199, 200, 201, having current density in the range of 1.2 

– 90 A/m2. The high current density observed in these reports demonstrated the 

ability to use biological pseudocapacitance as a potential carbon-neutral and 

renewable method for energy generation and storage. 

 In this chapter, we present a high performance microbial supercapacitor 

with both single layer graphene and 3D graphene scaffold anodes which store and 

release electrons produced by the metabolism of Geobacter spp. The microbial 

supercapacitor significantly enhances the current and power density by more than 

one order of magnitude over those of conventional microbial electrochemical 

technologies. Stability of the microbial supercapacitor is evaluated by high cycle 

stability of more than one million cycles. The charging and discharging 

characteristics of microbial supercapacitor also allows us to study the kinetics of 

electron transfer without significant damage to biofilm. By fitting a kinetics 

model to the discharging current profiles at initial-stage and fully-grown biofilms, 

the microbial supercapacitor offers quantitative measurements of kinetics 

parameters, which are critical for understanding EET of ARB. 

7.2.  Materials and Methods 
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Inoculum.  The inoculum for the microbial supercapacitor was obtained from an 

acetate-fed microbial electrolysis cell (MEC) that had a Geobacter-enriched 

bacterial community originally from anaerobic-digestion sludge. The anolyte was 

composed of a 25-mM sodium acetate medium with 1,680 mg KH2PO4, 12,400 

mg Na2HPO4, 1,600 mg NaCl, 380 mg NH4Cl, 5 mg EDTA, 30 mg 

MgSO4·7H2O, 5 mg MnSO4·H2O, 10 mg NaCl, 1 mg Co(NO3)2, 1 mg CaCl2, 

0.001 mg ZnSO4·7H2O, 0.001 mg ZnSO4·7H2O, 0.1 mg CuSO4·5H2O, 0.1 mg 

AlK(SO4)2, 0.1 mg H3BO3, 0.1 mg Na2MoO4·2H2O, 0.1 mg Na2SeO3, 0.1 mg 

Na2WO4·2H2O, 0.2 mg NiCl2·6H2O, and 1 mg FeSO4·7H2O (per liter of 

deionized water). For the start-up process, inoculum and anolyte were mixed at a 

volumetric ratio of 1:1. The catholyte was composed of 50 mM potassium 

ferricyanide in a 100 mM phosphate buffer solution. Both anolyte and catholyte 

were purged by nitrogen for 30 minutes before supplying to the supercapactor by 

a syringe pump (Harvard Instrument).  

Total DNA extraction and 16S rRNA gene pyrosequencing.  Biofilm was broken 

into small pieces using a traditional pestle. Total genomic DNA was extracted 

using a PowerSoil DNA isolation kit (MO-BIO) according to the manufacturer’s 

protocol. Amplicon libraries were constructed for 454 sequencing using the 

primer set 926F (5′-AAACTYAAAKGAATTGACGG-3′) and 1392R (5′-

ACGGGCGGTGTGTRC-3′). The amplification of 16S rDNA was performed in a 

final volume of 50 µL containing 5 µL of 10X buffer, 1µL of dNTP mixture 

(200 mM), 0.5 µL of (20XU) FastStart Taq DNA Polymerase (Roche), 1 µL of 

each primer (10 µM), 1 μL of DNA template (50 ng/μL) and water. The PCR 
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conditions were as follows: 94 °C for 3 min; 30 cycles of 94 °C for 45 secs, 55 °C 

for 45 secs, followed by 72 °C for 1 min; and a final extension at 72 °C for 10 

min. The PCR products were gel purified on 1% agarose gels using a Quick Gel 

Extraction Kit (Invitrogen). The purified 16 s amplicons were quantified with 

Picogreen and pooled in equal concentrations prior to emulsion PCR. Amplicon 

pyrosequencing was performed using a 454/Roche GS Junior instrument (454 

Life Sciences). DNA quantification was performed using Nanodrop 2000 

spectrophotometer (Nanodrop Technologies, Wilmington, USA). Sequencing was 

performed on the GS Junior system (454 Life Sciences). 

Sequence analysis.  The sffinfo command was used to extract fasta format 

(sequence data) and quality (quality scores) files from a raw.sff file with –s and –

q options, respectively. The following steps were carried out by the QIIME 

(Quantitative Insights into Microbial Ecology). Output fasta and quality files were 

filtered to exclude sequences with lengths (<150 bp) and quality score (<50). Raw 

sequences with uncorrectable barcodes were removed. The remaining sequences 

were sorted by a mapping file to their relevant samples according to the barcode. 

The denoised dataset was clustered into operational taxonomic units (OTUs) with 

97% similarity threshold, using the UCLUST algorithm. The representative 

sequences were selected and aligned with greengenes core set of aligned 

sequences using Pynast. Taxonomy was assigned using the greengenes database. 

Phylogenetic trees were constructed using the software MEGA V5 with the 

neighbor joining criterion, and 1,000 times of bootstrap resampling was 

performed to assess the confidence of tree topologies. 
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Start-up and Data acquisition.  Anolyte/catholyte solutions were pumped into the 

corresponding chambers at a flow rate of 2 µL/min. A resistor of 148 Ω was 

connected across the anode and cathode of the supercapacitor. It typically took 5-

6 days to form a mature biofilm. Once the start-up process completed, the flow 

rates slowly increased to 18 µL/min, and after reaching steady state, the 

supercapacitor was characterized through different electrochemical techniques. 

Cyclic voltammetry.  Cyclic voltammetry (CV) was measured by a potentiostat 

(Gamry Instruments). Anode potential was swept from -0.8 V to 0.3 V (all versus 

Ag/AgCl reference electrode in 3 M NaCl), at a scan rate of 10 mV/second and 

100 mV/second respectively. 

Measurement of cytochrome concentration in biofilm and conversion to charge 

storage.  Biofilms were removed from electrodes using a pre-cleaned plastic blade 

and washed with PBS (phosphate buffered saline). Collected biofilms was 

immediately frozen in liquid nitrogen for 20 minute, and then stored in -80 °C 

freezer. After thawing, vortexing, sonicating, and centrifuging for 20 min at 5000 

RPM, absorbance spectrum of supernatants were measured by UV-Vis spectrum 

analysis between 370-600 nm wavelength, as illustrated in Figure 7.4(c). The 

oxidized cytochrome heme had a distinct peak at 410 nm and the obtained 

absorbance value of that peak was used to calculate heme content weight (Wt) by 

fitting to a standard curve made with oxidized bovine heart cytochrome c (Sigma, 

MO, USA). For the conversion of cytochrome c to charge storage amount, one 

heme stores one electron. Thus the charge stored inside cytochrome c heme was 

calculated as Q=Wt/Mr∙NA∙e, where Mr is the molecular weight of cytochrome c 
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heme (Mr = 616.5 g/mol)152, 195, NA is the Avogadro’s number (6.023 × 1023 

molecules/mole), e is electron charge (1.6 × 10-19 C/electrons). 

Non-linear fitting of discharging current derivation.  Biofilm catalytic process is 

illustrated, including a series of 4 steps201 (Figure D.1): (1) irreversible acetate 

turnover by exoelectrogens; (2) electron transfer from inside exoelectrogens to 

extracellular redox cofactors (ERC) in biofilm; (3) electron transfer from ERC in 

biofilm to ERC at the anode interface; (4) oxidization of the ERC at the anode: 

3 2
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where Micox, Micred, Ercox, Ercred, Ercox,i, Ercred,i denote the oxidized and reduced 

redox cofactor inside exoelectrogen, extracellular redox cofactors in biofilm 

matrix, and interface extracellular redox cofactors, respectively201. 

We fitted the kinetics parameters of the 4-step EET process to the transient 

discharging current profile for both initial and fully-grown biofilms. Detailed 

description of these kinetics parameters is described in appendix D. According to 

the models in appendix D, first-order rate constant parameters (k1=kint, 

k2=kercErctotal,i, k3=kmicErctotal+kac), as well as Micox, Micred, Ercox, Ercred, Ercox,i, 

Ercred,i are extracted for initial and full biofilms. The current generated during 

discharging process can be written as: 
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As a result, discharge profile for both initial and fully-grown biofilms were fitted 

through equation 7.5, as shown in Figure 7.4(a) and (b). The non-linear fitting 

constants (A, B, C, D, k1, k2, and k3) were obtained during fitting and kinetic 

parameters are deduced (Table 7.1(a) and (b)). 

 

6.3.  Results and Discussions 

 A schematic of the exoelectrogen, Geobacter spp., grown on both single-

layer graphene and 3D graphene scaffold is shown in Figure 7.1(a) and (b). A 

high speed electrical switch was implemented to characterize a microbial 

supercapacitor, as shown in Figure 7.1(c). When the switch is turned off, 

Geobacter are unable to complete their breathing process, resulting in the storage 

of electrons in redox cofactors (charging step) (Figure 7.1(d)). When the switch is 

turned on, electrons stored inside redox cofactors are transferred to the anode, and 

then get oxidized at the cathode by oxidizers (discharging step) (Figure 7.1(e)).   

1 2 3 3I exp( ) exp( ) exp( ) (1 exp( ))total A k t B k t C k t D k t        
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Figure 7.1. Schematic, charging and discharging profile of the microbial 

supercapacitor. (a) Schematic of the exoelectrogen grown on both single-layer 

graphene (a) and on 3D graphene scaffold (b); (c) schematic of the operation 

principle of the microbial supercapacitor: when the high speed switch is off, 

electrons are stored in redox cofactors; when the switch is on, electrons stored 

inside redox cofactors transfer to the anode and are oxidized at the cathode; (d) 

voltage across the microbial supercapacitor during charging step (inset: enlarged 

view of the first 0.2 seconds); (e) voltage across the microbial supercapacitor 

during discharging step, when a load of 100 Ω was used (inset: enlarged view of 

the first 20 mili-seconds). 
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Figure 7.2. SEM images and community analysis of the microbial 

supercapacitor. (a) Morphology of biofilm on the single-layer graphene film 

imaged by optical interference microscopy and  scanning electron microscopy. 

The thickness of biofilm was between 20-80 µm; (b) SEM image of biofilm on 

the 3D graphene scaffold, dense biofilm grew on the 3D scaffold; (c, d) 

representative bacterial families in the library of 16S rRNA sequence and 

neighbor-joining phylogenetic tree illustrating the relationship between OTU 

1560 and related members of the family Geobacteraceae. The scale bar represents 

1% difference in nucleotide sequences. 

 

 A single-layer graphene film prepared by chemical vapor deposition 

(CVD) on a thin film gold was used as a current collector due to its high 

conductivity and excellent electrochemical characteristics 202. The sheet resistance 

of single-layer graphene film on the thin film gold was measured at 4.13 

Ω/square. A 3D graphene scaffold prepared by CVD was also implemented due to 

its higher specific area and lower sheet resistance (Figure C.4). The specific 

surface area of 3D graphene is 850 m2g-1 158, which is comparable with those of 

activated carbon reported by Alvarez-Gallego et al. 2012 (299-745 m2g-1) 203 and 
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Zhang et al. 2014 (267-922 m2g-1) 204. The sheet resistance of 3D graphene 

scaffold was measured at 0.335 Ω/square. Morphology and thickness of biofilm 

grown on the single-layer graphene was imaged with optical interference 

microscopy (Figure 7.2(a)). The thickness of biofilm islands was between 20 µm 

and 80 µm. A scanning electron microscope (SEM) image of biofilm shows rod-

shaped bacteria (Figure 7.2(a) inset), commonly found in the biofilm of MFCs 69, 

205, 206. Morphology of biofilm grown on the 3D graphene scaffold was visualized 

using SEM, and dense biofilm grew on the graphene scaffold (Figure 7.2(b)). 16S 

rRNA gene pyrosequencing identified the most predominant family 

Geobacteraceae accounting for 87.5% of total 9,813 sequences. The neighbor-

joining phylogenic tree showed that the majority of OTU 1560 in the family 

Geobacteraceae had 98.9% similarity to uncultured Geobacter (JQ724345), and 

Geobacter sulfurreducens (NR075009, 97.9% sequences similarity) (Figure 7.2(c) 

and (d)). This result shows that Geobacter spp. are the major exoelectrogen in the 

biofilm.  
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Figure 7.3. Electrochemical characterization of the microbial supercapacitor. 

(a) cyclic voltammetry of biofilm at a scan rate of 100 mV/s for both single-layer 

graphene film and 3D graphene scaffold. Pseudocapacitance was observed by the 

CV measurement; (b) Cyclic voltammetry at a scan rate of 10 mV/s and simulated 

results with Nernst-Monod equation for the supercapacitor with single layer 

graphene film. The maximum current (Imax): 0.58 mA, the half-saturation potential 

(EKA): -0.41 V vs. Ag/AgCl, the half-saturation concentration (Ks): 1.86 mA, 

acetate concentration at steady state (S) 25 mM in the supercapacitor; (c) charging 

characteristics of the supercapacitor; (d) discharging characteristics when a load 

of 7 Ω was connected. Substantially high current and power density, 531.2 A/m2 / 

1,060,000 A/m3, and 197.5 W/m2 / 395,000 W/m3 are marked, which is 1-2 orders 

of magnitude higher than previously reported  microbial electrochemical 

techniques; (inset: Discharging current in the first 5 mili-seconds). 

 

Figure 7.3(a) shows the cyclic voltammetry (CV) curve of the supercapacitor with 

single-layer graphene film and 3D graphene scaffold, respectively, at scan rate of 

100 mV/s. Pseudocapacitance was observed by the redox peaks in the CV curve. 

It is obvious that the biofilm on the 3D scaffold electrode demonstrates a 

significantly higher pseudocapacitance, due to the high specific surface area. 
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Figure 7.3(b) shows CV diagram at a scan rate of 10 mV/second for the 

supercapacitor with single-layer graphene film. This CV diagram is a sigmoidal 

curve commonly found in biofilm having Geobacter sulfurreducens or 

Geobacter-enriched culture 69, 154, 207, supporting the bacterial community 

analysis. The sigmoidal curve can be represented with Nernst-Monod equation. 

The maximum current was 0.58 mA in the supercapacitor, and the half-saturation 

potential (EKA) was estimated at -0.41 V vs. Ag/AgCl for biofilm anode. This EKA 

is close to literature, ranging from -0.45V to -0.43V in MFCs having Geobacter 

spp. as dominant exoelectrogens 69, 70. We simulated an anode polarization curve 

with the Nernst-Monod equation  

I = Imax ×(S/Ks+S) × 1/(1+exp(-ηF/RT))   (7.7) 

where Imax: the maximum current, S: substrate concentration (mol acetate/L), Ks: 

the half-saturation concentration (mol acetate/L), η: Eanode – EKA, Eanode: anode 

potential (V), F: Faraday constant (96,485 J/V-mol), R: universal gas constant 

(8.3145 J/mol-K) , and T: temperature (K), and the simulated data well fits into 

CV (Figure 7.2(b)).  

 Charging and discharging current density of the microbial supercapacitor 

with a fully-grown biofilm were collected (Figure 7.3(c) and (d)) using a high 

speed data acquisition system (PXI 1020, National Instruments) at 100,000 

samples/second. At the very beginning, the charging current density was low, and 

then it increased to its maximum, 5.7 A/m2 at 5 mili-seconds. The charging 

current density gradually dropped near zero due to the accumulation of reduced 

redox cofactors inside biofilm, which stopped EET extracellular electron transfer 
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to the anode and inhibited electron transfer in the upstream redox reactions from 

acetate to intracellular electron carriers. Discharging process was substantially 

faster than charging (Figure 7.3(d)). Discharging current and power densities 

reached as high as 531.2 A/m2, and 197.5 W/m2 with a load resistor of 7 Ω. The 

discharging current and power densities are more than one order of magnitude 

higher than those of  MET in literature 30, 150. The high current/power density 

could be partially due to the high reaction rate of redox cofactors at the vicinity of 

the anode 201. Furthermore, a substantially high maximum volumetric current and 

power density of 1,060,000 A/m3 and 395,000 W/m3 is obtained., 2 orders of 

magnitude higher than those in literature 33, 34, and the maximum current density 

is even higher than a recent theoretically predicted steady state current density of 

Geobacter species.. The maximum transient discharging current density of our 

full-cell supercapacitor is 1.36 times of the maximum steady-state current density 

of a half-cell MET whereas the maximum areal / volumetric transient current and 

power densities are more than one order and two orders of magnitude higher than 

those at steady-state of full-cell MET in literature, respectively 30, 150. Due to the 

higher pseudo-capacitance, the discharging process of the supercapacitor with 3D 

graphene scaffold anode demonstrates a longer discharging time.  
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Figure 7.4. Cycle stability and performance comparison of the microbial 

supercapacitor. (a) charging/discharging characteristics of the supercapacitor 

with 3D graphene scaffold up to 64,000 cycles;  (b) capacitance retention of 

supercapacitor with single-layer graphene film of 1 million cycles; (c) comparison 

of areal power density; here HFC, MSC, EFC, TE, RF stands for hydrogen fuel 

cell, microbial supercapacitor, enzymatic fuel cell, thermoelectric energy 

harvester, radio frequency energy harvester, respectively; (d) Ragone plot of the 

microbial supercapacitor: energy and power densities of the microbial 

supercapacitor with 3D graphene scaffold are compared with those of lithium ion 

battery, laser scribing electrochemical capacitor in liquid electrolyte (LSG-EC), 

and commercially available Al electrolytic capacitor. The energy and power 

densities of microbial supercapacitor are comparable with LSG-EC. Compared 

with carbon neutral and renewable energy, the energy density of microbial 

supercapacitor is slightly higher, and the power density is a few folds to two 

orders of magnitudes higher than hydraulic energy and piezoelectric energy 

harvester. 
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 Cyclic charging and discharging of the microbial supercapacitor was 

performed for the cycle stability of the supercapacitor with 3D graphene scaffold 

anode and single-layer graphene film (Figure 7.4(a) and (b)). The microbial 

supercapacitor demonstrated excellent cycle stability. The charged and discharged 

voltages remained almost constant up to 64,000 cycles with a 

charging/discharging ratio of 25 second/25 second. The cyclic charging and 

discharging characteristics with different charging/discharging ratio were also 

performed for the supercapacitor with single-layer graphene film. The 

supercapacitor achieved a total cycle number of more than 1,000,000 comparable 

to or much greater than conventional electrochemical supercapacitors 208, 209 

(Figure 7.4(b)). The high cyclic stability seems to be due to the excellent 

mechanical and electrochemical stability of 2D graphene film and 3D graphene 

scaffold in addition to the robust, self-immobilized and self-regenerating 

Geobacter-enriched biofilm 210. Excellent specific capacitance was demonstrated 

by the microbial supercapacitor. Specific capacitance of the microbial 

supercapacitor with 3D graphene scaffold was measured to be 17.85 mF/cm2, 

which is 5.6 times higher than the microbial supercapacitor with single-layer 

graphene film (3.20 mF/cm2), which is believed to be due to the high specific area 

of the 3D graphene scaffold. The specific capacitance is more than two orders of 

magnitude larger than that of graphene-based in-plane supercapacitors 211, and 4.4 

time of that of supercapacitor based on laser scribing graphene 184.  

 The power density and energy density of microbial supercapacitors are 

compared with other existing renewable and non-renewable batteries in addition 
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to supercapacitors (Figure 7.4(c)). The areal power density of microbial 

supercapacitor is 2.5 fold, 19 fold, 3 orders of magnitude, and 4 orders of 

magnitude greater than those of solar cell, enzymatic fuel cell, thermoelectric 

energy harvester, and RF energy harvester, respectively 212. The Ragone plot, 

Figure 7.4(d), shows that the energy density of microbial supercapacitor with 3D 

graphene scaffold is 3.8 fold of that of microbial supercapacitor with single-layer 

graphene film. The energy density and power density of microbial supercapacitor 

is comparable with those of laser scribing graphene electrochemical capacitor 

(LSG-EC) 184. The power and energy densities of microbial supercapacitor is 

approximately one order of magnitude higher than those of Li thin-film battery 

and Al electrolyte capacitor 184, 211, respectively. As of carbon neutral and 

renewable converter/storage, the energy density and power density of microbial 

supercapacitor are slightly higher and a few fold to two orders of magnitude 

higher than hydraulic energy and piezoelectric energy harvester, respectively 213, 

suggesting the microbial supercapacitor may be an attractive candidate for 

renewable energy conversion and storage device. 
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Figure 7.5. Non-linear fitting and optical spectrum analysis of the microbial 

supercapacitor to determine its kinetics features. (a, b) Non-linear fittings of 

discharging current for (a) initial and (b) full-grown biofilms; (c) absorbance 

spectrum of cytochrome c in initial and fully-grown biofilms (inset: a comparison 

of amount of cytochrome c in initial and fully-grown biofilms). 

 

 To further improve the performance of microbial supercapacitor and other 

microbial electrochemical techniques, understanding the limiting stage of EET is 

critical to facilitate the study of fundamental mechanisms within catabolic 

reactions in exoelectrogen 87, 201. 

 Through non-linear fitting of the discharging curve, quantitative 

comparison of kinetics between initial and fully-grown biofilms was performed. 

Initial and fully-grown biofilms exhibited steady-state current densities of 1 A/m2 

and 6 A/m2, respectively. Catabolism of exoelectrogens is known to have a series 
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of electron transfer steps, from acetate turnover, electron transfer from redox 

cofactors inside to extracellular redox cofactors (ERC), including outer membrane 

cytochrome (OMC) of exoelectrogen, through biofilm matrix, finally to the 

anode. These steps can be modeled by kinetic modeling, including the reaction 

rate constants of these steps are kac, kmic, kerc, and kint, respectively. The temporal 

discharging current profile and electron transfer profile of a fully-charged 

microbial supercapacitor, can be modeled using these rate constants, therefore the 

total current collected at the anode can be modeled to be the sum of individual 

current components (see Materials and Methods Section). The total current 

assumes that reaction kinetics at the anode are the fastest and the kinetics of 

acetate turnover are the slowest. For the initial biofilm, we have kint (=1.12×102 ± 

1.3 s-1) >> kercErctotal,i (=32.75 ± 0.5 s-1) >> kmicErctotal (=4.81 ± 2×10-2 s-1) >> kac 

(=6.39×10-1 ± 2×10-3 s-1). For the fully-grown biofilm, we have kint (=3.65×101 ± 

2×10-1 s-1) >> kercErctotal,i (=2.76 ± 1×10-2 s-1) >> kmicErctotal + kac (=0.11 ± 8×10-7 

s-1) (here kmicErctotal (=0.0466 ± 8×10-7 s-1) is slightly smaller than kac (=0.066 s-

1)). Note that kint and kac are 1st order where as kerc and kmic are 2nd order reaction 

rate constants. The kinetic data, first of all, show that kinetic rates of initial 

biofilm are significantly higher than those of fully-grown biofilm. All kinetic rate 

constants, kint, kerc, kmic, and kac, of initial biofilm are higher than those of fully-

grown biofilm. The kinetic data also suggests that the slowest step in initial 

biofilm is the acetate turnover stage, whereas for fully-grown biofilm, acetate 

turnover and electron transfer from inside the bacteria to outer membrane 

cytochromes are rate-limiting. 
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Acetate turnover rate would be limited by the diffusion rate of NAD+/NADH, in 

comparison to the other two electron-transferring steps in Ercox/red and Ercox/red,i 

bound to cell and outer membranes. The much slower rate of acetate turnover in 

fully-grown biofilm implies a substrate-diffusion limitation 214. The high kinetic 

rate constants in initial over fully-grown biofilms are in agreement with prior art 

153, which reported that for a thin biofilm, no significant hysteresis in cytochrome 

c oxidation was observed in cyclic voltammetry at a scan rate of 20 mV/s, 

whereas in a fully-grown biofilm, a significant lag existed at a scan rate of, rather 

low, 1 mV/s 153. 

 Besides the kinetic constants, it is informative on EET study to perform 

comparative analysis on the quantity of charges in initial and fully-grown 

biofilms. Ercred,i,0, Ercred,0, and Mictotal were extracted from the constants 

generated by fitting transient discharging curves (equation D.17). Erctotal,i and 

Erctotal were, then, calculated concurrently. The redox cofactors inside 

exoelectrogen, Mictotal, of fully-grown biofilm is 4.20×10-2 C/cm2, which is in 

agreement with prior art (5.67×10-2 C/cm2) 201. Mictotal dominates other charges, 

Erctotal,i and Erctotal, in both initial and fully-grown biofilms. Mictotal accounts for 

75% and more than 99% of overall charges for initial and fully-grown biofilms, 

respectively, in accordance with prior study 201. 

 Ercred,i in fully-grown biofilm is 3.1 times of that in initial biofilm, 

suggesting the biofilm-electrode interface for fully-grown biofilm is denser than 

that of initial biofilm. Erctotal in fully-grown biofilm is 6.4 times of that in initial 

biofilm, while Mictotal in fully-grown biofilm is 202 times of that in initial biofilm. 
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The total redox cofactors in fully-grown biofilm is 152 fold of that in initial 

biofilm, yet the total current density of fully-grown biofilm is merely  6 times of 

that of initial biofilm, which suggests that the participation of redox cofactors in 

the current of fully-grown biofilm is substantially less than that of initial biofilm. 

This implies that a finite limitation in electron transfer capability exists in fully-

grown biofilm, in agreement with the slower reaction kinetics discussed above, 

and also in agreement with prior arts 132, 153, 154, 160. 

 The total charges contributing the discharging current were calculated by 

integrating discharging current over time. The total charges during the 

discharging are 3.17×10-4 ± 7×10-5 and 2.65×10-3 ± 2×10-5 C/cm2, for initial and 

fully-grown biofilms, respectively. The total charges of initial biofilm are very 

close to the sum of redox cofactors calculated from the fitting analysis, 2.76×10-4 

± 5×10-7 C/cm2. However, the calculated charges, via integrating discharging 

current over time, of fully-grown biofilm is far less than, by a factor of 16, the 

sum of redox cofactors calculated from the fitting analysis, 4.20×10-2 C/cm2. This 

distinct difference between initial and fully-grown biofilms implies that almost all 

redox cofactors in the initial biofilm contribute to the discharging current whereas 

a very small portion of redox cofactors inside the fully-grown biofilm participate 

in the discharging current, i.e. inactive redox cofactors related to EET are present 

in fully-grown biofilm. Not all redox cofactors located on the other side, away 

from the anode, would contribute to EET significantly in a fully-grown biofilm 

132, 153, 160 whereas exoelectrogen close to the anode would not be active due to 

high pH or substrate depletion 63, 64.  
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 The amount of cytochrome c inside biofilm was quantified by UV-Vis 

spectrum analysis. The absorption spectrum for both initial and fully-grown 

biofilms are shown in Figure 7.5(c) to quantify the amount of heme in cytochrome 

c. The amounts of heme in cytochrome c are 0.4 ± 0.012 and 7.625 ± 0.025 

nMole/cm2, respectively, for initial and fully-grown biofilms. The amount of 

heme in cytochrome c for fully-grown biofilm is comparable with the previous 

report by Malvankar et al. 195. From the amounts of heme in cytochrome c we can 

deduce the storable charges with cytochrome c as, 3.88×10-5 ± 1×10-6 and 

7.36×10-4 ± 2×10-6 C/cm2, for initial and fully-grown biofilms, respectively. The 

number of charges that can be stored in cytochrome c are significantly less than 

the total charges obtained by integrating discharging current over time. The 

storable charges accounts for only 12% and 28% of the total charges associated 

with initial and fully-grown biofilms during discharging, respectively, suggesting 

redox cofactors other than cytochrome c should be present for EET, such as 

membrane-bound and periplasmic cofactors, which concurs with prior art 154, 194. 

More notably the storable charges are merely 14% and 1.7% of the sum of 

available redox cofactors, for initial and fully-grown biofilms, respectively. This 

finding supports that cytochrome c may not be the dominant charge storage unit, 

regardless of initial or fully-grown stage biofilms, and other charge storage 

molecules besides cytochrome c exist.  
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CHAPTER 8 

CONCLUDING REMARKS 

 

 

 The current and power densities of previously reported MFCs are low 

compared with conventional power sources and converters. The work described 

herein has focused on enhancing the performance of MFCs, especially the current 

and power densities. 

 In the first chapter of the dissertation, an overview of the MFC 

background, operation principle, bacteria and extracellular electron transfer for 

MFC. The applications and a brief literature review of the state of art for MFCs 

are also included. 

 In the second chapter of the dissertation, the impact of scaling effect on 

the performance of MFCs are analyzed, based on the viewpoint of both mass 

transfer and internal resistance. By scaling down the characteristic length of 

MFCs, both the surface-area-to-volume ratio (SAV) and the mass transfer 

coefficient increases, which results in a higher current and power density. The 

promises and challenges of scaling down MFCs are also discussed. 

 In the third chapter of the dissertation, a miniaturized MFC with a small 

characteristic length is presented, based on the analysis of scaling effect on MFCs. 

Together with improved mass transfer due to increased flow rate, the miniaturized 

MFC achieve a high areal and volumetric power densities of 0.83 W/m2 and 3,300 

W/m3. Thin film gold is used for both anode and cathode. Furthermore, the 
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measured Coulombic efficiency (CE) was at least 79%, which is 2.5-fold greater 

than the previously reported maximum CE in micro-scale MFCs.  The ability to 

improve these performance metrics may make micro-scale MFCs attractive for 

supplying power in sub-100 µW applications. 

 In the fourth chapter of the dissertation, the effect of using anode materials 

with high surface area to volume ratio is investigated. Three types of CNT-based 

anodes with different morphology and sheet resistance, VACNT, RACNT, and 

SSLbL CNT, along with a bare gold control were evaluated using miniaturized 

MFCs. Morphology and thickness of biofilm, and current/power generation 

capability of different anodes were characterized by SEM and polarization curves 

of miniaturized MFCs having these anodes. All CNT-based anodes form thicker 

biofilms than the bare gold anode control, with the low-sheet-resistance SSLbL 

CNT anode having the thickest biofilm of 10 µm and a current/power density of 

2.59 A/m2 and 0.83 W/m2. Additionally, a coulombic efficiency of 60%-80% is 

achieved. This research may offer potential to provide guidance to future MFC 

research with 2D and 3D nanostructured electrode.  

 In the fifth chapter of the dissertation, a three dimensional graphene 

scaffold anode is implemented in the miniaturized MFC to further improve the 

performance. By implementing the three dimensional graphene scaffold anode, 

the two bottlenecks that limit the performance of MFCs - i) ineffective electron 

transfer from microbes located far from the anode and ii) an insufficient buffer 

supply to the biofilm – are successfully mitigated, and thus the highest power 

density to date of 11,220 Wm-3 has been recorded, a more than 3 fold increase 
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over the highest value reported in all previous studies. The high volumetric power 

density is comparable with commercially available power sources, such as lead-

acid batteries, nickel-cadmium batteries, and lithium ion batteries, which makes it 

a promising candidate as a carbon-neutral, renewable power source. 

 In the sixth chapter of the dissertation, the effect of enhanced mass 

transfer by an ultramicroelectrode(UME) anode is studied. A concentric ring-

shape UME, width of 20 m, is investigated to facilitate the diffusion of ions at 

the vicinity of micro-organisms that form their biofilm on the UME. The biofilm 

extends approximately 15 m from the edge of the UME, suggesting the effective 

biofilm area increases. Measured current/power densities per the effective area 

and the original anode area are 7.08 ± 0.01 A/m2 & 3.09 ± 0.04 W/m2 and 17.7 ± 

0.03 A/m2 & 7.72 ± 0.09 W/m2, respectively, substantially higher than any prior 

work in micro-scale MFCs, and very close, or even higher, to that of macro-scale 

MFCs. Coulombic efficiency (CE), a measure of how efficiently a MFC harvest 

electrons from micro-organisms, of 70 % and energy conversion efficiencies of 17 

% are marked. 

 In the seventh chapter of the dissertation, a novel bio-inspired microbial 

supercapacitor based on regulating the respiration of bacteria. The microbial 

supercapacitor operates by utilizing unique pseudocapacitance formed by 

exoelectrogen, a specific species of microbe named Geobacter spp. which is able 

to transfer electrons outside its outer membrane during respiration. Charging and 

discharging operations were performed by regulating the respiration of the 

exoelectrogen. Remarkable performance is demonstrated, including (1) high 
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maximum current and power densities of 531.2A/m2 / 1,060,000A/m3 and 

197.5W/m2 / 395,000W/m3, respectively, which are 1-2 orders of magnitude 

higher than previously reported other  microbial electrochemical techniques; (2) 

high cycle stability of over 1 million; (3) high specific capacitance of 17.85±0.91 

mF/cm2, which is 4.4 fold to 2 orders of magnitude higher than any previously 

reported supercapacitors having graphene-based electrodes. The microbial 

supercapacitor was also implemented to study the extracellular electron transfer 

(EET) process by non-linearly fitting the discharging profile, through which 

critical quantitative kinetics information to fully understand EET and determining 

the rate-limiting EET mechanism was obtained. 

 This cumulated work has demonstrated that a maximum current and power 

density of 31,020  Am-3 and 11,220  Wm-3 is presented by the MFC, and a 

maximum current and power density of 1,060,000 A/m3 and 395,000 W/m3 is 

presented by the microbial supercapacitor. A comparison of the performance of 

the MFCs in this dissertation with prior MFCs is shown in Figure 8.1. The 

performance are comparable or better than conventional power 

sources/converters, as shown in Figure 5.4. As a result, there is plenty of room for 

MFC and microbial supercapacitor research.  We believe MFC will be an 

important power source/converter for biomass utilization in the near future 

through painstaking research all over the world. 
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Figure 8.1. A comparison of areal power density and CE of this dissertation 

with those of existing macroscale, mesoscale and microscale MFCs. 
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 The fabrication of MEMS MFCs anodes starts with inlet/outlet formation. 

First, six through holes were drilled on a glass slide (46 mm × 26 mm × 1 mm, 

VWR), one as inlet, one as outlet and the rest four as screw holes. Then the glass 

slides were cleaned by piranha solution (concentrated H2SO4 and 30% H2O2, 3:1 

volume ratio). Subsequently a layer of Cr/Au was deposited using a magnetron 

sputter (0.7 Pa, 150 mA for Cr and 45 mA for Au). The CNT based anodes and 

graphene based anodes are fabricated by growing or transferring CNT and 

graphene onto the anode.  

 The fabrication of MFC cathodes also started with inlet/outlet formation. 

First, six through holes were drilled on a glass slide (46 mm × 26 mm × 1 mm, 

VWR), one as inlet, one as outlet and the rest four as screw holes. Then the glass 

slides were cleaned by piranha solution (concentrated H2SO4 and 30% H2O2, 3:1 

volume ratio). Afterwards, a layer of Cr/Au (20/200 nm) was deposited using a 

magnetron sputter (0.7 Pa, 150 mA for Cr and 45 mA for Au). 

 Anodes, cathodes, proton exchange membrane (PEM, Nafion 117), 

silicone gaskets (250 μm thick, Fuel Store Inc.), nanoports (10-32 Coned 

assembly, IDEX Health & Science), bolts and nuts were assembled to build the 

MEMS MFCs, as shown in Figure B.1. First, nanoports were glued to the inlet 

and outlet of anode and cathode glass slides by instant epoxy glue (Loctite). 

Second, two rectangular silicone gaskets with dimensions of 46 mm × 26 mm × 

0.25 mm were patterned with a square hole of 10mm × 10 mm at the center, in 

order to define the anode and cathode chamber volume. Third, a rectangular PEM 

with a dimension of 46 mm × 26 mm was cut. Finally, anode, cathode, conductive 
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copper tape as interconnect, PEM and silicone gaskets were assembled, as 

illustrated in Figure B.1. 

 

Figure B.1. Schematic of the fabrication process of the MEMS MFC 
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APPENDIX C 

FABRICATION AND CHARACTERIZATION OF THE GRAPHENE BASED 

ANODE 
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 A single-layer graphene with a size of 2×2 cm2 was grown by chemical 

vapor deposition (CVD) on copper foil (25 μm, Alfa Inc.) at 1000 C by flowing 

CH4 and H. Afterwards, the single-layer graphene with copper foil was first spin-

coat on polymethyl methacrylate (PMMA). Then the copper was removed by 

copper etchant, and it was afterwards cleaned by de-ion water by two times, 30 

hour each time and afterwards it was dried for one day. After that, the graphene 

on PMMA was transferred onto the substrate (rectangular glass slide of 2.6×4.6 

cm2 with a layer of Cr/Au deposited on top through magnetron sputtering 

(20nm/200nm). Lastly the PMMA layer was dissolved in acetone for one hour, as 

shown in Figure C.1. An optical image of the single layer graphene on gold is 

shown in Figure C.2.  

 

Figure C.1. Single layer graphene transfer on a glass slide.  
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Figure C.2. Optical image of the graphene on gold current collector.  

 3D graphene scaffold was prepared by following fabrication procedures 

which has been described previously. Briefly, nickel foams (Alantum Advanced 

Technology Materials (Shenyang), ∼320 g m−2 in areal density and ∼1 mm in 

thickness) were used as 3D scaffold templates. Graphene was grown by CVD at 

1000 C. Afterwards, a thin PMMA layer was used as a support to reinforce the 

graphene scaffold structure for subsequent Nickel foam removal. The Ni foams 

covered with graphene were drop-coated with a PMMA solution, and then baked 

at 180 C for 30 min. Then the samples were put into HCl (3 M) solution at 80C 

for 3 h to completely dissolve the nickel. Finally free-standing graphene scaffold 

was obtained by dissolving the PMMA with hot acetone at 55C.  Optical and 

scanning electron microscopy (SEM) images of the 3D graphene scaffold is 

shown in Figure 1(d) and (e), respectively. 
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Figure C.3. Optical and SEM images of the 3D graphene scaffold. 

 

Raman result of the single layer graphene in Figure C.4(a) showed graphene G 

and 2D peaks, indicating the single-layer graphene. The D peak presents finite 

defects in graphene film. In order to confirm the whole film quality of graphene, 

Raman mapping was performed, as shown in Figure C.4(b) and (c). Light field 

represents strong Raman signal with graphene film while dark field corresponds 

to weak signal without graphene. The results indicate good uniformity of single 

layer graphene film on the gold anode with some minor crack. Figure C.4(d) 

shows a transfer length method (TLM) to extract the sheet resistance of single-

layer graphene, presenting ~ 4 kΩ/⧠. When the graphene layer was on the anode, 

obviously the sheet resistance decreases significantly, which is ~ 4.13 Ω/⧠. 
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Figure C.4 Characterization of the graphene anodes: (a) Raman spectrum of 

the single layer graphene: typically graphene G and 2D peak are observed, 

indicating the single-layer graphene. The D peak presents finite defects in 

graphene film; (b) Raman G-band Mapping and (c) Raman 2D-band Mapping, 

these two figures indicate good uniformity of graphene film with minor cracks; 

(d) sheet resistance of single layer graphene. 
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APPENDIX D 

NON-LINEAR FITTING THE DISCHARGING CURVE OF MICROBIAL 

SUPERCAPACITOR 
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Figure D.1 A schematic of the 4 step for biofilm catalytic process: (1) 

irreversible acetate turnover by exoelectrogens; (2) electron transfer from inside 

exoelectrogens to extracellular redox cofactors (ERC) in biofilm; (3) electron 

transfer from ERC in biofilm to ERC at the anode interface; (4) oxidization of the 

ERC at the anode. 

 

 Biofilm catalytic process can be illustrated, including a series of 4 steps 

(Figure D.1): (1) irreversible acetate turnover by exoelectrogens; (2) electron 

transfer from inside exoelectrogens to extracellular redox cofactor (ERC) in 

biofilm; (3) electron transfer from ERC in biofilm to ERC at the anode interface; 

(4) oxidization of the interface ERC at the anode: 

                                      (D.1) 
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                                                           (D.4) 

where Micox, Micred, Ercox, Ercred, Ercox,i, Ercred,i denote the oxidized and reduced 

redox cofactor inside exoelectrogen, extracellular redox cofactors, and interface 

redox cofactors, respectively. 

According to equation D.1-D.4, change of Ercred,i Ercred, Micred, versus time is 

determined by the generation of Ercred,i Ercred, Micred, minus the consumption of 

Ercred,i Ercred, Micred, in equation, thus we can write: 

 

,

, , int ,( )red i

erc red total i red i red i

dErc
k Erc Erc Erc k Erc

dt
     

        (D.5) 

, ,( ) ( )red
mic red total red erc red total i red i

dErc
k Mic Erc Erc k Erc Erc Erc

dt
       

    (D.6) 

  
(Mic ) ( )red

ac total red mic red total red

dMic
k Mic k Mic Erc Erc

dt
      

              (D.7) 

For equation D.5, since the interface redox cofactors is in direct contact with 

anode, during the discharging process when working with sufficiently oxidative 

potential (anode polarization), step 4 is much faster than any other electron 

transfer process in EET. Thus, the step 4 will dominate the production rate of the 

interface redox cofactors, thus, equation D.5 can be rewritten as 

,

int ,

red i

red i

dErc
k Erc

dt
  

              (D.8) 

Solving this partial differential equation results in the reduced interface redox 

cofactors as a function of time. The discharge current, then, can be described by 

int

, ox,

k

red i iErc Erc e 
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interface redox cofactors from equation D.4 (current generation is proportional to 

the change rate of reduced interface redox cofactors): 

 

,i 0, int

Erc, int 0, int

exp( )

exp( )

red red i

i red i

Erc Erc k t

I F k Erc k t

   

     
                (D.9) 

where Ercred0,i is initial interface cytochrome haems before discharging and F is 

Faraday constant. 

For equation D.6, electron transport from the cell interior to the extracellular 

redox cofactors (Step 2) implicates a series of membrane transport processes 

which are considered to be slower than the transfer in between extracellular redox 

cofactors including cytochrome c, thus, we can rewrite equation D.7 as: 

                     
, ,( )red

erc red total i red i

dErc
k Erc Erc Erc

dt
    

          (D.10) 

Likewise one can solve the partial differential equation to deduce the reduced 

extracellular redox cofactors as a function of time, and then obtain discharging 

current by ERC (current generation is proportional to the change rate of reduced 

ERC): 

  

0 total,

total, 0 total,

exp( )

exp( )

red red erc i

Erc erc i red erc i

Erc Erc k Erc t

I F k Erc Erc k Erc t

    

       
    (D.11) 

Note in order to calculate current in equation D.11, we write equation D.4 as 

  

For equation D.7, we can assume Ercred=0, we can write  
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0Mic exp[ (k k ) t] [1 exp[ (k k ) t]]ac total
red red mic total ac mic total ac

mic total ac

k Mic
Mic Erc Erc

k Erc k
          

 (D.12) 

  

Equation D.12 can be seen as a reversible reaction as follows, and thus similar 

with equation D.7 and D.11, we can get the current produced by this process 

 

 
Icells erc total redF k Erc Mic   

      (D.13) 

As a result, the total current is calculated as 

,
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 (D.14) 

As a result, we are able to fit the curve based on non-linear fitting approach: 

  (D.15) 
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Figure 7.4(a)(b) shows the non-linear fittings of two discharge curves: one for 

initial biofilm and the other for fully-grown biofilm. One can find non-linear 

1 2 3 3I exp( ) exp( ) exp( ) (1 exp( ))total A k t B k t C k t D k t        
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fitting constants (A, B, C, D, k1, k2, and k3) and deduce kinetic parameters (Figure 

7.4(c)(d)).  

 

According to equation D.16, we are able to calculate the interface cytochrome, 

matrix cytochrome and redox cofactors inside exoelectrogen, Ercredi,0, Ercred,0, 

Mictotal by equation: 
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                                                        (D.17) 

The discharging profile in initial and fully grown biofilms were fitted by non-

linear fitting function in software Origin (Origin Inc.) The fitted curve and the 

residual error are shown in Figure D.2. The fitted curve matches well with the 

discharging curve, and the residual error is small. As a result, equation D.15 is 

suitable for fitting the discharging curve. 

 

Figure D.2 Non-linear fitting of the charging curve in Origin for the fully-

grown biofilm. (a) Discharging curve and fitted curve; (b) Residual error for the 

non-linear fitting. 
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The kinetics parameters are determined consequently by equation D.16 and 

equation D. 17, and the calculated parameters are shown in Table D.1. 

 

Table D.1 Fitting parameters and the kinetics parameters derived by the non-

linear fitting approach. (a) Fitting parameters by non-linear fitting in Origin; (b) 

kinetics parameters calculated by equation D.16 and equation D. 17. 
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