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ABSTRACT

A novel electrode was constructed and testedhdio-dattery This configuration consisted
of a composite electrode with immobilized bacteEagherichia oli K-12) in theanodeand a
composite electrode with immobilized Carbon Nanoparticles (CNP) and #&Qfalerella
vulgarigScenedesmugp.) suspended in the cathode. The composite electrode consisted of three
parts: a 304L stainless steel mesh base, an elgalymerizedlayer of pyrrole, and an electro
polymerized layer of methylene blue. The bacteria were immobilized on the anode electrode
using a technique incorporating CNP and a Téflemulsion. The anode and cathode electrodes

were tested separataty conjunction vith chemical cathodes and anodes respectively.

The composite electrode with immobilized bacteria was tested in a bioapage The
cathodechamber of the cell contained a potassium ferricyanide and buffer solution with a
graphite electrode. Factors affieg electrode performance, such as Téfloand carbon
nanoparticle concentration, were investigated to find optimum values. The maximum power
density generated by the composite electrode with immobilized bacteria and a chemical cathode
was 378 mW/m This electrode configuration produced approximately 69% more power density
and 53% more current density than composite electrodes with bacteria suspended in solution.
Electrochemical Impedee Spectroscopyanalysis determinethat a significant portion of the
bio-b a t t resistaresto charge transfer occurred at the surface of the anode and this resistance
was significantly lowered when using immobilized bacteria (51% lower bi@batterieswith

suspended bacteria).

Similarly, biocathodesontaining composite electrosleoatedwith CNP weretested using
two algae specie§hlorella vulgarisandScenedesmusp,, suspended in solutioifhis electrode

configuration was compared with composite electrode without CNP co@itieganode chamber



containedpotassium ferrocyanideolution with a graphitecounter electrode. The composite
electrode with CNP produced approximately 23% more current density than composite electrode

without CNP.

A complete bio-battery was designed using a composite electrode with immobilized
bacteria aode and a CNP coated composite electrode with algae suspended in the cathode. EIS
analysis showed that the resistance was higher irbiteathode than in théioanode and a

significant portion of th@hmicresistance was contributed by the membrane.
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1. INTRODUCTION

1.1 Background

Alternative methods of energy production are being investigated as potential solutions to
energyrelated problems. Microbial Fuel Cells (MFCs) are an emerging technology that have
gained interest over the past decade as a potential source of @Ralmey and Verstraete,
2005. Microbial fuel cellsand bicbatteriesuse microorganisrs that catalytially oxidize the
complex carbon substratée convertchemical energy into electrical energyhe primary
distinction between MFCs and blmatteries is the substrate that gets replenished either
intermittently or continuously in the MFC, while this is not the case fobbiteries (Hoffmaret

al., 2013).

Mediators are frequently used in MFC to enable and/or enhance electron transfer and these
chemicals are often introduced into the aqueous phase in the fueDnellof the primary
benefits of using a mediator in a MFC is its ability to lower the anodenfaiteompared to
mediatorless MFC, which lose appreciable energy during intracellular electron tré@visteret
al., 2009. Recently polyviologenmediator)was immobilized on a carbon cloth anode and
produced a power density as high as 540 mi¥Wormalized to a-D projected surface area of
7.0 cnf and a current density of 1.7 A#fKim et al, 201). PrietoSimén and Fabregas (2004)
analyzed the influence of mediators by researching the variations between mediators in epoxy
composites, mediators suspended in solution, and mediators adsorbed or polymerized on
electrode surfaces in biosensors. They found that mediators polymerizeectvode surfaces

performed bettedue to their sustainable and reproducible results.



Graphiterod electrodeswhich are usedrequently in laboratory electrochemical studies
generally brittle and cannot be employed for large scale procddséfsnan et al. (2013)
compared composite electrodes (formed from a stainless steel rod coated with polypyrrole and
methylene blue) with bare graphite rod electrodes irEamroli K-12 basedbio-battery and
determined that the composite electrodes producetbll éncrease in power densitver bare

graphite rod electrodes

Bio-films generally require significant time to establish and can cause difficulties in
reproducibility (Lies et al, 2005. Immobilization of bacteria directly on electrode surfaces,
when compared with traditional bfdm formation may improve the electron transfer rate and
reduce the stap time of the fuel cellsBacteria immobilization on the electrodes directly
instead of biefilm formation has beenstudied by other researchers. Yuaet al. (2011)
immobilizedProteusvulgaris on carbon paper electrodes in a medigss setup and achieved a
maximum power density of 269 mW?ry reducing the startup time of the fuel céllnewer
technique of bacteria immobilization using glycerol amended latex on carbon cloth surfaces was
successfully tested and did not affect the exoelectrogenic activity (electron transfer from the
cells) (Wagneret al, 2012. Another interesting technique adoptedlmgkarift et al. (2010)
using vapor deposition of silica iommobilize Shewanella oneidensibelped to characterize

bacterial physiology and bielectrochemical activity.

Photosynthetic biocathodes can be used for the direct production of oxygen. €oualell
(2011) successfully used photosynthetialorella vulgaris biocathodes with methylene blue as
mediator in a dual chambered biological fuel cklbreover,an oxygenicbio-film formed on
carbon veil electrodes produced a stable current upon illumindtiereby proving the power

generating capabilities ghotosynthetic microorganisnfé/alteret al, 2013.
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1.2 Motivation

Although dual chambered microbial cells have been studied by various researchers in the
past, multiple aspects must still be investigated, such as developing novel electrodes, to make
them cost effective and efficient for the purpose of electricity generdina.major problem
that has arisen when scaling up microbial fuel cells is the tityadf the electrode material as
commonlyused graphiteod electrodes areelatively fragile For electrode construction, noble
metals such as platinum and gold provide good results, but they are exp&hswsork takes
inspiration from Godwinet al, 2011 who used composite electrodes (stainless steel rods
polymerized with pyrrole and methylene blue) in a photosynthetic algae biocathodeeaad
electrodegerformed better than graphiteod and glassy carbagliectrodes polymerized with
mediator (nethylene blue). Also, thes®mposite electrodggerformed better than plain graphite
electrodesin bioanodes containing. coli K-12 and Shewanella oneidensigioffman et al,
2013).

Bio-films formed on the electrodes improve the power outpubiofogical fuel cells.
However, these bifilms take a significant time to form and often cause difficultiesesult
reproducibility (Lies et al, 2005. Bacteria immobilization directly on the electrodetesl of
bio-film formation reduces the staup time of the fuel cells (Yuan et al., 2008).this research
work the concept of bacteria immobilization on the electrode was inspired from the work done
by Yuanet al., 2009, who used carbon nanoparticles dreflod™ to bind the bacterial cells
(Proteus vulgariy on the surface of carbon paper electrodleshe current study, the mediator
(methylene blue) and bacterig. (coli K-12) wereimmobilized on type 304 stainless steel mesh

basefor useas anods



1.3 Thesis objectives

The main objective of this research work was to create a novel electrode for improving the
electricity generation of bibatteries. TIs research was divided into two phases. The main goal
of the first phase was to design a novel compasibdewith immobilized bacteria and tekt
with a chemical cathode. The performance of the composite electrodes with immobilized
bacteria werecompared with control setups containing composite electrodes with and without
CNP coating and bacteria suspeddn the solution to determine the performance enhancement

caused by the immobilization of mediator and bacteria.

The second phase of the research was to test the photosynthetic biocathodes containing two
different composite electrode configuratiom®rpositeelectrodes with and without CNP) and
two different species of photosynthetic alg&élprella vulgarisand Scenedesmus.). The final
goal was to couple the bacterial bioanodes and photosynthetic biocathodes to form a complete

bio-battery and t&t the performance of the modified composite electrodes.

1.4 Thesis organization

The following is an outline of the remaining chapters of this thesis. ChapterisTthe
literature review, background and theory. Topics related to Microbial fuel Cells (MFE&§&j@n
batteries, electrode types, redox dyes (mediators), carbon nanoparticles and electrode
conductivity enhancement, biocathodes and photosynthetic cathodes, impedance measurement

and general analysis of the fuel cells are discussed.

Chapter Threeas a detailed description of the equipment and experimental methods used in

this project. First a brief description of the preparation and testing of the composite eldstrodes



given and this idollowed by a description of the bacteria immobilization technicubstrate

concentration analysis, bioanode, biocathode andb&itery setup and analyses.

ChapterFour is a discussiorof this research workPerformance of the bioanodes and
biocathodes using different electrode configurations andbaiteries are stied by

electrochemical analyses.

Chapter Five contains the summary and conclusions derived from this project.

Recommendations for future work to improve the performance are also included.



2. LITERATURE REVIEW

This chapter includethe literature reviewthe background and theory of topics coverlrg-
batteries electrode types,redox dyes (mediators), carbon nanoparticles and electrode
conductivity enhancement, biocathodes and photosynthetic cathodes, impedance measurement

and gaeralanalysis of fuel cells.

2.1 Microbial Fuel Cells and bio-batteries
Microbial Fuel Cells (MFCs) and bibatteries have gained interest among researchers over

the past 10 years as a promising technology for energy generation and wastewater treatment. A
MFC is diferent from a conventional chemical fuel cell. In a typical MFC, the bacteria oxidize a
substrate (sugars, acetate or organics) in the absence of oxygen to generate electrons which are
then transferred to the electrode. The main distinction betweenabdgries and microbial fuel
cells is that microbial fuel cells have their substrate refilled either continuously while the bio
batteriesoperate in batch modé&ogan et al, 2009. For long term operations, continuous MFCs
are used with substrate fed continuously to investigate the evolution of microbial community and
electrochemical characteristics. Usually, air cathodes or chemical cathodes are used with a
precous metal catalyst like platinum. In air cathodes, the metal catalysts help in reducing oxygen
effectively, while the chemical cathodes rely on reversible chemical oxidizing agents such as
potassium ferricyanide. The ferricyanide based cathodes produde 1.8 times increased
power densityover conventional platinum covered cathodes using dissolved ox{@knand
Logan, 200% The low redox potential of the anaerobic anode and the high redox potential of the
aerobic or chemical (ferricyanide) cathode is the driving force for the transport of electrons.

A proton exchange membrane separates the anodecathode chambers. The proton

exchange membrane allows the transport of positively chargedpomtens)from the anode to



the cathode, thereby maintaining pH and elentotrality. Salt bridges or ionic conductive
separators can also be employed,thase separators affect the fuel cell performance due to high
Ohmic resistance contributiofMin et al, 2005. The conventionaMFC desi gn i1 s an
dual chamber design containing two bottles separated by a tube containing the proton exchange
membrane like Nafidi. These MFCs are used for basic research, such as examining the
performance of new electrode materials and prodiower power densities compared to single
chamber MFCs due to high internal resistance (Logan, 2006). A single chamber MFC design,
where the proton exchange membrane is either removed or pressed against the anode or cathode
to form Membrane Electrode Assbhes (MEAs) produce increased power generation by
decreasing the internal resistance.

A few species of bacteria have the ability to transfer electrons without electron mediators.
They transfer electrons through conductive nanowires when growhiadilan on the electrode
surface and are called as exoelectrogenic bacteria. Electron mediators are required by non
exoelectrogenic bacteria that cannot transfer electrons from their cells to the electrodes. These
mediator compounds have the ability tonpeate into the cells of these reroelectrogenic
bacteria, react with the NADH molecules within the bacterial cells and exit the cells in the

reduced form, thereby transferring the electrons to the electrode.

2.2 Electrodes

Electrodes play a vital role in the performance and cost factors of MFCs as they improve
bacterial adhesion and electron transfer. Several fashangldbe considereavhen using these
electrodes includindpio-compatibility, conductivity, surface morpholeg and properties, cost
and modification methods. Generally, an ideal tebele must have good conductiamemical

stability, high mechanical strength, low cosgalallity and corrosionresistage These



electrodes must providelarge surface area ftwacterial adhesion and current generafidei et

al., 2011).

2.2.1 Carbonaceous electrodes

Carbonaceous materials are widely employed owing to their good bio compatibility,
chemical stability, low cost and high conductivity. He and colleagues used reticulated vitreous
carbon electrodes that produced a maximum power density of 170 et al, 2005.
Plane carbon paper electrodes of 22.5 bave also beealso usedielding a maximum power
density of 600 mW/h(Wei et al, 201J). Aeltermanet al. (2008) worked with graphite felt and
carbon felt to achievpower densities d886 W/nt and 356 W/m (anode volumes) respectively
Carbon mesimave also beeexamined as an inegpsive alternative to carbon paper and carbon
cloth (Wanget al, 2009. While carbon cloth electrodese physicallyflexible and offer high
surface areas, they are expensive toingdFCs (Zhanget al, 2010. A graphite brush anode
was first used by.oganet al. (2007)andit hashigh surface area, higborosit, and efficient
current collection.These graphite brush anodes produaemaximum power density df430

mW/n?, versus 600 mW/frgenerated by plain carbon paper anddleganet al, 2007.

2.2.2 Metal electrodes

Noble metal electrodes such as platinum, gold etc. are quitemdrexpensive . Stainless
steel is a cheaper and corrosion resisa#tetnative However stainless stealectrodedave not
beenstudied as extensively as the carbonaceous electanddsave only been showed to work
as cathods (Zhanget al, 2010 and under marineonditions in seafloor microbial fuel cells
these fuel cells werdriven by the potential difference between anaerobic and aerobic regions of
the sea bed anthe sea surface respectivglpumaset al, 2007. Dumaset al, (2008a) found

that the stainless steel anobased fuel celproduced lower powethan a graphite one. In
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contrastErable and Bergg2009) found thatinder a constant potentialtT Vgcd), a stainless

steel grid anode produced much higher currensities than plain graphite onedn another

study ntrogen doped carbon nanofibres (NCNFs) were grown on stainless steel mesh electrodes
which formed a water resistant and bindeefcathode in addition to providing a large surface

area for microbial adhesiq@henet al, 2019.

2.2.3 Surface coating of electrodes

Immobilization of mediators on the electrode surfahes beerattempted to improve the
performance of fuel cells. Pagt al. (2003) immobilized Md* and F&" on graphite electrodes
and noted significantly improved electron transport. Methylelne immobilized on stainless
steel electrodes were found to perform well in photosynthetic biocathodes, compared to soluble
mediatorg Godwin, 201). Polyaniline and polypyrrole are electrically conductive hade also

beenused to improve the performance of the fuel d€lisoet al, 2007.

2.2.4 Carbon nanopatrticles and nanotubes

The structural chemical and electrical properties of carbon nanoparticles and carbon
nanotubes have paved way for the develogméninique and efficient electrode materiéfan
et al, 2011). Microbial fuel cells containing pure cultures Bfoteusvulgaris entrapped on
carbon cloth electrodes using carb@mmoparticleend PTFEvere usedinder mediato(Yuanet
al., 2009 and mediatorlesgYuan et al, 201]) setups that produced power densities of 706
mW/m? and 260 mW/n¥ respectively. Gold and palladium nanoparticle decorated graphite
anodes produced a 20ld increase in the power output compared to plain graphite. However
the power output was greatly dependent on the size and shape (circularitynahtparticles
(Fanet al, 201). Pt/Ni supported on Multi Walled Carbon Nanotubes (MWCNTSs) were

compared with conventional Pt/C cathodes and found to be prongkngodes for oxygen
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reduction at the cathode in terms of cost and coulombic efficiéfemyet al, 2013. Titanium
oxide decorated CNTs were used as anode electrodes in a dual chambered fuel cell setup and
they were found to significantly improve the performance of the fuel cell, confirmed through

Electrochemical Impedance Spectmsyg analyse§Wenet al, 2013.

2.3 Mediators

Mediators act as electron shuttles and aid in the transfer of electrons to the electrode
surface. These electron shuttles are stable in their reducedoxadided states, donot
biologically degrade and are generally ftoric towards microorganisms (Past al, 2003).
Moreover these mediators in their oxidized states have the ability to penetrate into cells, react
with the NADH molecules present in the microbes and leheectlls in their reduced state
thereby passing electrons to theode (Powell et al, 2009). Some of the commonly used
mediators are methylene bl(@odwin, 201}, neutral redWanget al, 2009, thionin (Yuanet
al., 2009,2-hydroxy-p-napthaquinondPowell et al, 2011, polyviologen(Kim et al, 201J),
Anthraquinone2,6-disulfonate(Ringeisenet al, 2006, of which poly(methyleneblue) received
much of the attentionowing to its high stability and favorablereversiblepotential (Karyakin et
al., 1999. Most of thesemediatorcompoundsiavebeenproven to maintaintheir redoxproperty
even after electropolymerizatioron an electrode(Karyakin et al., 1999; PrieteSimén et al.,
2004). Researchworks involving immobilization of mediatorand nanoparticles/nanotubde
enhancethe surfaceareahave also benndone (Qiao et al, 2007; Scottet al, 2007). These
immobilized mediators aid the n@xoelectrogenienicroorganism in transferring the electrons
to the anodé€Park and Zeikus, 2003Enzyme based bisensors use polymegdox compounds
as solid surface electron mediat¢8lber et al, 1999. In fact some redox polymers such as

polyaniline and polypyrrole are conductive and aid in electron transport, thereby partially
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eliminating the need for mediato&odwin, 201). Polypyrrole was used by researchers as a
conductive polymerwhich was polymeried on nomoble metals providingan oxidation
blocking barrier for metal¢Martins et al, 2009. Figure 2.1 and Figure 2.Zpresents the
conductive (oxidized) form of polyprrole and pdiyethylene blupwith monomers attached to

their nitrogen groups respectively.

Figure 2.1 Conductive (oxidized) form of polypyrrole doped with an anion denoted by A

(Vernitskaya and Efimov, 1997).

Doping ions can be used poevent the oxidation of metsnd increase the conductivity of
polymer films.Some of the commonly used ions for this purpose include malate, oxalate
(Martins, 2004)and salicylaté€Petitjean, 1999among which salicylate was found to perform

better (Godwin, 2011).

/@E

Figure 2.2 Structure of poly methylene blue(Karyakin et al, 1999.
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2.4 Substrates

The sibstrate added to the MFC also plays a crucial role as the maximum theoretical
voltage of the fuel cell is dependent on the substrate concentr&gweral substrates from
simple sugars to synthetic wastewater have been used in biological fuelGlalitese and
acetate are theost commoly usedsubstrates when high electrical performance is desired and
aspects other than microbial growth are being studiled.theoretical potential of the anode with
respect to a standard hydrogen scale is calcufetadthe Gibbs free energy formuda follows

(Godwin, 2011)
it YE ., (2.1)
Using the Nernst equatiorthe theoretical potential at natandard conditions can be

determined
A YéT ézﬁ r]T el I (2.2)

Table 2.1lists thecommonly used electron donors and acceptors in anodes and cathodes of

biological fuel cells.
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Table 2.1 Some common kectron donors and acceptors used in MFCs

CHAMBER

ELECTRON DONOR/ACCEPTOR

ANODE

Acetate
Glucose
Butyrate
Glycerol
Malate
Citrate

Sulfur

CATHODE

Oxygen

Bicarbonate

Acetate

Nitrate

Nitrite
Permanganate
Manganese dbxide
[ron

Copper (1)
Potassium persulfate

Ferricyanide
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2.5 Biocathodes and photosynthetic cathodes

Conventional MFCs consist of biological anode ahdmicalcathode Chemicalcathodes
are enhanced whea metal catalyst such as platinusnincorporatedo enhance the oxygen
reduction reaction. However, these metal catalysts are expensive and cause secondary
contamination.Biocathode MFCsusing microorganisms are helpful in lowering cost and
improving susiinability. Moreover, they are economical and environment friendly.

In a recent studentathodic bio-films formed on graphite electrodes achieved a fourfold
increase in current output compared to-+catalyzed graphite cathod@seguiaet al, 200§. A
biocathode MFC catalyzed by fem@anganesexidizing bacteria was investigated blao et al.
(2010) and produced a maximum power output of 32 \tnd 28 W/m for fed batch and
continuous systems respectively. Photosynthetic biocathodes using micrd@igaeslla
vulgaris to reduce carbon dioxiderere investigated by Powelét al. (2011). Two mediator
compounds were testethethyleneblue and zhydroxy-p-naphthaquinone (HNQ). When these
mediators werdalissolvedin the cathode, the growth rate of the microalgae was lower in the
presence of methylene blue than HNQ. This phenomenon could be attriledigtion in
illumination intensity caused by tmeethylene blueChlorella vulgarisbased cathodes were also
used in a mediatorless setup to treat the wastewaggrodicchamber and has been reported to
produce electricity during the dark phase (at nigidpnzalez del Campet al, 2013.
Moreover, bacterial biofiimfiave been found to catalyze oxygen reduction at the cathode by

utilizing the electrons transferred from the an@idegan, 200%.

2.6 Electrochemicalelectroanalytical techniques
Potential sweeps;yclic voltammety and EIS are the commonly used electrochemical

techniques Researchers use potential sweeps to generate the polarization (ealtcsye)
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curves andt has beershown that the maximum power output is obtained when the internal
resistance (R) of the cell is equal to the external resistancesRManohar and Mansfeld,
2009.Cycl i c voltammet r forthe syntiaesist 0b ampounds eeleorades.u s e d
Cyclic voltammetry is also used for measuring electrode kinetics in irreversible systernss and
used extensively in the analysis of microbial fuel cBlanoharet al, 2009; Schroderet al,

2003; Loganet al., 2006) In MFCs and biebatteries, Cyclic voltammetry (CV) is used to
analyzethe electrochemical activity of the microbial cultures in the anolyte and ajsmvale

insight into themechanism of direct electron transfer frbro-film to the electrod. MFC studies
employing CV generally have scan rates ranging between 0.1 and 100 mV/s and the peaks on the
CV plot indicate the redox species present in the electrochemical system. Electrochemical
Impedance Spectroscopy (EIS) is a technique that proadesalth of information such as
electrolyte and electrode conductivities, determination of kinetic paramiei@fém behaviour

and reaction mechanisms. In MFCs and-tiadteries, EIS is generally used to determine the

elements in the system that contitwé rate of reactian

2.6.1 Chronopotentiometry

Chronopotentiometry is a galvanostatic method inthis method, the potential is measured
while maintaininga constanturrentovera particular time interval. Conductive polymers such as
pyrrole can bdormedon the surface of an electrode by applying anodic current or potential.
Oftena counter ion such as salicylate that forms an insoluble compound with the base metal is
added and a constant current is supplied. Metal dissolution occurs until thissalieigdte layer
is formedon theelectrode Thenpolypyrrole begins to form on the surface of the electrode at a

much higher potential than metal dissolution (Godwin, 2011).
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Air cathodes coated with polytetrafluorbgene (PTFE) have beenstudied using this
technique where theelectrode potentials of the layered carbon cloth electrodes were measured
whilst applying a constant current. Thkectrode performancesgere then evaluated by plotting

theresulting potentials as a functiof currentdensity(Chenget al, 2006.

2.6.2 Cyclic voltammetry (CV)

Cyclic Voltammetry (CV) is a techniquefrequently used for the determination of the
electrode reactiomechanism®ccurring in the fuel cell chamber€yclic voltammetry is also
used for the polymerization of exogenous mediators (methylene blue) on metal electrodes
(Godwin 2011).In biological fuel cellstudies, CV experiments have been used extensively to:
() investigate the mechanismsealéctron transferpth direct and indiregbetween théio-film
and the electrode; (iigvaluate the performance oétalysts;and (iii) to determine the redox
potentials of the chemical or biological species involuadergoing electrochemical reactions
Cyclic voltammetry is a simple technique that produces results in a relatively shor{Ttime.
cyclic voltammograntdepend on sevdréactors, such as the electrode pretreatment, the rate of
the reactiongelectron transfer)the thermodynamic propertie$ the chemical and biological
species present, the concentratéomd rates ofdiffusion of electractive species andhe sweep

rate.

2.7 MFC performance analysis
Several electrochemical methods have been useddearchers to study the performance
of the MFCs. Slow potential sweeps have been used to generate the polarization curves
(Hoffman et al, 2013; Schrodeet al, 2003)and determine the maximum power output of the
cell (Loganet al, 200§. Cyclic voltammetry plots have been used to study the electrochemical

activity attributedto microbial metabolism and the interaction of thie-film with electrodes
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(Manoharet al, 2009;Loganet al, 2006). Electrochemical Impedance Spectroscopy (EIS) is a
powerful tool that is used to study the internal resistance compaofMat®har and Mansfeld,
2009. By fitting the EIS impedance data to equivalent circuits, the solution resistdrarge
transferresistance andouble layercapacitance can be determined along with the individual
polarization resistances of@ahalf cell(Manoharet al, 200§. Differential pulse voltammetry
has been proposed for systems that take a long time to reach sseadlp state potentials.
However, there is no evidence tfe use ofdifferential pulse voltammetry foctharacterizing

MFCs intheliterature.

2.7.1 Polarization and power curves

Polarization curves help in expressing the performance potential of microbial fuel cells and
bio-batteries throughhe measurement adpen circuit voltages and voltagarrent behavior
There are four methods afeterminingpolarization curves: a) Constant resistance discharge
method by connecting different resistors to the-biattery and recording the current and voltage
output b) Polarization sweep methetike Linear Sweep Voltamntey (LSV) conducted at a
slow scan rate (i.e.0.1 or 0.15 mV/s c¢) Galvanostatic discharge metisodike
chronopotentiometry where the current is kept constant and the resulting voltage is measured and
d) Potentiostatiaischarge methaiwhere the poterdl is controlled and the resulting current is
measured.

An ideal polarization curve recorded for a MiEChown in Figure 2.3 and it illustratédsee

characteristic regions.

17



Activation

Eoc overpotential.

Ohinic overpotential

Concentration
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Voltage (V)

Current density (mA/m?)

Figure 2.3 Example of a polarization curve for MFCs and biebatteries.

Thesethreeregions are usually overlapped for MFCs and biobatteries, while they are well
segregated in chemical fuel cells. The region at low current densities represents charge transfer
(activaion) overpotentiacorresponding to the ratd the reactions taking place on the surface of
the electrodes. Electrode materials, catalysts and reactants, electrolyte and mediators, metabolism
of microorganism andbio-film characteristicare some of theommon factors thanfluence
charge transfer overpotentials.

The intermediate region of the polarization curve represent®limeic overpotential. The

ohmic overpotentialis caused primarily bygolution resistancepnic concentration changesd

themembrane

18



The final region at high current values represents the mass trafesiecentration)
overpotentialThis overpotential resudtfrom the changes in the concentration of the reactants at
the interface between the electrode surface and the bulk &fextrbhis overpotential occurs
when the reactants cannot be supplied to the electrode surface reaction sites afatstergtban
they are being deplete@he major factoaffecting mass transfer overpotentaé the transport
properties of the eledactive species with an indirect influence of the hydrodynamics in the

bulk solution.

2.7.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance SpectroscdRiS) tests help determiningthe electrochemical
characteristics of the system. Some examples of these are: coating coverage; solution resistance;
charge transfer resisance and; double layer capacifstaceharet al, 2009. Subsequently, the
membrane resistance can be calculated gsi O h m @Veanotarlawd Mansfeld, 20DEIS is
frequentlyused for studying corrosion processes and evaluatesgamrprotection by polymer
coatings and inhibitorfkecentlyEIS was used for determining the internal resistances involved
in MFCs(Manoharet al, 2008. EIS experiments are conducted either at fixed potentials or open
circuit potentials(He and Mansfeld, 2009 Generally, phosphate or carbonate buffass
supporting electrolyte@~anet al, 2009. However, the membrane contributesattarge extent
of the ohmic resistance in a two chambered microbial fuel cellEIS, a sinusoidal voltagef
varying frequencys applied to the working electrogeoducing an impedance spectruhimese
small sinusoidal perturbations prevent the interference chaomonic effects on data collection
and prevent damage to th-films atached on the electrodes.

There are two methods of visualizing the spectrum, a) Nyquist plot and B)pRuid The

Nyquist method plots the imaginary portion versus the real portion of impedance. Nyquist plots
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are useful in determining the resistances eimaracterizinghe physical processes occurrimg

the systemHowever, since the frequency is not clearly shdgince it is a polar plot)time
dependant parameters cannot be identified. éBplbts on the other hand, are used for
representing all the the values i.eimpedance, phase angle and frequefRcgquency is plotted

along the abscissa while the phase angle and magnitude are plotted along the ordinate axis. The
impedance data is usually fit to an electrical equivalent circuit for estimatingsistance and
capacitance.

The simplest circuit used to model an electrochemical system is the Randles cell. The
Randles cell contains a resistor (due to solution and electrode resistance) in series with a parallel
combination of a capacitor and resistdhis parallel combination represents the charge transfer
resistancéetween the electrolyte and electrode and also the double layer capacitance. Usually,
the double layer capacitance is replaced with a constant phase element (CPE) due to non
homogeneity(non uniform surface properties or concentrations) of the electrodes. The true
capacitance i s r'epr ek grsttedreqaescy & which tevimaginary
component of the impedance is maximum and Q (in unit$ 8.analogous to C (innits S.s)
(Godwin, 2011)

The mass transfer overpotential or concentration overpotential is camgethe
concentration gradient created near the electrode by the limited diffusion rate of the reactants.
The Warburg impedance is used to describe theusidh effects taking place in an
electrochemical system and represents semi infinite diffusitimn the electrolyte. A Warburg

impedance has a magnitude &f/v*?

(G is the Warburg constant) and is at a constant phase
angle of 48, regardless of frequey. In some particular casdike the rotating disk electrode

and electrode coating experiments, the diffusion layer thickness is finite and a special impedance
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el ement call ed Oporous bounded War bur go or
impedances similar to Warburg impedance at high frequencies, but at low frequencies, the

imaginary component of the impedance approaches zero.

2.8 Challenges and knowledge gap
The primary challenge faced the development dbiological fuel cells is the low power

output causedto someextent,by high internal resistance within the system. Dual chambered
biological fuel cells are plagued by high ohmic and activation resistances (Ma@haf008).
In addition the power output of biological fuel cells are lowearthconventional chemical fuel
cells due in large partfo microbial metabolismin order to counter the slow electron transport
rate, exogenous mediatdrave beemsed to shuttle the electrons from inside to outside the cells.
However, these exogenous areors must be replenished often and are known to cause solution
contaminationlmmobilizing themdirectly on the electrode surfaceasn reduce these problems

Microbial fuel cellsgenerally rely on bidilms formed on the electrode surface to generate a
steadypower output. These biims usually take a long time to be formebthe concept of
bacteria immobilization directly on the anode surface was studied by éfuan 2009 andhis
concept was found to reduce the start up time of the fuel cell compared to a conventional bio

film based one.

It is hypothesized in this research that mediator and bacteria immobilization directly on the
electrode surfaceill enhance the electron transfer rate from the bacterial cells to the electrode,
by reducingmass transfer and/or electrochemical resistancesddition, the use of carbon
nanoparticlewill increaseboth the surface area and enhance the conductivity oélétrode,

thereby improving the performance of the battery.
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3. MATERIALS AND METHODS

This chapter includes a detailed description of the equipment and various experimental
methodologies adopted in this research. The first few sections of this chapten awitals
about preparation and testing of the composite electrodes, followed by a description of the
bacteria immobilization technique using CNP and TéRosubstrate concentration analysis,

bioanode, biocathode asdmplete biebatteriessetup and analyses.

3.1 Electrochemical Equipment

A Gamry™ Reference 600 potentiostat along with PHE "20€oftware was used for
electrepolymerization of pyrrole and mediatdmethylene blue) measuring open circuit
potentials, and obtaining polarizationrees.A Gamry™ Interface 1000 potentiostat was used for
the Electrochemical Impedance Spectroscopy (EIS) analysis the databeing fit using
equivalent circuit modelsThe Gamr{” Echem Analyst software was used to design and fit
equivalent circuit moels to EIS data and also to export the data to Microsoft Exée
calculations and plotting. These programs were operated from within the Gdfragnework
6.0 softwareThe potentiostatwerec al i br at ed using a stpriordbard ce
running experiments Hanna instruments stir plates were used for stirring the solutions. Figure

3.1 shows the GamPyinterface 1000 and Reference 600 potentiostats.
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Figure 3.1 Gamry™ PotentiostatsA) Interface 1000 for EIS analysis and B) Reference 600

for electropolymerization and obtaining OCP and polarization curves.

3.2 Electrode design and preparation
Composite electrodes were prepared with stainless steel meshe dsmse andby
polymerizing pyrrole and methylene blue (mediator) on the base. These compositedssc

were then coated with the CNfacteria paste prepared using Teflon

3.2.1 Composite electrode preparation

Stainless steel esh (60x60 and 2.54 cm diameter was obtained from McMa€Siair,
Canada. The meshaswashed with acetone to remove any metal fragments that may interfere
with polymerization. The method used for elegbalymerization of pyrrole and mediator on the
mesh was similar to the method used(8pdwin and Evitts, 20)1lwith a slight variation in

solution concentration due to the geometry and morphology of stainless steel mesh.
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Polymerization of pyrrolen the stainless steel mesh electrodes was conducted galvanostatically
(chronopotentiometry experimerit) a three electrode celif a current density of 6 mAAxiThe

three electrod cell used is shown in Figure 312 consisted of the working electrqdgraphite
counter electrode and saturated calomel reference electrode. The solution containatbllL350
pyrrole, 0.080mol/L salicylate and small amounts of orthophosphoric acid to bring the pH down

to 4.2. The polymerization time was approximately $86onds

Subsequently, cyclic voltammetry was used for the polymerization of methylene blue on the
polypyrrole coated stainless steel mesh. The solution used for methylene blue polymerization
was 0.001 mol/L methylene blue, 0.inol/L potassium nitrate, 0.02%0l/L sodium borate, and
pH of 9.5 The electrode setup for methylene blue polymerization was similar to Figuiieha.2.
methylene blue dye was polymerized on the surface of polypyrrole coated stagdéasesth by

ten cyclic voltammetry sweeps betweé and 1.05 V.
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Figure 3.2 Schematic representation of the three electrode cell for polymerization of
pyrrole and methylene blue: a) graphite counter eldcode b) stainless steel mesh working

electrode and c) saturated calomel reference electrode.

3.2.2 Bacteria-Carbon paste coating preparation

The methodology for bacteria immobilization on the composite electrode was modified from
the method used by Yuaet al. (2011) In this method,0.3 g of Vulcan XG72 R (carbon
nanoparticles) was homogeneously spread imlL®f water using ultrasonicatioifhe bacteria

(Escherichia coli K12), was a pure culture obtained from the American Type Culture Collection
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(ATCC'™ 29425™). The cultures were grown aerobically in Erlenmeyer flasks placed in a shaker
set at 37°C and 250 rpm for 24 hours. The medium used for the growth contained: 10.00 g/L of
tryptone, 10.00 g/L of NaCl, 5.00 g/L of yeast extract and 20.00 g/L of glu¢bgemedium

was sterilized in an autoclave before culturing the bacténa.cultured bacteria were harvested
from the liquid culture through centrifugal action (8000 rpm for 10 minutes) and introduced into
the container containing carbon particles. T¢vtution was stirred for 2 minutes addnmL of
Teflon™ emulsion (Teflon, PTFE 3859, DuPont, USA) containing 60% (by weight) resin in
water was mixed with the carbon nanoparticles to form the Carbon Nanoparittleacteria

paste (CNFbacteria paste). The final solution was stirred for at least 2 minutes until a sticky
CNP-bacteria suspension was obtained which was then evenly applied on both the sides of the
composite mesh electrod&igure 3.3 shows the finatomposite electrode after bacteria

immobilization.

Figure 3.3 Final composite electrode with CNFbacteria paste coating.
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3.3 Electrode setup
Different electrode configurations and setups were usedié@nodes, biocathodes and

complete biebattery experiments.

3.3.1 Bacteria culture and bioanode setup

Figure 3.4shows the Hype configuration of thduel cell with bioanodewhere both the
anode and cathodshambers had a capacity of 680 each Both of thechambers were filled
with 500 mL of solution and separated with a Naffoproton exchange membrane with an
approximate surface area of 5 Trthe Nafioi" 117 membrane(supplied by Sigmaldrich)
was pretreated by boiling for 1 hour in each of two sabus: 3% HO, de-ionized water and 0.5
M H,SQ,. Pretreatment ofNafion™ membranes is essential to receive high power density and
coulombic efficiency in dual chambered MF@Shasemiet al, 2012 . For the bianode
experiments, the anode chamber containdsl lnedium with buffer solution (10 g/L sodium
bicarbonate, 8.5 g/Lpotassium dhydrogen phosphateand 20 g/L glucose at a pH of
approximately 6.5. Sterile graphite asaturated calomel reference electrodes were inserted into
the cathode chamber while the composite mesh electrodes covered wibaCidRa paste were
inserted into the anode chamber. Nitrogen \wasgedinto the anode chamber in order to
maintain anaerobiconditions and the setup was run at an ambient room tempera2eCof
Magnetic stirrers were used throughout the experiment in both the chambers to induce mixing

and maintain a uniform composition.
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Figure 3.4 Fuel Cell apparatus containing the composite electrode with CNBacteria paste
coating. The cathode contains 100 mM potassium ferricyanide solution with graphite

electrode.

The composite electrode with CMfacteria coating as compared with two other electrode
configurations.These alternate configurations include: Case |, a composite electrode with CNP
pastecoatingand bacteria suspended in solution, and Case Il, a composite electrode with bacteria
suspended in solutionThe CNP paste coating for Case | was preparechdiyogeneously
spreading).3 g of CNPin 10 mL of water by ultrasonication and addingnL of Teflon™to the

carbon nanoparticle suspension

3.3.2 Algae culture and photosynthetic biocathode setup
Chlorella vulgaris and Scenedesmusp. were obtained fronCarolina Bological Supply,

Burlington, NC and were stored in a refrigerator until uStdrter cultures ofhlorella vulgaris
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and Scenedesmusp. were initially grown inflasks containingAlga-Gro™ freshwater medium
(obtained fromCarolina Biological Supply, Burlington, NGdr at least one weeKk he starter
cultures were grown under plant growth lights that had a light intensity of approximately 4000 Ix
and timers were used to control the lights to bdasrl6 hours a day. Bbnetic stirrers were
used to prevent the cells from precipitatigr the starter cultures, €0, supplementatiomas

providedor other gasses blown into the flasks.

Biocathodeswvere tested using 20 mM ferrocyanide as the eleatomor in the anoden a
similar Htype configuration used for bioanode batteriégure 3.5 shows the biocathode battery
setup with a chemical ferrocyanide anode. ApproximatelyBD@ f Bol dds medi um w
to the cathode chamber and inoculated wihraximately 50mL of starter algae culture. The

contents of the medium are shown in Table 3.1.

REference
ectrode

Referen electrode

k | P = - Y | orking electrode

S (]
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.

Figure 3.5 Fuel setup with the bocathode witha 20 mM ferrocyanide anode.
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Table 3.1 Bold's basic medium minerals and nutrients

Nutrients Conc. (mg/L)
NH,CI 75
MgSQy-7H,0 50
K.HPQ, 100
KH,POy 150
CaCb 25
NacCl 25
Na-EDTA 50

Trace Elements

FeSQ-7H,0O 4.98
H3BOs 11.42
ZnSQ 8.82
MoO3 0.71
Co(NO3),-6H,0 0.49
MnCl; 1.44
CuSQ-5H,0 1.57

Precalibrated gas flow meters were used to mix,@6d air. Eight percent GQvas mixed
with air and introduced into the cathode chamber at a flow rate om2@®in. Graphite rod

served as the counter electrode in the anode while the composite electrode configurations were
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used as the working electrodes in the cathode. Two different composite electrode configurations
were tested: 1) Composite electrode with CNP cgdprepared using carbon nanoparticles and
Teflon™) and 2) composite electrode without CNP coating. Tests were conducted with respect to

the reference electrode placed in the chemical anode due to the unstable nature of ferrocyanide.

3.3.3 Complete bio-battery setup

The complete bio-battery setup combined thebioanode containing bacteriaand the
biocathodecontaining algae as shown in Figure.3l®ie anode contained composite electrode
with CNP-bacteria pastevhile the cathode had composite electrode wdhbonpastecoating
and Chlorella vulgaris suspended in the solution. The anolyte wasNMiBer medium with
bicarbonate buffer with a pH of approximately
Due to the pH drop caused by €@ the cathode chamber, th@H of the catholyte was
maintained between 6 and 7 by adding small amounts of sodium bicarbonate sRlefitvance
electrodes were introduced in both the chambers and magnetic stirrers were used throughout the

experiment to prevent settling and maintamform composition.
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Figure 3.6 Complete bio-battery setup containing bacterial bioanode and photosynthetic
algae biocathode The bioanodecontains composite electrode with immobilized bacteria
(CNP-bacteria paste) and the biocathode contains composite electrode with CNP paste

coating andChlorella vulgarissuspended in the solution.

3.4 Analytical techniques and electrochemical tests

Analytical techniques such as Scanning Electron Microscopy (SEM) for analysis of
electrode coatings, glucose concentration analysis of bioanodes and measurement of biomass
concentration in the biocathode chamber by spectrophotometric analgsts done.The

bioanode biocathode and complete Hiattery setups were analyzed by measuring their open
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