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ABSTRACT

Microbial fuel cells (MFCs) are emerging technologibattproduce bieelectricity from
inorganic and organic wastesir cathodes used in MFCs need to have high catalytic activity for
oxygen reduction, but they must also be easy to manufacture, inexpensive, and waextagat.
different approaches were udezgte to improvair cathode performancand reduce water leakage
A low cost poly(vinylidene fluorideo-hexafluoropropylene) (PVDHFP) phase inversion
coating was developed as a cathode diffusion Ifyk} to improve power A maximum power
density of 1430 + 90 mW rhwas achieved at a PVBHFP loading of 7.1 mg crh (4:1
polymer:carbon black), with activated carbon as the oxygen reduction cathode catalyst. This power
density was 31% higher than that obtained with a morgestional platinum (Pt) catalyst an
carbon cloth (Pt/C) cathode with a poly(tetrafluoroethylene) (PTFE) diffusion layer (1090 + 30
mW m'?). The improved performance was due in path&darger oxygen mass transfer coefficient
of 3 x 10% cm $* for thePVDFHFP coated cathode, compared to 1.7 ®dfa 1 for the carbon
cloth/PTFEbased cathode. The diffusion layer was resistant to electrolyte leakage up to water
column heights of 41 £ 0.5 cm (7.1 mg'édoading of 4:1 polymer:carbon black) to 70 £
(14.3 mg crt? loading of 4:1 polymer:carbon black). This new type of PMWIFFP/carbon black
diffusion layer could reduce the cost of manufacturing cathodes for MFCs.

A simple onestep, phase inversion process was used to construct an inexpatisdegising
a poly(vinylidene fluoride) (PVDF) binder and an activated carbon catalyst. The phase inversion
process enabled cathode preparation at room temperatures, without the need for additional heat
treatment, and it produced for the first time a cathodedidanot require a separate diffusion layer
to prevent water leakage. MFCs using this new type of cathode produced a maximum power density
of 1470 + 50 mW ¥ with acetate as a substrg@8 mL reactor)and 230 + 10 mW M with

domestic wastewat¢t 30 ni reactor) These power densities were similar to those obtained using
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cathodes made using more expensive materials or more complex procedures, such as cathodes with
a polytetrafluoroethylene (PTFE) binder and a poly(dimethylsiloxane) (PDMS) diffusian ¢atye
a Pt catalyst. Even though the PVDF cathodes did not have a diffusion layer, they withstood up to
1.22 + 0.04 m of water head (~12 kPa) without leakage, compared to 0.18 + 0.02 m for cathodes
made using PTFE binder and PDMS diffusion layer. The @oBVDF and activated carbon ($3
m'2) was less than that of the stainless steel mesh current collector ($12PWDRbased AC
cathodes therefore are inexpensive, have excellent performance in terms of power and water
leakage, and they can be easily nfantured using a single phase inversion process at room
temperature.

Applications of MFCs will require cathodes that are highly resistant to water leakage. This
can be accomplished by using a beti#fusion layereven with cathodes relatively resistaot t
water leakage, but the materials mustrisxpensiveTo improve the resistance of the cathode to
leakage, daydrophobicPVDF membrane synthesized using a simple phase inversion process was
examined asn additionallow cost ($0.2m?), carbon blackree DL that could prevent water
leakage at high pressure heads comparedntora expensiv®TFHcarbon black DL ($1/h?).
The power density produced with a PVDF (20% ,w/v) DL membrane of 1400 + /ifmas
similar to that obtained using a wipe DL [cloth coated with poly(dimethylsiloxane)]. Water head
tolerance reached 1.9 m (~19 kPa) with no mesh supporter, and 2.1 m (~21 kPa, maximum testing
pressure) with a mesh supporter, compared to 0.2 £+ 0.05 thefavipe DL. The elimination of
carbon black from the DL greatly simplified the fabrication procedure and further reduced overall
cathode costs.

While the PVDF membranevas shown to be a useful DL, a method was neededegrate
theDL into the cathodstructure A hot pressingnethodwas used to bind the PVOBL onto the
air side of the activated carbon cathode, and additional catalyst layers were added to improve

performance. Cathodes pressed at 60 °C produced a 16% higher maximum power d&63@y of
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+ 10 mW m? than norpressed controls (1400 + 7 mW3n Cathode performance was further
increased to 1850 + 90 mW fiby catalyst stacking, through the addition of an extra catalyst layer
(CL), which better utilized the available surface area of thenlets steel mesh (SS) current
collector. The use of one stainless steel current collector and twystdeyers (SS/2CLS)
producedmore positive cathode potentials compared to other designs (SS/CL or 2SS/2CL). Low
materials costs and high power productior MFCs using these cathodes could enable more cost
effective power production using MFCs.

To improveoxygen reduction kinetics of theathode catalyst, amon-nitrogencarbon ce
catalystwas incorporated intactivated carbon (FB-C/AC), resulting ina nearlyfour electron
transfer, compared to a tvedectron transfefor plain activated carbon (AC). With acetate as the
fuelin 200 mM phosphate buffer solutipthhe maximum power density was 4.7 + 0.2 V¥, mvhich
is higher than any previous report fam aircathode MFC. With domestic wastewater as a fuel,
MFCs with the FeN-C/AC cathode produced up to 0.8 + 0.03 W,mvhich was twice that
obtained with a platinurcatalyzed cathode. The use of thisNFE€/AC catalyst can therefore
substantially increse power production, and enable broader applications of MFCs for renewable
electricity generation using waste materials.

Longterm operation of MFCs can result in substantial degradatioAfair-cathode
performance. In order to examine a possible role in fouling from natural organic matter in water,
cathodes were exposed to high concentrations of humic acids. Cathodes treat€0 withl'* of
humic acids did not exhibit any significant clyanin performance. Exposure to 1000 m§ af
humic acids, which increased the mass of the cathodes by ~5% (14 + 2 mg of organic matter per
cathode), decreased the maximum power density of the MFCs by 14% (from 1310 + 3G'taW m
1130+ 30 mW nif). Totalc at hode resistance increased by 30%
treated with 1000 mg'E of humic acids, primarily due to an increase in the diffusion resistance

(from 32 g to 50 q), based on resistanane® compo
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spectroscopy. The adsorption of the humic acids decreased the total surface area by 12% (from 520
m? g'to 460 nf g'Y), suggesting that the main impact of #usorption of organic matter was due
to pore blockage. Minimization of external mass traneésistances using a rotating disk electrode
reduced the impact of organic matter adsorption to only a 5% reduction in current, indicating about
half the impact of the humics was associated with external mass transfer resistance and the
remainder was due internal resistanceRinsing the cathodes with deionized water did not restore
cathode performance. These results demonstratedtingit acids could contribute to cathode
fouling, but the extent of power reduction was relatively small in comparisiie targe mass of
humics adsorbed. Other factors, such as microbially produced biopolymers, or precipitation of
inorganic chemicals in the water, are therefore likely more important contributors to long term

fouling of MFC cathodes.
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Chapter 1

General Introduction

The world is experiencing an evacreasingenergy demandue torapid growth otheglobal
population. There are currently over seven billion people on earth with a projection of between 9.6
billion and 12.3 billionpeoplein 2100(1). Fossil fuels such as coal, natural ,gasd oil are
continuously supporting the global economic growth and account for over 80% of total energy
consumption(2). Oi | remains the worl dbés dominant fuel
but demand for oil is expected to excedldoroduction ten or twenty years from nof®, 3) This
primary energy consumption will encounter another incrégsé1% between 2012 and 2035,
raisinganurgent need for an energy infrastructure chgdye

In the US, the annual total energy consumption is ~ 1Gigllion BTU or 3.3 x 1& W and
accounts for about one fourth of global annual energy consun{pliokpproximately 18% of the
energy (600 GW) is generated as electricity in the power plants and 4% of this electricity (~ 24
GW) is usdal solely to moe and treat drinking and wastewatdvased on the Electric Power
Research Institute (EPR#®port publishedh 2002(6). In a typical domestic wastewater treatment
plant employinghe activated sludge process, the energy needed to treabfl wastewateis ~
0.6 kWh(7). To alleviate energy consumption in wastewater treatment, recent resesfiatuled
on recovering energy or materials from waste streams during the treatment (8pcess

Microbial electrochemical technologies (MEBsksustainable platfonsto produce valuable
products such as electricity from waste streams via different electrochemical reactions catalyzed
by microorganismg8). The nicrobial fuel cell (MFC) is one of the most widely applied METitas

can be used toonvert organiand ingganicsubstrates to electrical pow@13). Exoelectrogenic



2

bacteria on the anode are able to oxidize organics present in wastewagbease|ectrons, which
flow through an external circuit to the cathode where typically oxygen reduction ¢egLrse
bio-electricity generated from MFCs could be used as additional power source to achieve
sustainable wastewater treatmédjt

To date, there are no commercial applications of MFCs in wastewater treatment plants and
there are onhfimited studieson sa@ling up MFCs (14, 15) The main limiting factors for
commercialization aréhe high cathode cost and the absence of fabrication method for cathode
scale up(16). Another issue is the low power generation from MR@ainly due to poor cathode
performance. Cathode foulinftpsalso lowered power production oveeme and shortened the

cathode lifetimeg17).

1.1 Objectives

My PhD dissertation mainly focuses on developing new fabrication methods to scale up
cathode, ojnizing cathode performance and understanding cathode fouling mechanisms. There
are six objectives:

Objective 1:Apply a hydrophobic phase inversion coating aswadiffusion layerto lower
cathode cost and enhance cathode performance.

Objective 2:integrate catalyst layer with the diffusion layer @aew singlestep cathode
fabrication method using poly (vinylidene fluoride) (PVDF) to simplify cathode
manufacture and lower cathode cost.

Objective 3:improvecathodewater integrity by using hydrophobid®®VDF membrane as
a highlywaterproof diffusion layer for cathode scale up.

Objective 4:Stabilizethe PVDF membrane via hot pressing andrease effective catalyst

loading by using ACatalyston both sides of the current collector.
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Objective 5: Improvehe oxygen reduction reaction activity of activated carbon catalyst
through immobilizing a metalitrogencarbon cecatalyst.
Objective 6: Examine the effect of humic adsorption by activated carbon catalyst on

cathode performance.

1.2 Dissertation Scope ah Outline

In the research reported here, | desatiadvancesn cathode fabricatiomnd optimization
andl investigatedouling mechanisms. Following this introduction chapter, Chapter 2 is a literature
review of cathode development, and the follonéhgpters address the six stated objectives of this
dissertation.

In Chapter 3, | developed a new poly (vinylidene fluotdehexafluoropropylene) (PVDF
HFP) phase inversion coating as cathode diffusion layer. Cathodes with this new phase inversion
coatinghad a larger oxygen mass transfer coefficient of 3 % @@ $?, than a conventional
platinum/carbon cloth cathode of 1.7 x36m ¢!. The maximum power density of the cathode
with this new phase inversion coating was 31% higher than that obtaingtievittatinum/carbon
cloth cathode. The phase inversion coating was found to be very porous and highly oxygen
permeable to produce high power. The results of this work was summarized in a pspegby
W.; Zhang, F.; He, W.; Liu, J.; Hickner, M. A.; Loga®. E..t i t | e @inyfidéne flugrideco-
hexafluoropropylene) phase inversion coating as a diffusion layer to enhance the cathode
performance in microbial fuelcells, and i t waeumal of BdweriSautte®d Zhang
Fang, Weihua He and Didia Liu helped with cathode characterization. Dr. Michael Hickner gave
useful suggestions on polymers. | conducted all the experiments, including cathode preparation and
MFC tests, and wrote the first manuscript draft. All theaathors contributed in ¢hpreparation

of the final manuscript.
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In Chapter 4, | developed a single step fabrication method to manufacture activated carbon air
cathode using poly(vinylidene fluoride) (PVDF) binder via phase inversion process. It was the first
time that the cathodeatalyst layer and diffusion layer were fabricated in a single step, which
greatly simplified the manufacturing process. The fabricated phase inversion cathode produced a
power density similar to a previous activated carbon cathode that used a polytetedfiene
(PTFE) binder and a poly(dimethylsiloxane) (PDMS) diffusion layer, but it had a much higher
water pressure resistance of 12 kPa compared to 1.8LBP&9) The polymer needed was low,
with only 8.8 mg crit, for an overall cathode cost for ragitils of $15 rit. The results of this work
was summarized in a paper ¥gng, W.; He, W.; Zhang, F.; Hickner, M. A.; Logan, B. tiled
fiSingle step fabrication using a phase inversion method of poly (vinylidene flugAREF)
activated carbon air dades for microbial fuel celts, and it whAnsironmental i shed
Science and Technology Letté¢eihua He and Dr. Fang Zhang helped maintain reactor operation.
Dr. Michael Hickner offered useful suggestions on polymers. | conducted all the expsrandn
wrote the first draft of manuscript. All eauthors assisted in the preparation of the final manuscript.

In Chapter 5, | developed a hydrophobic poly (vinylidene fluoride) (PVDF) membrane as the
first carbon free diffusion layer for activated carladncathode. The synthesized PVDF membrane
showed a porous structure with pore size of ~ 100 nm and good oxygen permeability. Cathodes
with this membrane diffusion layer were able to resist a high water pressure of ~ 21 kPa. The results
of this work was smmarized in a paper byang, W.; Kim, K:Y.; Logan, B. E.,titled
fiDevelopment of carbon free diffusion layer for activated carbon air cathode of microbial fuel
cellsd and it wBiasesopreeblréchnsltg®idKydungYeol Kim helped maintain
reactor operation. | conducted all the experiments, analyzed the data and prepared the first draft of
manuscript. All ceauthors contributed in the preparation of the final manuscript.

In Chapter 6, | optimized the performance of activated carbon air catmidg poly

(vinylidene fluoride) (PVDF) membrane diffusion layer. The PVDF membrane was hot pressed
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onto cathode catalyst layer at 60 °C to prevent water retention between the membrane and catalyst
layer. The maximum power density wasosted from 1400 + mW ni 2for anon-pressed cathode
to 163 + 10 mW m2 for a hot pressed cathode. The cathode performance was further improved
by adding additional catalyst layer to utilize more surface area of the stainless steel mesh current
collector. The results of thiwork was summarized in a paperYgng, W.; Logan, B. Etjtled
fiEngineering a Membrane Based Air Cathode for Microbial Fuel Cells via Hot Pressing ard Multi
Catalyst Layer Stacking, awasl pulblished ifEnvironmental Science: Water Research and
Engineering | conducted all the experimentanalyzed the dataand wrote the first draft of
manuscript. All ceauthors contributed to the preparation of the final manuscript.

In Chapter 7, | increased the oxygen reduction reaction (ORR) activity ohtacticarbon
catalyst in the air cathode by immobilizing iraitrogencarbon cecatalyst on activated carbon
surface. The modified activated carbon catalystNFe/AC) showed a qua$our electron transfer
compared to a two electron transfer of convemti@ctivated carbon. Cathode with the modified
Fe-N-C/AC catalyst achieved a maximum power density oft4072W m'2, which is the highest
among all reported atathode MFCs to date. This modification process was simple and used
inexpensive raw materialéron chloride and phenanthroline). The results of this work was
summarized in a paper ang, W.; Logan, B. Et, i t Immabilizétion of FeN-C Co-catalyst
on Activated Carbon with Enhanced Cathode Performance in Microbial Fueb Cellsawasl i t
published inChemSusCherhconducted all the experiment and wrote the first draft of manuscript.

All co-authors contributed to the preparation of the final manuscript.

In Chapter 8, | examined the effect of humic acid adsorption to activated carbon on & oxyg
reduction activity and cathode performance. Activated carbon, after adsorbing humic acids, showed
only 5% drop in current generation during the linear sweep voltammetry test. The drop in the
current generation was mainly due to pore blocking as thestatiace area of activated carbon

decreased from 5202g'! to 460 n? g'* after adsorption. Cathodes after exposing to 1000 'thg L
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humic solution showed a 14% decrease in power production. These results demonstrated that
humics could contribute to cathoftmuling, but the influence on power production was relatively
small. The results was this work was summarized in a papgaiy, W.; Watson, V. J.; Logan,
B.E.,t i t ExtersivefHumic Acid Adsorption to Activated Carbon Air Cathode Producing Small
Reduction in Catalytic Activity |, and it has been submitted for
helped with the rotating disk electrode operation for the electrochemical characterization of
activated carbon. | conducted all the experiment and wrote therfifsbflthe manuscript. All co

authors contributed to the preparation of the final manuscript.

1.3 Additional Research Publications

The following list includes research that | contributed to as -@neestigator but it is not
included in this dissertation

1. Kim, K.-Y; Yang, W.; Evans P.J.; Logan B.EContinuous Treatment of High Strength
Wastewaters Using AiCathode Microbial Fuel Cellgin review)

2. He, W.; Wallack M. J.; Kim, KY.; Zhang, X.;Yang, W.; Zhu, X.; Feng, Y.; Logan,
B. E., The effect of flommodes and electrode combinations on the performance of a
multiple module microbial fuel cell installed wastewater treatment plant. (in review)

3. Kim, K.-Y.; Yang, W.; Ye, Y.; LaBarge, N.; Logan, B. E., Performance of anaerobic
fluidized membrane bioreamts using effluents of microbial fuel cells treating
domestic wastewateBioresour. Technok016 208, 5863.

4. Zhang, X.; He, W.Yang, W., Liu, J.; Wang, Q.; Liang, P.; Huang, X.; Logan, B. E.,
Diffusion layer characteristics for increasing the perforceaof activated carbon air

cathodes in microbial fuel cellEnviron.| Sci.: Water Res. Techna016 2, 266273.
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Tian, Y.; He, W.; Zhu, X.;Yang, W.; Ren, N.; Logan, B. E., Energy efficient
electrocoagulation using an -ireathing cathode to remove nants from
wastewaterChem. Eng. 2016, 292, 30814

Kim, K.-Y.; Yang, W, Logan, B. E., Impact of electrode configurations on retention
time and domestic wastewater treatment efficiency using microbial fuel \d&ter
Res.2015 80, 4146.

Zhang, F.; LaBarge, NY,ang, W.; Liu, J.; Logan B.E., Enhancing the performance of
low-grade thermal energy recovery in a thermally regenerative anibasé battery
(TRAB) using elevated temperatur€hemSusChe015 8, 10431048.

Zhang, F.; Liu, J.Yang, W.; Logan, B.E., A thermally regenerative ammehésed
battery for efficient harvesting of lograde thermal energy as electrical power.
Energy Env. ScR015 8(1), 343349

Zhu, X.;Yang, W.; Hatzell M.; Logan, B. E., Energy recovery from solutions with
different salinities based on swelling and shrinking of hydrogéfsviron. Sci.
Technol.2014 48, 71757163

Liu, J.; Zhang, F.; He, WYang, W., Feng, Y.; Logan, B. E., A microbial fluidized
elecrode electrolysis cell (MFEEC) for enhanced hydrogen producfiof®ower
Sources2014 271, 536533.

Zhang, F.; Liu, J.; Ilvanov, I.; Hatzell, M. C¥ang, W.; Ahn, Y.; Logan, B. E.,
Reference and counter electrode positions affect electrochemical chizasioie of
bioanodes in different bioelectrochemical systeBistechnol. Bioeng2014 111,

(10).
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Chapter 2

Literature review

In order to harvest energy from wastewater treatment, microbial fug(EiCs) (Figure 2
1) arebeingdeveloped as a sustalrie technology that can be used to convert organic and inorganic
substrates to electrical powét-5). Exoelectrogenic bacteria on the anode oxidize different
substrates teeleaseslectrons, which flow through an external circuit to the cathode whédoallyp
oxygen reduction occurs. Oxygen is the most common electron acceptor in MFCs due to its
abundance in the gi6-9). Theuse of & cathodsin MFCs also eliminatethe need fowastewater
aerationwhich further reducethe cost ofwastewater treatnme. For scald up MFC applications,
hundredsto thousandof square metersf cathodesare needed and it remaiaschalleng to
fabricate cathodes at a high capa¢it@). Substantial progress has been achieved in developing
low cost air cathodes as well as improving power production. difdpter is a review akcent
cathode development and optimizati@ame cathode fouling issues are also discugssdarise

during lorger termoperation of MFCs.

External Resistance

[ R ]

° ﬁerobi(m
o[RBT —

f|ber erSh ubstrate OH_
CcO2 3

Figure2-1. Scheme of a single chamber MFC with graphite brush anode and an air cathode.
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2.1 Air cathode

2.1.1 Cathode structure

An air cathode is usually made with a catalysera(CL), a current collector (CCand a
diffusion layer (DL) facing the air sidd-igure 22). The CL is the main functioning part of air
cathode where the oxygen reduction reaction takes place. The CC plays double roles of conducting
current and also nehanically supporting the cathode. The DL is used to enable oxygen diffusion
into the cathode while preventing water or electrolyte leaking out of the reactor. There are two
cathode configurations that are currently adopted in MFC st(itlled 2) The first configuration
has the CL in between the CC and DL, with the CC facing the solutionSgled 22A). The
second configuration places the CL close to the solution side, with the CC in the rRigdie ¢
2B). The main difference is the location of Glepending on fabrication methgdsit there was
no studythat demonstrad which configuration perfored better in catalyzing the oxygen
reduction reaction. Both configurations put the DL towards the air side to prevent water leakage,

andthe DL must be oxygen permeable to allow oxygen transport to the catalyst.

Water
Water

Figure2-2. Two cathodeconfigurations with (A) current collector facing water (B) catalyst layer
facing water. (CL, catalyst layer; C€yrrent collector; DL, diffusion layer)
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2.1.2 Cathode fabrication

2.1.2.1 Current collector

Electrically @nductive current collectors have been commonly used to collect electrons
transferred from the anode and function as the backbone of cdthdd:14). Currently there are
three commonly used current collectors: carbon cloth, copper mesh, and stainless steel mesh
(Figure 23). Carbon cloth is traditionally used in fuel cell studies and is commercially available
(15-17). An early MFC study using carhocloth as current collector with platinum catalyst
produced a maximum power density of ~ 766 m\W (138). The power density produced with
carbon cloth cathode was later improved to between 1100 and 1500'AbY osing improved
reactor configurationgl8, 19). However, the commercial grade of carbon cloth is very expensive

(~ $625 n?), which greatly limits applications of carbon cloth based cath(®)es

Carbon cloth Copper mesh Stainless steel mesh

Figure2-3. Three main cathode supportingaterials: carbon cloth, copper mesh and stainless steel
mesh.

As an alternative to replace the expensive carbon cloth, metal mesh has been emerging as a
new type of cathode current collec{@0, 21) Metal mesh made of copper or stainless steel usually
exhibit high electron conductivity of ~ 1.5 x 48 i, which is very useful for scaled up cathodes.
Cathodes built using stainless steel mesh as a current collector produced similar power density to

the cathode built using carbon cloth both with platimsrcatalys{21). Another advantage of a
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metal mesh current collectaras the low cost of ~ $10 'mfor stainless steel mesh, which is much
cheapethancarbon cloti(8). However, me study claimed that corrosion might take place in metal
based cathodes der water condition§22). To date, a metal mesh current collector is still
considered tohe cheapest cathode support mateaiadl its use helps to lower the overall cathode
cost.

Other materials have also been used as current collectors and suppathdoies. Graphite
paste was coated as a conductive layer on ion exchange membranes or ultrafiltration membranes to
act as current collectdR3, 24) However, the conductivity of this graphite layer was low and
greatly limited the maximum power densityjtst 449 mW . For comparison, adding a piece
of stainless steel onto the AEM membrane improved power production by 28% and reduced
internal resistance by 38%, suggesting that graphite layer alone was not as conductive as the metal
mesh(24). Carbonmesh was also tested as cathode current coljeatar it produced a power
density similar to carbon cloth, but a more conductive current collector is still needed for larger
size cathodeg5).

In addition to being conductive, the current collectors lzse to be porous for ion (protons
or hydroxide) or oxygen diffusion. A mesh optimization study showed a decreased power
production when using a finer stainless steel meshififh) compared to coarser stainless steel
mesh (36mesh)(26). The lower poweproduction resulted from increased diffusion resistance and
lower oxygen permeability with the finer stainless steel mesh. Therefore, the selection of current

collector with an appropriate porous structure is also important when fabricating the cathode.

2.1.2.2 Catalyst layer

The catalyst layer is the core functioning part of the cathode, and it is usually fabricated from

a mixture of catalyst and binding agent. Currently, the commercially available oxygen reduction
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reaction catalysts for MFC cathodes ptinum, activated carbon, or certain metal oxides, which
are all in particulate form. A polymer is usually needed to bind the catalysts together and form a
catalyst layer.

Besides acting solely as a binding agent, the binder also plays an importantraistaining
a threephase interface between air (oxygen), water (protons) and solid (catalyst) for the oxygen
reduction reactior{27). In order to facilitate proton diffusion, proton conductive polymers are
usually used as binder for the cathode catdbyer in fuel cells. Nafion is the mostly widely used
cathode binder due to the high proton conductivity and chemical stability even at high temperature
(13, 28) However, Nafion is expensive as it costs ~ $360when used in the catho@eased on
cahode area), which limits its applications in MF(®. Alternatives to Nafion, including
poly(phenlsulfone) and some cation fluorinated polymer binders such as poly(arylene ether) (Q
FPAE), were shown to have similar performance to Nafion in M2E8s30) However, cathodes
using anion exchange polymers a@fuaternary 14liazabicycle[2.2.2}octane (DABCO)
polysulfone (QDPSU}howed better performance compared than Nafion due to better interaction
between the ionomer and oxygen, and improved &hsfer(31). Another study using neutral
hydrophilic polystyreneb-poly(ethylene oxide) (R8-PEO) polymer as cathode binder reported
lower initial power production compared to Nafion, but similar power production after 40 days
(32). Besides those hydrophilic polym binders, there have been other studies that used
hydrophobic ply(vinylidene fluorid@ (PVDF) and poly(dimethylsiloxane) (PDMS) as cathode
binders(33, 34) From these studies, it appears that various polymers (cationic vs. anionic, and
hydrophilic vs.hydrophobic) have been successfully used as cathode binders, and there is no strict
conclusion about the best type of polymer as a cathode binder. However, hydrophilic binders are
generally preferre(B2), and a hydrophobic binder cannot be added atlsiggdoading as it would

impede ion transport.
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A catalyst layer is usually fabricated by spreading a mixture of catalyst and binder onto the
current collector via brushing, pressing, rolling, or dip coating. Brushing is the most commonly
used method for gying a platinum catalyst mixture onto either carbon cloth or stainless steel
mesh(13, 35) The platinum loading is usually around 0.5 mdg%m@nd can easily be brushed onto
current collector forming a thin catalyst layer. However, brushidgdt workvery well with an
activated carbon catalyst, when the loading increased to 25 Mgasnthis led to a thick catalyst
layer that was difficult to brush onto the current colle¢i®). Considering that activated carbon
is not highly electrically conduste, a dense packing structure is needed to ensure good electrical
contact to adjacent carbon particles and the current collector. Therefore, presisiodsare more
suitable for activated carbon catalyst layer fabrication as high pressures are nesgedegood
contact between particled1l, 12) Roller pgessing could enable easier fabrication as roller
machines can operat®ntinuously andautomatically. One study also reported the use of a dip
coating method for applying activated carbon catalygtrlanto carbon cloth current collector,
which is also convenient, but the stability of this material on the current collector needs to be further

investigated36).

2.1.2.3 Diffusion layer

The cathode diffusion layer serves dual purposes of being botfexgermeable and
waterproof. To facilitate the oxygen reduction reaction, the diffusion layer has to be porous so that
oxygen molecules can diffuse through it. The diffusion layer should also be waterproof and serve
as a barrier between the liquid phasd air phase. Therefore, the dual roles of diffusion layer place
high demands on the production of an efficient and economical diffusion layer. In order for the
diffusion layer to be waterproof, hydrophobic polymers are usually used for its fabrication.

Pdytetrafluoroethylene (PTFE) shows very strong hydrophobicity as the backbone is fully
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fluorinated. In a platinum/carbon cloth cathode, 70% (w/v) of a PTFE solution was brushed onto
the carbon cloth current collector, which was then sintered at 3703)CThe sintering process
helped to melt the PTFE and generated a homogeneous diffusion layer. The resulting PTFE
diffusion layer showed good oxygen permeability and it could withstand 1.2 m water p{833ure

The PTFE diffusion layer, however, cannotpplied to metal mesh current collectors due to
large mesh size. For larger cathodes, the diffusion layer has to be fabricated as a separate layer and
placed on the air side of the cathode. Poly(dimethylsiloxane) mixed with carbon black was brushed
onto aporous wipe cloth to form a separate diffusion layer with good oxygen permeé&sity
This layer was pressed onto the metal mesh based cathode using a pressing machine, but the
waterproof capability of the cathode was not good due to the large pofé®jiz&nother type of
PTFE/carbon black diffusion layer was developed by mixing PTFE and carbon black, which are
both hydrophobiq11), and then pressing the mixture using a roller onto stainless steel mesh,
followed by sintering at 370 °C to melt PTFEherPTFE/carbon black diffusion layer showed a
high pressure tolerance of ~ 3 m water height, but the loading of PTFE was very high of ~ 450 g

m'2, which would make the cathode expensg®e37)

2.2 Cathode catalyst

A catalyst with high oxygen reductiaeaction (ORR) reactivity is critical for high power
production in an MFC, but the catalyst has to also be cheap for commercialization of MFCs.
Pl atinum has been |l ong used as the fAideal 0 ox
high cost of ~$100 ¢*. Moreover, platinum is contaminated in a phosphate buffer solution or
wastewater, and undergoes significant degradation in perfornia®c40) Activated carbon has
emerged as a low cost oxygen reduction reaction catalyst that costs only ¢ $antlkt performs

similarly to platinum in MFC¢8). Many researchers have focused on improving the reactivity of
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activated carbon or other carbon materials, including carbon black, carbon nanotubes or graphene.
Therefore, much effort has been direct¢dieveloping alternative catalysts to platinum with high

reaction activity.

2.2.1 Carbon based catalyst

Activated carbon

Activated carbon (AC) is a porous carbon material with high surface area that rang@8Grom
to 1500 M g, and it has long been ukas adsorbents in water treatmgttt, 42) It was found
that AC could also catalyze oxygen reduction and served as a promising alternative catalyst to
platinum(20, 43) AC derived from different precursors can result in different ORR activities, and
it was determined that coal derived AC produced the highest power density among peat, coconut
shell, hardwood carbon, phenolic resin and bituminous coal derived4¥EsSurface oxygen
functional groups such as carboxylic groups impeded ORR activity, wititegen functional
groups facilitated ORR. Another study successfully identified pyridinic nitrogen as the ORR
catalytic site using graphite as a model catalyst with stepwise nitrogen ¢4p)ng

Incorporation of nitrogen atoms in AC has been an effentethod to boost the ORR activity,
and AC is usually treated using nitrogen containing chemicals. AC treated with ammonia gas at
700 °C for 1 h increased the surface N content to 1.8% and produced a maximum power density of
2450 mW n¥ (46). Ammonia gas removed oxygen functional groups on the AC surface and helped
introduce nitrogen functionaroups. Carbonization of cyanamide and activated carbon (750 °C
for 4 h) increased the pyridinic nitrogen content up to 5%, resulting in a fouroeldcansfer
(electrontransfer number of 3.9%7). Acid/base treatment of AC was also reported to boost the
ORR catalytic activity. AC treated with potassium hydroxide resulted in a 16% increase in

maximum power density compared to untreated AC due tocesllinternal resistanc@as).
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Phosphoric acid treated AC at 400 °C showed a 55% increase in the maximum power density due
to P atom incorporatio(#9).

Loading AC with different metal oxides has also been reported to enhance the ORR activity
of AC. Mangaese oxides (Mng) was mixed with AC at 1:1 ratio and showed reduced internal
resistancg50). Electrochemical deposition of Ma@n AC was reported to increase the mpece
surface area, and achieved 1.5 times higher power production compared to dite4g).

Copper oxide (CiD) was also deposited on AC to change AC surface roughness and pore structure,
and it improved ORR catalys(52, 53) AC mixed with 10% of Ceg) an oxygen storage metal
oxides, also showed enhanced MFC performance likely dusgmved oxygendiffusion as
oxygen was prastored within Ce@matrix (54).

AC is notvery electricallyconductive put blending it with carbon black decreased ohmic and
charge transfer resistances, resulting in a 16% increase in power prod@¢tidmmonium
bicarbonate was used as a pore former to increase the porosity of AC, and its use enhanced MFC

power production due to a reduced charge transfer resig&bice

Carbon black/Graphite

Carbon blacKCB) and graphite are electrically conductivel éinerefore they have been used
as catalyst support materigss, 57) CB has an amorphous structure with large specific area and
a very low cost of ~ $3.3 ki(8). Graphite has a multi layered planar structure and is also cheap
at ~ $2 k. CB and graphite intrinsically exhibit no or low ORR activity, therefore different
modifications have been made to create active sites on the CB or graphite surfaces. In one study,
nitric acid treated CB produced a maximum power density of 170 r\uiich was 22% lower
than that of platinun(8). In another study, nitric acid treated CB and ammonia gas treatment also
enhanced the MFC performance due to incorporation of nitr¢g®nThe cedoping of nitrogen

and fluorine onto carbon black improved thaximum power density of 672 mW fawhich was
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17% higher than that of platinuf@0). Graphite treated with nitric acid also introduced nitrogen or

oxygen functional groups on the surface, which enhanced ORR a®ijtg2)

Carbon nanotube/nanofiber andgraphene

Carbon nanotubes (CNTSs), carbon nanofibers (CNFs), and graphene are all highly conductive
nancecarbon materials that have low ORR activity. Although the costs of these nano materials are
very high, and not competitive with activated carbon, catilaok or graphite, studies have also
been conducted to enhance their ORR activity due to their high surface area and conductivities. For
example, carbon nanotube doped with nitrogen produced a maximum power density of 1600 mwW
m'2 compared to 1393 mW ‘twith platinum(63). A nitrogen doped CNT catalyzed ORR in a
four electron transfer pathway, which was probably due to charge delocalization from the
heteroatom doping. Metal catalysts such as platinum,M¥i® and CeO4 were also immobilized
on the CNT stface either by mechanical mixing or chemical reduction, which all boosted the ORR
activity of CNT (64-69). Carbon nanofibers were doped with nitrogen via pyrolysis with pyridine,
and achieved similar power performance to a platinum cat@9¥t Co-doping of nitrogen and
sulfur onto CNF derived from natural spider silk improved the maximum power density to 1800
mW m'2, which was 1.6 times higher than a platinum catgl§). Graphene was also modified
by doping with nitrogen using a denotation procesth wyanuric chloride and trinitrophenol,
resulting in a maximum power density of 1350 m\W,iwhich was similar compared to the 1420

mW m 2 produced with the platinum cataly3®).

2.2.2 Metal based catalyst

Due to the high cost of platinum, metal basathlysts have been examined that have lower

costsusingpure platinum. A platinuriron alloy catalyst produced a maximum power density of
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1097 mW n¥, which was similar to 1030 mW ‘fhusing a pure platinum catalyét3). Other

platinumcobalt or platinurmickel alloy catalysts have also been used as alternatives for ORR
catalysts in MFC$74, 75)

Some metal oxides can catalyze the ORR, and are considered to be promising alternatives to
platinum. MnQ was used as a cati® catalyst in an MFC, and it produced a maximum power
density of 937 mW i3, which was slightly lower than 1037 mW fior platinum(76), Another
study furt her iMn®smexhibited highet @RRctivityhthanli MnO,a n dMn®;

(77). A compositeMnO./polypyrrole/MnQ nanowire catalyst was prepared via hydrothermal and
in-situ polymerization for MFCs and produced a maximum power density of 721 M\(7 &)

Other metal oxides such as perovskite oxides, vanadium oxides, cobalt oxide and zirconium oxide
have also been examined as cathode catalysts in MFCs but the stability of these metal oxides needs

to be further investigated@9-83).

2.2.3 Metaknitrogen-carbon catalyst

Metaknitrogencarbon(M-N-C) catalyss aremade by carbonizing an inexpensivetal and
a nitrogen containintigand at high temperatures (700 to 1000 (&)). Different from metal or
nitrogen doping, MN-C catalysts can form chemical bentetween the metal, nitrogen, and
carbon atoms, which could catalyze ORR in a gf@si electron pathway or a direct four electron
pathway (84). Pyrolysis of iron phthalocyanine at 700 °C produced a\f& catalyst that
performed similarly to a platinurmatalyst in MFCY85). Pyrolysis cobalt naphthalocyanine and
cobalt tetramethylphenylporphyrin produced a-NG& type catalyst, but it had lower power
production compared to platinum in MF(86, 87) The exact catalytic site for metaitrogen

carbon hasot been determined yet and the application of this catalyst needs further investigation.
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2.3 Cathode stability

MFCs are currently being examined mainly for use in wastewater treatment, and therefore the
costs of the materials should be low for practiggdlii@ations(10, 88) As the cathode can be 50%
of the total MFC cost, studies have been conducted to lower the cathode cost by using low cost
catalysts, current collectors, and diffusion layers. However, cathode degradation over time can also
hinder MFC applications. One sky showed that an activated carbon cathode performance
degraded up to 40% after one year operation in M{@89% Therefore, it is also important to
increase the lifetime of the cathode, as this would significantly lower overall MFC capital costs.
Understading the degradation mechanism of cathode would help develop better cathodes with
longer lifetimes.

Biofilm growth on cathode surface has been identified to cause cathode degradation in
performance. In typical single chamber MFCs, the cathode is direqilysed to both organic
matter and oxygen, leading to biofilm growth on the cathode surface that can be 2~3 nfa®jhick
A one year operation of activated carbon cathode showed a 40% decrease in power production,
from 1214 mW ¥ to 734 mW n? (89). Remoal of the biofilm increased the power production
to 822 mW n?, which was a 67% recovery.

Cathods are made to be oxygen permeable, and thus water evaparati@ecur during
cathode operation. The wastewater or synthetic phosphate buffer solutiors M§&Cis contain
salts. As the water is evaporated in the cathode, observable salt precipitation can be seen on the air
side of cathode surfad®0), but to date no conclusions have been made as to whether such salt

precipitation would affect cathode pemigance.



22

2.4 Conclusions

A review of the cathode structure and fabrication, catalyst and long term stability has shown
recent progress in cathode materials and architecture, which could result in practical applications
of MFCs. The fabrication of the catth® is has been improved in terms of cathode structure and
by using low cost materials, but these cathodes still need to be tested in larger scale systems. The
catalytic activity of a cathode has been greatly improved by modifying current catalysts or
devebping new catalysts. Many low cost catalysts have emerged as alternatives to platinum, with
treated activated carbon showing the most promise. However, the long term stability of the cathodes
still remains unclear, and a deeper understanding of cathodeddégn mechanism is necessary.

A highly active cathode with long lifetime and low cost would be beneficial for implementing

MFCs for real wastewater treatment.
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Chapter 3

Poly(vinylidene fluoride-co-hexafluoropropylene) phase inversion coating as a
diffusion layer to enhance the cathode performance in microbial fuel cells

Abstract

A low cost poly(vinylidene fluorideo-hexafluoropropylene) (PVDHFP) phase inversion
coating was developed as a cathode diffusion layer to enhance the performance of microbial fuel
cells (MFCs). A maximum power density of 1430 + 90 m\¥ was achieved at a PVBAFP
loading of 7.1 mg cid (4:1 polymer:carbon black), with activated carbon as the oxygen reduction
cathode catalyst. This power density was 31% higher than that obtaithea mvore conventional
platinum (Pt) catalyst on carbon cloth (Pt/C) cathode with a poly(tetrafluoroethylene) (PTFE)
diffusion layer (1090 + 30 mW 'f). The improved performance was due in part to a larger oxygen
mass transfer coefficient of 3 x'3@m ¢! for the PVDFHFP coated cathode, compared to 1.7 x
103cm st for the carbon cloth/PTFBased cathode. The diffusion layer was resistant to electrolyte
leakage up to water column heights of 41 + 0.5 cm (7.1 mdloading of 4:1 polymer:carbon
black)to 70 + 5 cm (14.3 mg crhloading of 4:1 polymer:carbon black). This new type of PYDF

HFP/carbon black diffusion layer could reduce the cost of manufacturing cathodes for MFCs.
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3.1 Introduction

Microbial fuel cell (MFC) technologies can be used to canweganic and inorganic
substrates to electrical pow€l-5). Exoelectrogenic bacteria on the anode oxidize substrates to
generate electrons, which flow through an external circuit to the cathode where typically oxygen
reduction occurs. Platinum is oftesad as the oxygen reduction catalyst in these catl{6d@¥
although different catalysts have also been investigated such as carbon nanotubes, cobalt oxides,
and FeN(8-10). Activated carbon (AC) has emerged as the most attractive alternative datalyst
platinum due to its low cost ($2.6'Ryy and it can have comparable or superior performance to Pt
based catalysts over time in MF(Q4-13).

A typical AC cathode consists ah AC catalyst layer on the electrolyte side that is directly
attached to a etent collector, and a diffusion layer on the air side. The diffusion layer has two
important roles in cathode performance: it serves as a barrier to separate the solution phase from
air phase, and therefore to avoid water leakage through the cathoderande used to limit
oxygen transfer into the anode solution, but it must allow oxygen to reach the cathode catalyst sites.
Hydrophobic polymers, such as polytetrafluoroethylene (PTFE) and poly(dimethylsiloxane)
(PDMS), are often used to make diffusiagers(11, 14) Carbon black (CB) is added into these
polymers to enhance porosity and thereby improve oxygen mass transfer to the catalyst. A
PTFE/CB diffusion layer was previously developed that had good structural rigidity, but forming
the cathode redred sintering at a high temperature of 340(1C). An alternative diffusion layer
made of a PDMS/CB mixture was shown to achieve good oxygen permeability, but no information
was provided relative to possibivater leakage at higher water pressures that would be encountered
when making larger cathodés4). Improvements in both the oxygen transfer and water leakage
properties of diffusion layers could be useful in improving power production by MFCs, asslong a

these materials are inexpensive and can easily be formed into the desired cathode profile.
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Two polymers that exhibit good physical stability and chemical resis{adgéhat could be
useful as diffusion layers in MFCs are poly(vinylidene fluoride) (F¥@&nd poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDHFP). These materials are both hydrophobic fluorinated
polymers that have long been used for memblased processes such as membrane distillation
(16, 17) PVYDFRHFP may be more useful in MF@lications as the hexafluropropylene (HFP)
group increases the fluorine content, which makes PMBP more hydrophobic than PVIES).
Preparation of porous membranes from these polymers is easily aciwdphby the phase
inversion procesgl9). During phase inversion casting, PVIBIFP polymer chains precipitate due
to nonsolvent interactions and form a more flexible structure compared to PVDF as a result of the
lower crystallinity of the PVDFHFP (18). In order to improve the performance of MFCs, a PVYDF
HFP coating was examined as a new type of water resistant diffusion layer that could easily be
made using the phase inversion method. The typical preparation of the polymer diffusion layer
coating was mofied to include inexpensive CB as filler particles to improve the oxygen
permeability of the diffusion layer. Different thicknesses and mass ratios of PNAPFand CB in
the diffusion layer were tested to improve oxygen transfer and power production,raiminize
water leakage. The effects of different preparation conditions were examined in terms of the

mechanical stability of the material relative to oxygen transfer and performance properties.

3.2 Materials and Methods

3.2.1 Cathode Fabrication

The catalyst layer was prepared by mixing AC powder (Norit SX plus, Norit Americas Inc.,
TX) with a 60% PTFE emulsion and CB at a ratio of 9:1:0.9 (w/w), except as noted. The AC

mixture was then spread with a spatula onto a 7 anaular section of stainlessteel mesh
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(corrosionresistant 304 stainless steel woven wire cloth, 42 x 42 mesh, 0.014 cm wire diameter;
McMasterCarr, USA) and dried in a fume hood for >2 h at room temperature (23 = 1 °C).
Poly(vinylidene fluorideco-hexafluoropropylene) (Kynar® Fte2801, 12 wt.% HFP) was
purchased from Arkema, Inc. N;Dimethylacetamide (DMAc) was used as the solvent to dissolve
the PVDFHFP. A 10% (w/v) PVDFHFP solution was stirred vigorously at room temperature for
>8 h to completely dissolve the polymer. Th#ugion layer casting solution was then made by
adding PVDFHFP (100 mg, 1 mL of 10% PVDHFP solution) with CB at mass ratios of 4:1, 4.2
and 4:3 of PVDFHFP:CB. After vortexing for 20 s, the solution was spread directly onto the AC
catalyst layer with apatula. The cathodes were then immersed into deionized (DI) water for 10
min at room temperature to induce phase inversion. The cathodes were dried in an oven at 80 °C
for 5 min, followed by additional air drying in a fume hood for 6 h. The cathodesstazesl in DI
water prior to testing. Cathodes with different PVBFP loadings (4.3 mg ¢ 7.1 mg cri¥ and
14.3 mg cr?) were also prepared at a ratio of 4:1 of PVIBIFP:CB.
Scanning electron microscopy (SEM; FEI model XL30, tungsten filament, 5 Ketrah
beam) was used to examine the morphology of the RMBE diffusion layers. The cathodes were
dried and then sputter coated with gold particles for SEM imaging. SEM was not done for 4.3 mg
cm 2 loading due to the difficulty tobtain useful imageat thislow loading.
A carbon clothbased cathode with platinum catalyst (ETEK-1Z110% Pt on Vulcan XC
72) and a PTFE diffusion layer was prepared as previously described, and used as a control to
evaluate performance relative to the A&). A poly(dimeahylsiloxane) (PDMS) wipe diffusion
layer was also prepared as previously desciip@yto provide a comparison to the diffusion layers
tested here. Two layers of PDMS solution were applied to a cloth wipe material (DuPont Sontara,

Style 8864), and themis wipe diffusion layer was placed toward the AC catalyst layer.
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3.2.2 Electrochemical Measurements

All electrochemical measurements were conducted in an electrochemical cell (2 cm length, 3
cm diameter) containing two chambers separated by a Nafiembrane. The electrolyte was a
50 mM phosphate buffer solution (PBS) (NRQ;, 4.58 g ['1; NaHb,PQu-H20, 2.45 g ['1; NH4CI,
0.31gl% KCI,031gllh, pH = 6. 9; "Y)arhecoubter BlectrodeSvascarieound
platinum plate. An Ag/AgCl referencdeetrode (RESB, BASI, West Lafayette, IN; + 0.209 V
versusa standard hydrogen electrode) was placed close to cathode and kept in the same position
for each test. All potentials wereported here versus SHE. A potentiostat (VMP3 Multichannel
Workstation,Biologic Science Instruments, USA) was used for all measurements in a constant
temperature room (30 °C).

A step current method was used to obtain the cathode polarization curve by applying different
currents after keeping the cell in an open circuit ciowlfor 1 h. The lower currents (1 mA, 2 mA,
3 mA and 4 mA) were applied for 1 h and the higher currents (5 mA, 6 mA, 7 mA, 8 mA, 9 mA

and 10 mA) were applied for 30 min to obtain stestéite conditions.

3.2.3 MFC construction and operation

MFCs were sigle-chamber, cubic reactors 4 cm in length with an inside diameter of 3 cm.
The anodes were graphite fiber brushes heat treated at 450 °C in air for @l)nirhe MFC
anodes were fully acclimated through operation for over one year at a fixed exasrsialnce of
1000 q in a constant temperatur e’ sodiummcetat8 0 AC)
dissolved in 50 mM PBS buffer with trace minerals and vitarfi@¥
Single cycle polarization tests were conducted by varying the external resistance0D0

to 20 q at 20 mi n U)acrosseeaxteraal resistordere tecigled bycarcampuser (
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based data acquisition system (2700, Keithley Instrument, OH). Current demsitied power
densities IP) were normalized to the projectedthode area(= 7 cnf), and calculated das= U/RA

andP =iU/A, whereRis the external resistance. To avoid power overshoot in PNERF diffusion

layer loading tests, multiple cycle polarization tests were conducted by using a different external
resisence (1000 t o 20 -batghcywle (asindieated).AAlpolarieation datafwera
obtained after 5 fetbatch cycles to ensure steady state. Current densities and power densities were
based on the maximum power during each cycle. Cathode ampedvas calculated from the slope

of cathode polarization curve, and normalized by projected cathode area. Coulombic efficiencies
were calculated for each resistance as previously described based on changes in chemical oxygen

demand (COD) concentrati@®3). All tests were conducted in duplicate.

3.2.4 Oxygen permeability

Oxygen transport through the cathode was calculated in terms of an oxygen mass transfer
coefficient k, cm $') based on the change in the dissolved oxygen (DO) concentration in a 4 cm
long singlechamber reactor as previously described (duplicate measurenf@ntg)issolved
oxygen (DO) concentrations were measured using @&ansumptive DO probe (Fox48G, Ocean

Optics Inc., USA).

3.2.5 Pressure tests

A fully assembled reactor wased to determine the maximum water pressure (in cm of static
head) that would produce water leakage through the cathodes. A cubic single chamber MFC was
connected through a hole on its side using a rubber tube to a water storage bottle. The height of

waterwas changed by raising the storage container until water droplets were observed on the air
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side of the cathode diffusion layer. The static pressure head (cm) was calculated as the difference

in height between the cathode and the top of the water lethed storage container.

3.3 Results and Discussion

3.3.1 MFC performance with different polymer ratios

MFC tests were first conducted with cathodes made with different polymer to carbon black
ratios. A maximum power density of 1390 + 175 m\W mas achieed with the 4:1 PVDF
HFP:CB diffusion layer, which contained 14.3 mg'twf PVDFHFP and 3.6 mg crhof CB.
Similar maximum power density of 1430 + 150 m\W mias achieved with the 4:2 PVEHFP:CB
diffusion layer, which contained 14.3 mg '@¢maf PVDRHFPand 7.1 mg cid of CB. The lowest
power density of 1280 + 330 mW'frwas produced using the 4:3 polymer:CB diffusion layer
(Figure 31A). Increasing the ratio of polymer to CB led to a less mechanically stable diffusion
layer, as cracks were observed foydrs with 4.3 PVDHHFP:CB. Generally, no large differences
in power performance were observed with different diffusion layer polymer:CB composition ratios,

based on similar cathode potentidigg(re 31B).
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Figure3-1. (A) Power density curve for ratio test (4:1, 4:2 and 4:3 coresponding to fHAPECB
in mass ratio) (B) Electrode potentials (solid symbols for anode potentials and open symbols for
cathode potentials).

3.3.2 Electrochemical Performance of dhodes as a function of polymer loading

Further tests were conducted to examine the effect of polymer loading, all at the 4:1 ratio for
PVDFRHFP:CB. Cathode polarization tests conducted using an abiotic electrochemical cell showed
that the AC cathode with diffusion layer polymer loading of 7.1 mg @RVDFHFP had the best
electrochemical performancé&igure 32). The AC cathode with a diffusion layer of the same
polymer loading and phase inversion processing, but without CB, had the poorest electachemic
performance. The use of CB as filler particles in the PVHPP polymer therefore greatly
improved cathode performance, likely by introducing porosity in the polymer layer. The cathode
with a polymer loading of 14.3 mg ¢hf4:1 polymer:CB) showed slightbetter performance than

the one with the lowest loading (4.3 mg'énd:1 polymer:CB).
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The Pt/GCbased cathode had better electrochemical performance than thas&@ cathode
with a 4.3 mg cnt loading at both high and low current densities, but ifguered worse at

intermediate current densities (4 ~ 6 A9nperhaps due to dihydrogen phosphate adsorption on

catalytic siteg24).

=71 mgw/o CB

Current Density (A m=)
[e]

-O=PYC
A2 L ==4.3 mg
==14.3 mg
==7.1mg
_1 6 1 1 L 1 L I 1
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Figure 3-2. Currentvoltage (polarization) curves using AC cathodes widiffierent loading of
PVDF-HFP and Pt/C cathode.

3.3.3 MFC performance as a function of polymer loading

When the cathodes with different PVB{HP loading were used in MFCs, the best
performance was obtained using the diffusion layer with 7.1 mgloading (4:1 ratio of PVDF
HFP:CB), in agreement with abiotic electrochemical teStgufe 33A). The largest maximum
power density for this cathode was 1430 + 90 m\& increasing or decreasing this P\4BIFP
loading reduced performance. The maximum power ilessvere 1280 + 60 mW rmwith a
higher loading (14.3 mg cri), and 1140 + 60 mW that the lower loading (4.3 mg ¢t All of
these power densities were slightly better than those produced with the Pt/C cathode of 1090 + 30
mW m2. The cathodic polaraion curves also showed that Pt/C cathode had a lower cathode

potential than the other three AC cathodeigfre 33B), indicating the anode performance was

not a factor.
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Figure3-3. (A) Power densitgurve for PVDFHFP loading test (normalized to énat 4:1 ratio
and Pt/C cathode (B) Electrode potentials (solid symbols for anode potentials and open symbols
for cathode potentials.

The cathode resistances followed a trend consistent with whole celzptta data, with the
resistances varying inversely with maximum power. The Pt/C based cathode had the largest
resi stance of 110 N 6 VY, f ol | o vHERlloabings thahhad A C
resistances of 7,5 a9 mMgcH® , 3amd 6m N2 Y (7.

MFCs with the cathode PVDRFP diffusion layer developed here produced a higher power
density, and used less polymer, than MFCs with diffusion layers made of other polymers such as
PDMS and PTFE. A diffusion layeonsisting of PDMS and CB applied to a wipe cloth, with a
similar cathode structure and the same type of MFC, produced a maximum power density of 1310
+ 70 mW m? (20). A PTFE/CB diffusion layer rolled onto stainless steel mesh produced a
maximum of 136@& 30 mW m?(25). Both of these power densities are lower than the maximum
power densities obtained here. The optimum P\HFP diffusion layer required less polymer and

CB (7.1 mg cri? of polymer and 1.8 mg crhof CB), compared to the PDMS wipe (12.1 ong ?
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of PDMS and 3.1 mg crhof CB) (14) or the PTFE (37.5 mg c¢iof polymer)(26) diffusion

layers. The PVDF polymer was also less expensive, so that polymer costs for these this diffusion
layers was only $1.8 thfor PVDFHFP ($25 k¢'), compared to $86 ni2 for PDMS ($3 k)

and $9.4 it for PTFE ($25 ki) diffusion layers(27). In addition, the PTFE/CB diffusion layer
requires sintering at 340 °C for 25 min, which makes its preparation more complicated and

expensivg25) than the other types of diffusion layers.

3.3.4 Coulombic efficiencies

MFCs with Pt/Gbased cathodes showed the highest CEs at all current densities and reached a
maximum CE of 79% at a current dewsif 7.1 A mi? (Figure 35A). This CE was much larger
than the highest CE of 60% produced using the 7.1 m§RMDFHFP loading (4:1 polymer:CB).
The CEs all increased with the current density, which is commonly observed with MFCs using

acetatg28).

3.35 Surface morphology

Based on the SEM images, the addition of the CB resulted in a more porousHRFDF
diffusion layer, and the CB particles were wditributed within the PVDHHFP network. A
diffusion layer made with the pure polymer showed smafaserpore sizes of <500 nrRigure
3-4A). When CB was added, larger surface pores were observed at bothHRMDIBadings of
14.3 mg cn¥ (4:1 polymer:CB) and 7.1 mg ¢A{4:1 polymer:CB) Figure 34B andFigure 34C).

The number of pores appeared to himeeeased with CB addition.
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Figure3-4. SEM images of PVDIHFP diffusion layer with (A) 7.1 mg crhloading without CB
(B) 14.3 mg cri? loading with CB at the ratio of 4:1 PVBHRFP:CB (C) 7.1 mg chiloading with
CB at the ratio of 4:1 PVDHFP:CB.

3.3.6 Oxygen Permeability

The oxygen mass transfer coefficient of AC cathodes was inversely related to the loading of
PVDFHFP. With the highest PVDRFP loading of 14.3 mg cf at a ratio of 4:1 PVDF
HFP:CB, tle oxygen permeability was 1.4 + 0.7 x*16m <!, which was comparable to the
standard Pt/C carbon cloth/PT&sed cathode with a value of 1.7 + 0.8 ¥ &t ¢*. AC cathodes
with an intermediate PVDHFP loading of 7.1 mg crhand a polymer:CBatio of 4:1 had an

oxygen mass transfer coefficient®fl + 0.7 x 18 cm $?, which was the second largest among
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the cathodes. The mass transfer coefficient increased to 5.4 + 112 emil#® using the lowest

PVDF-HFP loading Figure 35B).

100
= A
< 80 -
g
9 60 -
L
]
o 40 +
£
6 20 r -o~Pt/IC —~=7.1 mg
2 —=14.3 mg <+4.3 mg
O 0 ! L ‘ :
0 2 4 6 8 10
Current Density (A m—2)
0.01
0.008 B
T, 0.006 f
£
< 0.004
-
0.002 j i -
0
Pt/C 14.3 7.1 4.3

PVDF-HFP mass (mg cm=2)

Figure3-5. (A) Coulombicefficiencies(CEs) obtained for PVDHFP loading test at 4:1 ratio and
Pt/C cathode (B) Oxygen mass transfer coefficient of AC cathodes with different-A¥BF
loadings and Pt/C cathode.

High oxygen mass transfer should be beneficial for the oxygen reduction reaction, but oxygen
transfer alone did not account for the differences in the maximum power dedstieathodes
with the highest power of 1430 + 90 mW?had an intermediate oxygemass transfer coefficient
(3.1 £ 0.7 x 18 cm 8% (Figure 35B). Although 4.3 mg cid PVDRHFP loading with a
polymer:CB ratio of 4:1 showed the highest oxygen permeability of the cathodes tested, this
diffusion layer resulted in low power (1140 + 60 n¥\?), perhaps as a result of water intrusion

(flooding) of the catalyst29).
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3.3.7 Water Pressure Tests

The microporous structure of PVEHFP diffusion layersKigure 34B and3-4C) prevented
liquid water leakage through the pores where oxygen entecathede structure. Water leakage
was only detected on the diffusion layer edges where the cathode was clamped using a gasket to
the cell, suggesting the primary reason for leakage was weak tensile strength and cracking at the
seal edges. Higher loadimgf PVDF-HFP greatly increased the water pressure that the cathode
sustained without leaking around the edges. For the PN diffusion layer with 14.3 mg ¢
loading and a polymer:CB ratio of 4:1, the A@sed cathode withstood 70 + 5 cm of water pressur
(Figure 36). With lower loadings of 7.1 and 4.3 mg '@mat the same polymer:CB ratio, the water
pressures that AC cathode was able to withstand before leakage decreasedto 41+ 0.5cmand 2 £
0.5 cm, respectively, suggesting further decreases of thé=FHP loading might compromise
the physical and mechanical strength of this coating. The PDMS/CBbagex diffusion layer
withstood a water pressure of only 19 + 1 cm, while the-Bé$&d standard cathode started leaking

through the pores at 120 + 7 ¢Rigure 36).
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Figure3-6. Water pressure resistance of cathodes with different diffusion layer polymer loadings
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3.4 Conclusions

A microporous diffusion layer with a PVBIRFP loading of 7.1 mg cthand CB loading of
1.8 mg cn? (mass ratio of 4:1 of PVDHFP:CB) had good electrochemical performance and
required less polymer than previously prepared cathodes. The maximum power was 1430 + 90 mW
m'2 with 7.1 mg cri¥ PVDF-HFP loading (4:1 loading ratipfompared to 1090 + 30 mW hfor
the Pt/C cathode with a PTFE diffusion layer. The PMERP diffusion layer withstood a water
pressure resistance of 41 + 0.5 cm water height with a polymer loading of 4:1 (polymer:CB), with
leakage around the cathode ezlpgat not through the pores. These results suggest that-PVBF

phase inversion diffusion layer could be useful as a lower cost way to construct MFC cathodes.
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Chapter 4

Single step fabrication using a phase inversion method of poly(vinylidene
fluoride) (PVDF) activated carbon air cathodes for microbial fuel cells

Abstract

Air cathodes used in microbial fuel cells (MFCs) need to have high catalytic activity for oxygen
reduction, but they must also be easy to manufacture, inexpensive, and watertight. A simple one
step, phase inversion process was used here to constructxpansigeMFC cathodeusing a
poly(vinylidene fluoride) (PVDF) binder and an activated carbon catalyst. The phase inversion
process enabled cathode preparation at room temperatures, without the need for additional heat
treatment, and it produced for thesfitime a cathode that did not require a separate diffusion layer

to prevent water leakage. MFCs using this new type of cathode produced a maximum power density
of 1470 + 50 mW rf with acetate as a substrate, and 230 + 10 m%with domestic wastewater.

These power densities were similar to those obtained using cathodes made using more expensive
materials or more complex procedures, such as cathodes with a polytetrafluoroethylene (PTFE)
binder and a poly(dimethylsiloxane) (PDMS) diffusion layer, or adedlgst. Even though the

PVDF cathodes did not have a diffusion layer, they withstood up to 1.22 + 0.04 m of water head
(~12 kPa) without leakage, compared to 0.18 + 0.02 m for cathodes made using PTFE binder and
PDMS diffusion layer. The cost of PVDF aadtivated carbon ($3'#) was less than that of the
stainless steel mesh current collector ($12%).m PVDRbased AC cathodes therefore are
inexpensive, have excellent performance in terms of power and water leakage, and they can be

easily manufactured ugj a single phase inversion process at room temperature.
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4.1 Introduction

Microbial fuel cells (MFCs) are being developed to recover energy during wastewater
treatment by generating electricity from organic matter using exoelectrogenic bétteyiahir
cathodes are used in MFCs to avoid the energy demands needed for aerating wagteWater
Platinum catalysts promote high oxygen reduction reaction activity in MFC cathodes, but practical
MFC applications on larger scales will need to avoid usatgodes containing precious metals or
other expensive materials. Activated carbon (AC) has been shown to be an effective catalyst for
oxygen reduction in MFCs, as it produces power densities sitnileathodes made with Rhe
performance of AC is relaely well maintained over timé, 8, 9) and AC isinexpensive (~$1.4
Kg'l). Different temperature and pressure treatments of AC have been used to further enhance
cathode performance, but increase energy input and complicate fabrication proceduties) iresul
higher cost materiaid.0).

In addition to having good performance with inexpensive materials, cathodes used in MFCs
must be watertight so that they do not leak when used in lacgée reactors, and they must be
easy to mass produce. Polytetrafioethylene (PTFE) is often used as a catalyst binder, but some
of these types of cathodes cannot withstand high water pressures. For example, cathodes made by
a common batcpressing method using a PTFE/AC mixture on stainless steel mesh current
collector, with a diffusion layer of poly(dimethylsiloxane) (PDMS)/ carbon black (CB) to minimize
water leakage, produced a good maximum power density of 1310 + 70 m{¥1mn However,
these cathodes leaked with less than one meter head of water p(&8sutahodes made by a
rolling-press method using the same binder but with a PTFE/CB diffusion layer on stainless steel
mesh current collector had similar power densities but much improved water retention (up to 3 m
of water head}13, 14) The PTFE used in theffilision layer ($9.4 r?) is relatively expensive as

it costs almost as much as the stainless steel current collector (“31Zhe sintering process
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needed for the diffusion layer (340°C for 25 m{dR, 13)also makes PTFBased cathodes
difficult to mass produceRoly(vinylidene fluoride) PVDF) has previously been used in making
cathodes, but only as a diffusion layer added on to thedsrof a cathode. Thus, the cathode itself

was made using a paste and press type of process, with the diffusion layer added following cathode
construction(12).

A new type of AC cathode was developed in this work using a phase inversion process with
PVDF binder. This new preparation procedure enabled cathode production irsteprgocess,
without the need for further heseatment or the addition of a segi@ diffusion layer. PVDF is a
semicrystalline fluoropolymer that exhibits good physical stability and chemical resistance. It has
been used as a binder material in the electrodes of batteries and fuglx;ell§)and capacitors
(17), but it has ahaysbeen prepared for these applicatiassa paste. There has only been one
report on the use of PVDF in an MFC cathode, b
and pasteodo approach, rather than a pehdersiy i nver
was relatively low (286 mW i) for an air cathode under the tested conditi@®} PVDF is also
used to make microfiltration and ultrafiltration membranes using a diffilsduced, phase
inversion method19-21). The phase inversion processcors at room temperature, making
membrane production simple and flexible, allowing laggale production of loweost production
of membrane§19). During the phase inversion process in a water bath, the PVDF diffuses out from
the catalyst mixture and mipitates on the cathode surface, forming a thin but dense hydrophobic
PVDF skin layer on the surface that is relatively waterprddierefore, making a cathode with
PVDF by a phase inversion process Wggothesized to be able to accomplish both binding of the
catalyst to the current collector, and formation of a polymer layer that could withstand high water
pressure to avoid the need for a separate diffusion layer. The low cost of the polymer ase the ea
of the phase inversion process would make the production of the MFC cathodes both simple and

inexpensive.
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4.2 Materials and Methods

4.2.1 Cathode Fabrication and Operation

PVDF solutions with different concentrations of 5%, 7.5% and 10% (w/v) wepaped by
dissolving PVDF powder (~534,000 Da; Sigma Aldrich) in Niikhethylacetamide (DMAC), with
vigorous stirring using a stir bar at room temperature (23 £ 1 °C) for over 8 h to completely dissolve
the polymer. AC powder (Norit SX plus, Norit Americhoc., TX) was applied at an optimum AC
loading of 26.5 mg ch, based on previous experimer@atalyst mixtures were prepared with
different PVDF loadings (all mass ratios) of: (1) 8.8 mg%mC:CB (Vucan XG72, Cabot
Corporation, USA):PVDF (10% as prepared) = 30:3:10; (2) 6.6 md &6:CB:PVDF (7.5%) =
30:3:7.5; (3) 4.4mg chy AC:CB:PVDF (7.5%) = 30:3:5. The mixtures were spread directly onto
an 11.3 crhacircular section of stainless steel mesh 3D, type 304, McMasteCarr, USA) with
a spatula (except as noted). The cathodes were then immersed into deionized (DI) water for 15 min
at room temperature to induce phase inversion. Cathodes were then air dried in a fume hood for >6
h, and steed in O water prior to test. The performance of the PVDF cathodes was compared to
controls made with an AC (26.5 mg &n CB, and a PTFE (60%) emulsion at a AC:CB:PTFE
ratio of 9:1:0.9 (w/w) with a PDMS (12.1 mg Einwipe diffusion laye11).

Cubic singlechamber MFCs were used in all tests (except as noted). They were constructed
from a Lexan block 4 cm in length, with an insitdindrical chamber having @iameter of 3 cm
(22). The anodes were graphite fiber brushes (2.5 cm in both diameter and lengtiedied a
450 °C in air for 30 min) that wegaced horizontally in the middle ¢fie MFC chamberg22).

Anodes were fully acclimated by operation for over one year at a constant temperature (30 °C) and
af i xed external r esi sonamined &gl{sddud &cetate)dissolVel ia 50me d i u |

mM PBS buffer amended with 12.5 mllminerals and 5 mLE vitamins (except as noted).
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In largerscale MFC tests, PVDF cathodes (7 cm x 10 cm, with 5 cm x 7 cm exposed to the
air) were constructed and ted in a multibrush anode reactor (130 mL) fed with domestic
wastewater as previously described (see Afgmendix A Figure S43) (23). Carbon clotkbased
cathodes with a platinum catalyst (ETEK-CQ 10% Pt on Vulcan XZ2) and a PTFE diffusion

layer wa prepared as previously descrilf2d) and used as a Pt catalyst control.

4.2.2 Measurements

MFC power curves were obtained by decreasing the external resistance from 1000 through 500,
200, 100,75,50t8 0 g at 2 0 Coulombicieffictereciesware calculated at a resistance
of 1000 Y based on changes in chemical oxygen
described Cathode polarization measurements were conducted with new cathodes in a two
chamber electrochemical cell (2 cm length, 3 cm diameter, with a Nafimmbrane and Pt
counter electrode) using a step current method, with a seriti§epént set currents after the cell
was acclimated under open circuit conditions for 1 h. The lower currents (1 mA, 2 mA, 3 mA and
4 mA) were applied for 1 h and the higher currents (5 mA, 6 mA, 7 mA, 8 mA, 9 mA and 10 mA)
were applied for 30 min to odiin steadystate conditionsA fully assembled reactor was used to
determine the maximum water pressure (in cm of static head) that would produce water leakage
through the cathodes as previously descr{i@)l A rubber ring covered with at least three layers
of Teflon tape was used to seal the edge during the pressure test. All tests were conducted with

duplicate cathodes.
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4.3 Results and Discussion

4.3.1 Cathode Performance Using Acetate

A maximum powedensity of 1470 + 50 mW rhwas produced by MFCs with PVDF cathodes
(8.8 mg cnt¥) with the SS mesh facing the water side, and the PXDFatalyst layer facing the
air side of the cell, using acetate as the feare 41A). A similar power density (14b6+ 10
mW m?) was produced using a cathode made with a PTFE binder, ibutathode required a
diffusion layer to avoid water leakage. The columbic efficiency of the PTFE cathode was 20 * 5%,
which was higher than PVDF or reversed PVDF cathode ¢mdCESs of 13 + 1%). Although the
decrease in the CE results in less production of electricity from the substrate, this can lead to faster
removal of the organic matter which can be desirable in wastewater treatment as that can reduce
the time needed for wastater treatment{25). Future studies employing separators could be
conducted to increase CE while minimizing4iooiling (26). Using less PVDF for the cathode (4.4
or 6.6 mg cr¥) did not alter power productiomppendix A, Figure S41). When the PVDF
cathode orientation was reversed, with the PVYBE layer in contact with the electrolyte (SS mesh
on the air side), the maximum power density decreased to 1170 + 10'm{®gure 41A). The
change in performance was due to more negative cathode potentthks aasde potentials were
not altered by changing the cathode orientatigyre 41B). The reduction in power when the
catalyst faced the electrolyte showed that the cathode composition was asymmetric. During the
phase inversion process, it was expec¢ted a more hydrophobic skin layer would form on the
cathode. This type of layer would therefore hinder ion diffusion to and from the catalyst surface,
which would reduce cathode performance.

Abiotic electrochemical tests with the cathodes similarly gtbimproved performance of the

PVDF cathodes when the catalyst layer was exposed to the air side of the cell, compared to the
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catalyst layer facing the electrolyteigure 41C). Similar overpotentials were obtained using the

PVDF cathode and the PTFE cadle with a diffusion layerHigure 41C).
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Figure4-1. MFC tests: (A) power density curves for a PVDF cathode, revsidedPVDF cathode,
and a PTFE cathode; (B) electrode potentials (solid symbols, ambeketipls; open symbols,
cathode potentials). (C) Curreviltage (polarization) curves for the same cathodes in an abiotic
electrochemical cell.

4.3.2 Water Pressure Resistance

The PVDF cathodes showed good water pressure resistance, tolerating aessiarephead

of 1.22 + 0.04 m (~12 kPa) for the cathode with 8.8 mtf &WDF loading before showing any
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water leakageHigure 42). In contrast, the PTFE cathode showed water leakage at a very low water
height of 0.18 + 0.02 m, despite the use of a difiusayer. Further evidence of the asymmetric
nature of the PVDF cathodeas shown by water leakage abwér water height of 1.02 £ 0.02 m

when the cathode orientation was reversed, and the catalyst layer was oriented towards the
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Figure4-2. Water pressure resistance of PVDF cathodes with different polymer loadings (8.8, 6.6
and 4.4 mg ci) with the polymer layer facing the air, compared to the reversed orientation of a
PVDF cathode (8.8 mgm'?), and a PTFE cathode.

A reduction in the PVDF loadings resulted in water leakage at lower water heights of 1.06 +
0.06 m (6.6 mg ci) and 0.77 + 0.04 m (4.4 mg & compared to higher PVDF loadings.
Cathodes with lower PVDF loadings likely had l¢sierance to water pressure due to formation
of a less dense PVDF networkgpendix A,Figure S42), even though power production was not
affected by the polymer loadingfpendix A,Figure S41). Thus, the higher PVDF loading of 8.8

mg cm? was required to avoid water leakage.
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4.3.3 MFC Performance with Larger Cathodes and Domestic Wastewater

To demonstrate the scalability of the PVDF cathodes, and their suitability for use with actual
wastewaters, larger PVDF cathodes were tested in-buish anode reactof®3). The maximum
power density with the domestic wastewater was 230 + 10 frA{Figure S44). This lower power
density is consistent with previous reports showing that power production is lower with a domestic
wastewater compared toore optimal conditions obtained using acetate in well buffered solutions.
This power density was the same as that produced using carbon cloth cathodes with a platinum
catalyst (PTFE as diffusion layer) in a separéitee configuration. No water leakagaswbserved
in tests using these larger sized the PDVF cathodes, confirming the stability of the process when
making larger cathodes. Additional tests with these cathodes have shown that there was no water

leakage, even after two months of operation (datashown).

4.3.4 Materials and Cost Analysis

The PVDF cathodes not only tolerate relatively higher water pressures, but they are also
economical to manufacture due to the use of relatively small amounts of inexpensive polymer
(Table 41). The overall cosbf the PVDF cathode was $153nbut $12 ¥ of this cost is for the
stainless steel mesh. The catalyst layer of the best performing PVDF cathodes requirétid8 g m
polymer, compared to a range of 30 ¢ (PTFE) to 100 g M (Nafion) for other cathode
However, the PVDF cathode did not have a diffusion layer which greatly reduced polymer
requirements. For example, while the cathode prepared by a rolling method used only & g m
the catalyst layer, 450 g'fof PTFE was used for the diffusion lay@able 41), resulting in an

overall much higher materials cost. Although the cathode made using a pressing method with PTFE
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and PDMS cost only $14'ffor the materials, the water tolerance was relatively poor (0.18 m)

compared to that of the PVDF catleo(1.22 m).



Table4-1. Material and cost analysis of current activated carbon cathodes and Pt/C cathode

62

Catalyst layer Diffusion layer Current collector Pressure
3 o e

Cathode (g m) (g m) garrrlf)o)n 3S Nickel ?:Ina\;(v' r':foz\)’ver tolerance (C$Orsﬁt-2) Ref.

Pt AC Polymer CB | CB Polymer Cloth mesh  foam (m)
Phase .55 gg(PVDF) 265 - - - 12 - 1470+50 1.22+0.04 15 This
inversion study
Roling - 273 45(PTFE) - 191 450 (PTFE) - 12 - 1355+26 3 25 (13, 14)

- 200 60(PTFE) 8 60 454 (PTFE) - - 20 1190+50 - 33 (6)

. 121

Pressing - 270 30(PTFE) - 31 (PDMS) 12 - 1310+70 0.18+0.02 14 (11)
Brushing 5 - 100 (Nafion) - 15.6 555 (PTFE) 625 - - 1320 1.2+0.07 1814 (6, 12)

(Cost estimations were all based on commercial price of materials in bulk quantity and unit price was provided in Appabtés4]1)
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4.4 Conclusions

Inexpensive PVDF cathodes, fabricated via a simple-steye phase inversion process,
withstood high water pressures while achieving good power performance. The cathode fabrication
was accomplished by spreading the AC/PVDF/CB mixture onto a stainlesmstgel followed
by immersion in water, making the procedure simple yet efficient compared to previous methods
requiring high temperatuteeat treatmentd 3). The durability of the cathodes will now need to be
further examined over time, but preliminaryttelsave shown that the cathodes can produce power
levels comparable to other AC or Pt catalyst cathodes, with both acetate and wastewater solutions,

and that they do not leak even after two months of operation.

4.5 Acknowledgments

This research was supped by the Strategic Environmental Research and Development
Program (SERDP), Award KUHB-003-13 from the King Abdullah University of Science and
Technology (KAUST), and a graduate scholarship from the China Scholarship Council (CSC) to

W.Y.



64

4 .6 Literatu re cited

1. Logan, B. E.Microbial fuel cells John Wiley & Sons, Inc.: Hoboken, NJ, 2008; p 300.

2. Niessen, J.; Schréder, U.; Scholz, F., Exploiting complex carbohydrates for microbial
electricity generationa bacterial fuel cell operating on star&fectrochem. Commui2004,

6, 955958.

3. Allen, R. M.; Bennetto, H. P., Microbial fueklls- electricity production from carbohydrates.
Appl. Biochem. Biotechnal993,39, 27-40.

4. Bond, D. R.; Holmes, D. E.; Tender, L. M.; Lovley, D. R., Electrostkicing microorganisms
that harvest energy from marine sedime&tsence2002,295 483485.

5. Lovley, D. R., Bug juice: harvesting electricity with microorganisidat. Rev. Microbiol.
2006,4, 497-508.

6. Cheng, S. A.; Wu, J. C., Atathode preparationith activated carbon as catalyst, PTFE as
binder and nickel foam as current collector for microbial fuel cBitselectrochemistr013,

92, 22-26.

7. Wang, X.; Feng, C. J.; Ding, N.; Zhang, Q. R.; Li, N.; Li, X. J.; Zhang, Y. Y.; Zhou, Q. X,
Accelerated OHtransport in activated carbon air cathode by modification of quaternary
ammonium for microbial fuel cell&€nviron. Sci. TechnoR014,48, 41914198.

8. Dong, H.; Yu, H.; Wang, X.; Zhou, Q.; Feng, J., A novel structure of scalabtathiode
without Nafion and Pt by rolling activated carbon and PTFE as catalyst layer in microbial fuel
cells.Water Res2012,46, 577%87.

9. Zhang, F.; Cheng, S.; Ra D.; Bogaert, G. V.; Logan, B. E., Power generation using an
activated carbon and metal mesh cathode in a microbial fuelEdedtrochem. Commun.

2009,11, 217%2179.



10.

11.

12.

13.

14.

15.

16.

17.

65

Santoro, C.; Artyushkova, K.; Babanova, S.; Atanassov, P.; leropoulos, liefgrait;
Cristiani, P.; Trasatti, S.; Li, B.; Schuler, A. J., Parameters characterization and optimization
of activated carbon (AC) cathodes for microbial fuel cell applicaBiores. Technol2014,

163 54-63.

Wei, B.; Tokash, J. C.; Chen, G.; Hielr, M. A.; Logan, B. E., Development and evaluation

of carbon and binder loading in lesost activated carbon cathodes foraithode microbial

fuel cells.RSC AdR012,2, 1275112758.

Yang, W.; Zhang, F.; He, W.; Liu, J.; Hickner, M. A.; Logan, B. E., Poly (vinylidene fluoride
co-hexafluoropropylene) phase inversion coating as a diffusion layer to enhance the cathode
performance in microbial fuel cell3. Power Source2014,269, 379384.

Dong, H.; Yu, H.; Wang, X., Catalysis kinetics and porous analysis of rolling activated-carbon
PTFE aircathode in microbial fuel cell&nviron. Sci. TechnoR012,46, 1300913015.

He, W.; Liu, J.; Li, D.; Wang, H.; Qu, Y.; Wang, X.; Feng, Yhe electrochemical behavior

of three air cathodes for microbial electrochemical system (MES) under meter scale water
pressured.Power Source2014,267, 219226.

Barsykov, V.; Khomenko, V., The influence of polymer binders on the performance of
cathodes for lithiurron batteriesScientific proceedings of riga technical university, series 1:
material science and applied chemisd10,21, 2010.

Su, H. N.; Pasupathi, S.; Bladergroen, B.; Linkov, V.; Pollet, B. G., Optimization of gas
diffusion dectrode for polybenzimidazoleased high temperature proton exchange
membrane fuel cell: Evaluation of polymer binders in catalyst ldgerd. Hydroger2013,
38,1137011378.

Fonseca, C. P.; Benedetti, J. E.; Neves, S., PatygiByl thiophene)/PBF composite as an

electrode for supercapacitodsPower Source2006,158 7893794.



18.

19.

20.

21.

22.

23.

24.

25.

66

Huang, L.; Tia, Y.; Li, M.; He, G.; Li, Z.Performance of stainless steel meathode and
PVDFgraphite cathode in microbial fuel cell2nd International Symposiuron Aqua
Science, Water Resource and Low Carbon Energy, 2010; AIP Publishing: 2010-3p9316
Liu, F.; Hashim, N. A.; Liu, Y. T.; Abed, M. R. M.; Li, K., Progress in the production and
modification of PVDF membraned. Membr. Sci2011,375, 1-27.

Venault, A.; Chang, Y.; Yang, H. S.; Lin, P. Y.; Shih, Y. J.; Higuchi, A., Surface self
assembled zwitterionization of poly(vinylidene fluoride) microfiltration membranes via
hydrophobiedriven coating for improved blood compatibility. Membrane. S@2014,454,
253-263.

Danxi, H.; Lei, W.; Xiaorong, M.; Xudong, W.; Juanli, B., Study on the effect of modified
PVDF ultrafiltration membrane for secondary effluent of urban seviegalin. Water. Treat.

2014,52, 1-8.

Logan, B. E.; Cheng, S.; Watson, V.; Estadt, G., Graphite fiber brush anodes for increased

power production in aicathode microbial fuel cell&nviron. Sci. TechnoR007,41, 334%
3346.

Ahn, Y.; Logan, B. E., Domestic wastewater treatment usingalaictrode continuous flow
MFCs with a separator electrode assembly degigpl. Microbiol. Biotechno013,97, 409

416.

Cheng, S.; Liu, H.; Logan, B. E., Increased performance of saingimber microbial fuel cells
using an improved cathode struiet. Electrochem. Commu@006,8, 483494,

Ahn, Y.; Hatzell, M. C.; Zhang, F.; Logan, B. E., Different electrode configurations to
optimize performance of mulélectrode microbial fuel cells for generating power or treating

domestic wastewated.Power Sourcef014,249, 440445.



67

26. Ren, L.; Ahn, Y.; Logan, B. E., A twstage microbial fuel cell and anaerobic fluidized bed
membrane bioreactor (MFEFMBR) system for effective domestic wastewater treatment.

Environ. Sci. TechnoR014,48, 41994206.



68

Chapter 5

Development of carbon free diffusion layer for activated carbon air cathode
of microbial fuel cells

Abstract

The fabrication of activated carbon air cathodes for lasgate microbial fuel cells requires a
diffusion layer(DL) that is highly resistant to water leakage, oxygen permeable, and made using
inexpensive materials. A hydrophobic polyvinylidene fluoride (PVDF) membrane synthesized
using a simple phase inversion process was examined as a low cost' gicarbonfree DL that
prevented water leakage at high pressure heads compared to a polytetrafluoroethylene/carbon black
DL ($11m'?). The power density produced with a PVDF (20% ,w/v) DL membrane of 1400 + 7
mW m'2 was similar to that obtained using a wipe DL [cloth coated with poly(dimethylsiloxane)].
Water head tolerance reached 1.9 m (~19 kPa) with no mesh supporter, and 2.1 m (~21 kPa,
maximum testing pressure) with a mesh supporter, compared to 0.2 + 0.0thenvigpe DL. The
elimination of carbon black from the DL greatly simplified the fabrication procedure and further

reduced overall cathode costs.
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5.1 Introduction

Microbial fuel cells (MFCs) are devices that can be used to sustainably harvest energyy durin
wastewater treatment by directly extracting electricity from organic matter using exoelectrogenic
bacteria(1-5). Electrons released by exoelectrogenic bacteria on the anode are transferred via an
external circuit to the cathode, where typically oxygeneduced6, 7). Air cathodes are used to
avoid energy demands needed for aeration of wastewater. Activated carbon (AC) air cathodes are
now frequently used in MFCsud to the low price of AC ($1Kg'1) and its good catalytic activity
as AC performs sirfar to or better than Pt catalysts in these sys{@m3) Oxygen reduction is a
threephase reaction, in which protons in the solution phase and oxygen in the air phase combine
together on the solid AC catalyst phgd4®, 11) Therefore, a high performaa AC cathode
requires a binder that enables efficient proton transfer to the catalyst site but does not inhibit oxygen
transfer. Cathodes must also be made using a diffusion layer (DL) so that water does not leak out
of the cell.

Cathode materials need to be durable and inexpensive, and the construction of the cathode
should require relatively simple procedures and inexpensive equipment with low energy
consumption. The cost of the cathode was estimated to be up to 47% of thedotilall MFC
materials, and therefore it is critical to reduce the cathode(t®ktas largeiscale MFCs will
require high cathode specific surface areas (area per volume of the rda)tdm)order to achieve
dual goals of being waterproof and gen permeable, however, complex procedures have often
been used to fabricate DLs. Polytetrafluoroethylene (PTFE), a fluorinated hydrophobic polymer, is
commonly applied to the air side of the cathode to produce a DL with the required hydrophobicity
(14, 15. However, PTFE requires high temperature treatment (i.e. 340 °C) to melt the PTFE and
form a uniform waterproof polymer film, which therefore results in a complex process that

consumes a lot of energy for heatifigt). A PTFE film can be very dense, aimpede oxygen
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transport, and thus carbon black (CB) powder is usually added to increase the porosity, although
this adds another mixing step to the cathode production pr{lcE&s#\ pressurized process stage

may also be required as PTFE is not expandatbleom temperatur@d6). A PTFE/CB diffusion

layer with a PTFE loading of 450 m'? was estimated to cost $1t'? (14, 17) Therefore,
fabrication of largesscale cathodes using PTFE/CB can be both relatively expensive (compared to
other DLs), and compledue to the need for both high temperatures and press equipment. Several
other DLs have been developed using other materials, but they leak at relatively low water
pressures. For example, an inexpensive polymer DL was made from poly(vinylidene fageride
hexafluoropropylene)/CB (PVBHFP/CB) mixture at a low PVDHFP loading of 44 gn?, at an
estimated materials cost of $1i?, but a cathode with this DL leaked at only 41 + 0.5 cm of water
pressurg17). A cloth wipe DL [cloth coated with polgi{methylsiloxane) PDMS], which costs

only $0.36m'2 using 121 gn'? PDMS, withstood only 19 + 1 cm of water press(iré, 18) In

general, the high cost of polymers and high polymer loadings required to make cathodes waterproof
makes it a challenge to laaice the need for avoiding water leakage but also ensuring sufficient
cathode performance relative to power generation.

PVDF is highly hydrophobic fluorinated polymer that can be easily processed at room
temperaturg19). Recently, a simple phase inversimethod was used to fabricate an AC air
cathode using PVDF to simultaneous form both the catalyst layer (CL) and the DL, which greatly
simplified the fabrication procedu¢®). During the phase inversion process a porous film of PVDF
was formed on the agide of cathode, and small cathodes were shown to not leak at up to 1.2 m of
water pressurg(8). However, when larger PVDF cathode were used in subsequent tests
(unpublished data), leaks developed at much lower water pressures due to an uneven DL formed
by the PVDF that left small holes in the DL. Thus, largeale cathodes made with PVDF will

require an additional DL in order to avoid water leakage.
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In order to prevent water leakage through AC cathodes, the use of an additional and separate
PVDF membran&vas examined here as a DL that could be easily added to the cathode to make it
consistently waterproof at relatively high (~ 2 m) water pressure. Hydrophobic PVDF membranes
have long been used in membrdrzsed processes such as membrane distillatioaltbatfor gas
permeation but not liquid flo20, 21) The PVDF membrane properties have been thoroughly
investigated for membranes made with established and commercialized fabrication procedures
(22). PVDF membranes are highly resistant to leakage,@agrshy a critical liquid entry pressure
(LEP) for water of 0.13 MPa for a 15% (w/w) PVDF hollow fiber membi@3& Thus, very large
PVDF membranes could be used as a waterproof DL for an AC cathode. The performance of
cathodes with DL membranes made wdifferent amounts of PVDF was evaluated here under
both abiotic in electrochemical tests, and under biotic conditions in MFCs. The mechanical stability

of the DLs was examined relative to leakage using-@émsigned water pressure test system.

5.2 Materials and methods

5.2.1 Membrane fabrication

Membrane casting solutions of 15%, 20% and 25% (w/v) PVDF were prepared by dissolving
PVDF powder £534,000 Da; Sigma Aldrich) in N, -NimethylacetamidéDMAc, anhydrous,
99.8%, Sigma Aldrich) and vigorously stirring using a stir bar at 60 °C for over 6 h, until the
solution became homogeneous and transparent. A slow stirring process was continued for another
2 h to remove bubbles in the solution. Theusoh was then cast onto a clean glass plate with a
doctor blade (Microm Il, Gardco, USA) set at a height of 200 um, and exposed to air for 30 s. The
glass plate was then immersed in a distilled water bath, in which the phase inversion process took

place.After 10 min, the membrane was transferred to an ethanol/water (1:1, v/v) bath for 6 h and
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then to a pure ethanol bath for another 2#/ppendix B,Figure S51). This solvent exchange
procedure was adopted to prevent the shrinkage of the PVDF membraed?/DF membrane
was then air dried in a fume hood for 10 min to restore hydrophobicity, and stored in sealed plastic

bag at room temperature prior to use.

5.2.2 Cathode fabrication and operation

The AC catalyst layer was prepared by mix#@ powder (Noit SX plus, Norit Americas
Inc., TX) with PVDF (5% wi/v) PVDF and carbon black (CB; Vulcan-Xg Cabot Corporation,
USA) powder at a mass ratio of AC:CB:PVDF = 30:3:5, with an AC catalyst loading of 26.5 mg
cm'2 as previously described . The mixture waag directly onto an 11.3 émircular section of
stainless steel mesh (50 x 50, type 304, McMaSter, USA) with a spatula (except as noted).
The mesh with the catalyst was then immersed into deionized (DI) water for 15 min at room
temperature to leacbut DMAc solvent, and air dried in a fume hood overnight prior to use. The
final cathode was produced by attaching the DL onto the CL (fixed by rubber O ring) with the
dense skin layer facing the CL. The cathode was positioned in the reactor with theiy) the
air side and CL towards the solution side. A PDMS/CB wipe[@Mth coated with PDMS/CB
mixture] was used as an established control as it has been used in many othe(Ztudg}pit
was prepared as previously descrilEg)).

The cathodes we operated in cubic singthamber MFCs (except as noted) constructed from
a Lexan block 4 cm in length, with an inner chamber diameter of 6jnThe anodes were
graphite fiber brushes (2.5 cm in both diameter and length, heat treated at 450 f@ iBCamin)
placed horizontally in theenter of MFC chambe(26). Anodes were acclimated by operation for
over one year in a previous MFC at a constant temperature (30 °C), with a fixed external resistance

(1000 q) . T he méeldsodium actate missalvech ie B0 MM plgosphate buffer



73
solution (PBS; NaHPQ, 4.58 gL'%; NaH.PQOy-H,0, 2.45 ¢_'%; NH4CI, 0.31 gL'%; KCI, 0.31 gL'

L pH = 6.9; condoathtamended with 52f5 mb'* minerdls. aAd 5m& "

vitamins(8).

5.2.3 Cathodeperformance characterization

Electrochemical cathode tests were condudteda twochamber electrochemical cell
assembled by bolting two-@n wide cubes separated by an anion exchange membrane (AEM;
AMI-7001, Membrane International Inc., USA)he counterelectrode was a 7 ¢nuiameter
platinum plate. An Ag/AgCl reference electrode (BRE, BASI, West Lafayette, IN; + 0.209 V vs
a standard hydrogen electrode, SHE) was placed in the cathode chamber close to cathode.
Electrochemical measurements were conduckdth a multichannel potentiostat (VMP3
Workstation, Biologic Science Instruments, USA) in a constant temperature room at 36t&g. A
current method was used to obtain the cathode polarization curve by applying lower currents (0
mA, 1 mA, 2 mA, and 3 mAjor 30 min and higher currents (4 mA, 5 mA, 6 mA, 7 mA, 8 mA, 9
mA and 10 mA) for 20 min to obtain steasdyate conditionsAll potentials were reported here
versus SHE.

Single cycle polarization tests of cathodes under O m and 1 m water pressucenadereted
in cubic, singlechamber MFCs using the singtgcle method byarying the external resistance
from 1000 to 20 (8. Amldesged wetenpressnre systemavhsaised to apply
the water pressure against a cathdgmgéndix B,Figure S52).Voltage dropslW) across resistors
in the circuit were recorded by a computer based data acquisition system (2700, Keithley
Instrument, OH). Current densitié$ &nd power densitie$] were normalized to the projected
cathode areaA(= 7 cnf), and calculated as= U/RA and P = iU/A, whereR is the external

resistance.
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5.2.4 Membrane stability

The mechanical stability and waterproof capability of the PVDF membrane DL were tested in
a lab made water pressure systéxppendix B,Figure S52). A cathode was placed in a cubic
reactor with the same dimensions as indicated above for the MElaannel drilled in the side of
the cubic chamber was connected to a 2.1 meter long PVC tube, which was filled with DI water
pumped by a peristaltic pump (MPHarvard Apparatus, MA) to maintain a certain water height.
Water column height was raised at 10 cm (PVDF) or 5 cm (PDMS wipe DL) intervals, and
maintained for 1 min at each water height. The final water height was recorded when water leakage
was observedlhe water leakage test was conducted with and without a plastic mesh layer (25 x
25 mesh sizes, New York Wire, USA) held against thesidie of the cathode to investigate the
effect of membrane deformation on leakage. The PVDF content of each of theesanag|

measured using circular samples, each 11.3 + (?2icrriplicate.

5.2.5 Oxygen permeability and membrane morphology

Oxygen permeability through the cathodes was evaluated in terms of an oxygen mass transfer
coefficient k, cms'?) calculded from the change in the dissolved oxygen (DO) concentration in a
4 cm cube reactor as previously described (duplicate measureif@@nRissolved oxygen (DO)
concentrations were measured with a-aonsumptive DO probe (Fox8G, Ocean Optics Inc.,
USA).

Field Emission Scanning Electron ((FFEM) Variable Pressure (VP) (Zeiss Sigma$HEM
VP, 3 KeV electron beam) was used to investigate the porous morphology of the PVDF membrane
surfaces. The membranes were first washed with DI water to remodebny and then dried for

12 hours in air atmosphere before characterization.
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5.3 Results and discussion

5.3.1 Membrane stability test

The water pressure resistance of cathodes, examined at PVDF loadings of the DL of 29 £ 2 g
m'2(15% w/v), 36 + 2 gn'2(20%) and 40 + 2 gn'? (25%), increased with PVDF loadingi¢ure
5-1). The 25% PVDF membrane reached the maximum water pressure possible in our tests of 2.1
m, indicating good mechanical strength and water containment. Slightly lower water pressure
resisainces of 1.9 m were obtained with the 20% PVDF membrane DL and 1.8 + 0.1 m for the 15%
PVDF membraneHigure 51B). The maximum water pressure of the PDMS wipe DL was 0.2 +
0.05 m. There was noticeable deformation of the membranes at the higher wateepréssing
a plastic mesh support to minimize membrane deformation, all the PVDF membrane DLs reached
the maximum testing water pressure of 2.1 m while the PDMS wipe DL still leaked at the same

water pressure.
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Figure5-1. (A) Polymer loadings in PDMS wipe, 15%, 20%, 25% (w/v) PVDF membrane diffusion
layers (B) Water pressure resistance of PDMS wipe and PVDF membrane diffusion layers with
and without nylon spacer support.
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5.3.2 Electrochemicaperformance of AC cathodes with membrane DLs

In abiotic step current tests, the best electrochemical performance among the AC cathodes with
PVDF was achieved using the 20% PVDF membrane DL, as it had the highest potential under the
tested current densitgnge Figure 52). The 25% PVDF membrane DL achieved a lower potential
of 0.047 V compared to 0.084 V of 20% PVDF membrane DL at the at the current density of 5.7
A m'2, where MFCs typically reached their maximum power perform@icé7) Slight higher
potential of 0.055 V was achieved with the 15% PVDF membrane DL under same current density
of 5.7 Am'2, which was still 29 mV lower than the 20% PVDF membrane DL. The PDMS wipe
DL had the highest potentials, but it was only 15 mV more than that of the 20% PVDF membrane
DL at 5.7 Am'2, and a maximum of 21 mV at higher current densities.

0

PDMS wipe -{1+20% PVDF
15% PVDF -0-25% PVDF

Current Density (A m=2)
(o]

0.1 0.3 0.5
Potential (V, vs SHE)

Figure 5-2. Currentvoltage (polarization) curves for AC cathodes with PDMS wipe, 15%, 20%
and 25% (w/v) PVDF membrane diffusion layers.

5.3.3 Power performance of MFCs with membrane DLs

The power produced using AC cathodathvhe different DLs in MFCs was evaluated based
on single cycle polarization data. A maximum power density of 1400 + 7miAas obtained
with the 20% PVDF membrane DL and was similar to 1450 + 7mi¥\achieved by the PDMS

wipe DL (Figure 53A), which might be due to similar oxygen permeability of the two DLs
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(Appendix B,Table S51). The oxygen mass transfer coefficient of 20% PVDF membrane DL was

2.9+ 0.3 x 10 cms't and close t@.1+ 0.5 x 10° cms'* for the PDMS wipe DL Appendix B,

Table S51). The 25% PVDF membrane DL produced a lower maximum power density of 1260 +
80 mWm'?, likely due to a denser polymer network in the DL which would reduce oxygen transport

to the catalyst. The lowest power density of 1180 + 120mi%Was obtained with #115% PVDF
membrane, with a large standard deviation among tests suggesting uneven PVDF content in the
DL. The PDMS wipe DL and 20% PVDF membrane had similar cathode potehtlsg 53B),

further supporting the similar electrochemical performance efethiwo types of DLs. Cathodes

with 15% and 25% PVDF membrane DLs had the lowest potentials in the current density range of

3to 7 Am'2

Figure5-3. (A) Power density curve for AC cathodes with PDMS wili6, 20% and 25% (w/v)
PVDF membrane diffusion layers (B) Electrode potentials (solid symbols for anode potentials and
open symbols for cathode potentials)

Additional water pressure did not affect the performance of the MFC with the 20% PVDF

membrane. Whe 1 m of water pressure applied to the cathode, the power density was 1380 + 60











































































































































































































































































