Development and investigation of conducting
polymer electrodes for microbial fuel cells

Submitted in partial fulfillment of the requirements
of the degree of
Doctor of Philosophy

of the
Indian Institute of Technology Bombay, India
and
Monash University, Australia

by

Jayesh Manohar Sonawane

Supervisors:

Prof. Prakash Chandra Ghosh (IIT Bombay)
Prof. Samuel Adeloju (Monash University)

The course of study for this award was developed jointly by
Monash University, Australia and the Indian Institute of Technology, Bombay
and was given academic recognition by each of them.
The programme was administrated by The 1ITB-Monash Research Academy

(2018)






This page intentionally left blank






oo e Tew ¢ fag ufauy |
3T BTN Jgcd fgdiianiaad ar i

Dedicated to the memories of my Grandfather late. Chintaman Sonawane
(Aanna), my Grandmother late. Vastala Sonawane (Aaji).

My mother Malti Sonawane (Aai) and Father Manohar Sonawane (Nana)
who always supported me, whatever path | took.






Approval Sheet

The thesis entitled “Development and investigation of conducting polymer electrodes for

microbial fuel cells” by Jayesh Manohar Sonawane is approved for the degree of Doctor of

Philosophy

\g NSM“'AP nl'1' 1%
Dr. Shilpa Sawant
External Examiner

Prof. Pratibha Sharma
Internal Examiner

E

Prof. Prakash Ghosh
IITB Supervisor

kAT

Prof. Samuel Adeloju
Monash Supervisor

Prof. Suparna Mukherji
Chairman

Date: July 11, 2018

Place: IITB-Monash Research Academy, Mumbai.






Declaration

| declare that this written submission represents my ideas in my own words and where others’
ideas or words have been included, | have adequately cited and referenced the original sources.
| also declare that | have adhered to all principles of academic honesty and integrity and have
not misrepresented or fabricated or falsified any idea/data/fact/source in my submission. 1
understand that any violation of the above will be cause for disciplinary action by the Institute
and can also evoke penal action from the sources which have thus not been properly cited or

from whom proper permission has not been taken when needed.

Notice 1

Under the Copyright Act 1968, this thesis must be used only under the normal conditions of
scholarly fair dealing. In particular, no results or conclusions should be extracted from it, nor
should it be copied or closely paraphrased in whole or in part without the written consent of
the author. Properly written acknowledgement should be made for any assistance obtained from

this thesis.

Notice 2
| certify that | have made all reasonable efforts to secure copyright permissions for third-party
content included in this thesis and have not knowingly added copyright content to my work

without the owner’s permission.

( 5 \,@x‘&
Student Name: Jayesh Manohar Sonawane

IITB ID: 124174002
Monash ID: 25203029






Publications outcomes

Journal Publications -

1.

10.

JM Sonawane, A Yadav, PC Ghosh, SB Adeloju. Recent advances in the development
and utilization of modern anode materials for high performance microbial fuel cells,
Biosensors and Bioelectronics 90, 558-576, 2017. IF- 8.173.

JM Sonawane, S Al-Saadi, RKS Raman, PC Ghosh, SB Adeloju, Exploring the use of
polyaniline-modified stainless-steel plates as low-cost, high-performance anodes for
microbial fuel cells, Electrochimica Acta 268, 484-493, 2018. IF- 5.116.

JM Sonawane, RKS Raman, PC Ghosh, SB Adeloju, Synthesis and utilisation of
polypyrrole coated stainless steel as a low-cost anode for high-performance microbial
fuel cells ChemElectroChem (To be submitted)

JM Sonawane, PC Ghosh, SB Adeloju, Electrokinetic behavior of conducting polymer
modified stainless steel anodes during the enrichment phase in microbial fuel cells,
Electrochimica Acta (Accepted). IF- 5.116.

JM Sonawane, SA Patil, PC Ghosh, SB Adeloju Low-cost stainless-steel wool anodes
modified with polyaniline and polypyrrole for high-performance microbial fuel cells,
Journal of Power Sources 379, 103-114. 2018. IF- 6.945.

JM Sonawane, D Pant, PC Ghosh, SB Adeloju. Fabrication of a carbon
paper/polyaniline-copper composite cathode as a replacement for platinum cathode in
low-temperature fuel cells, Journal of Material Chemistry A, Elsevier. (Under review).
JM Sonawane, D Pant, PC Ghosh, SB Adeloju. Exploration of a carbon
paper/polyaniline-copper hybrid as an air cathode for microbial fuel cells, Applied
Materials and Interfaces, ACS. (To be submitted)

JM Sonawane, R Goenka, PC Ghosh, SB Adeloju. A highly efficient microbial fuel
cell stack for enhanced power generation and treatment of a landfill leachate, Materials
Today, Elsevier. (To be submitted)

JM Sonawane, SB Adeloju, PC Ghosh. Landfill leachate: A promising substrate for
microbial fuel cells, International Journal of Hydrogen Energy 42 (37), 23794-23798,
2017. IF- 4.229.

JM Sonawane, E Marsili, PC Ghosh, Treatment of domestic and distillery wastewater
in high surface microbial fuel cells. International journal of hydrogen energy 39 (36),
21819-21827, 2014. IF- 4.229.



11. JM Sonawane, A Gupta, PC Ghosh, Multi-electrode microbial fuel cell (MEMFC): a
close analysis towards large scale system architecture International journal of hydrogen
energy 38 (12), 5106-5114, 2013. IF- 4.229.

Conference Publications -

1. JM Sonawane, Rajam, SB Adeloju, PC Ghosh, Graphene: a promising electrode for

microbial fuel cells, 2nd International Conference on Green Energy & Expo, Atlanta,
USA



Content (Brief)

AADSTFACT ...ttt Rttt et enn XXii
CRAPTEE L.ttt bbbttt 1
Recent advances in the development and utilisation of modern anode materials for high-
performance MICrobial TUBT CEIIS ... 1
ATMS OF STUAY ...ttt bbbttt sssesens 53
CRAPTEE 2. bbbttt 55
Exploring the use of polyaniline-modified stainless-steel plates as low-cost, high performance
anodes for MiCrobial TUBIL CEIIS..........viiueeeee s 55
CRAPTEE 3. bbbt b ettt 87
Synthesis and utilisation of polypyrrole coated stainless steel as a low-cost anode for high-
performance MicCrobial TUBT CEIIS ... 87
CRAPTEE ...ttt bbbttt ns 107
Electrokinetic behaviour of conducting polymer modified stainless steel anodes during the
enrichment phase in microbial fuel CellS............coii s 107
CRAPTEE 5.ttt es 139
Low-cost stainless-steel wool anodes modified with polyaniline and polypyrrole for high-
performance microbial fUEl CEIIS...........covimimim s 139
CRAPTEE ...ttt bbbttt es 173
Fabrication of a carbon paper/polyaniline-copper composite cathode as a replacement for
platinum cathode in low-temperature fuel CellS ............ooviviinieiiecccceeece 173
(@4 g T-T o] (- T T USRS 205
Exploration of a carbon paper/polyaniline-copper hybrid as an air cathode for microbial fuel
CRILS bbbttt 205
CRAPTLEE 8.ttt ettt s bbb b s se bbb ae s b et e e naetens 233
A highly efficient microbial fuel cell stack for enhanced power generation and treatment of a
1ANATHT TEACNALE..........ceeeiee bbbt 233
CRAPTEE 9.ttt bbbt b et s bt an b b s e b tens 259
Conclusions and FULUIe DIFECTIONS..........cveueuririieieieieirseeee ettt eses 259






Content (Extended)

AADSEFACT ...ttt ettt et s st s enee Xxii
CRAPTEE L.ttt b bbbt ettt et e b e s 1
Recent advances in the development and utilisation of modern anode materials for high-

performance microbial fUEL CEIIS...........ciiumeie s 1
11 INEFOAUCTION ...ttt s eaesenas 5
1.2 ANOde MALErTialS FOr MECS........c.oiieeeieerceee st 9
1.2.1  Modern carbon-based aN0AES ...........ccoviirrieieiie e 10
1.2.1.1 Natural an0de MALEITAlS .........coiriiiiiiiiieiee e e 13
1.2.1.2 Synthetic anode MAterialS ..........cceiveiiiiieiicie e 16
1.2.2  COMPOSITE ANOUES .....veeviiceieieeie ettt e e re e s re e s te e e sneesreereenes 18
1.2.2.1 Graphite-polymer COMPOSITES........cveiuiiieirieieiie et 18
1.2.2.2 Carbon nanotubes COMPOSITE ........ccveiiiieiieeie et 25
1.2.2.3 Multi-walled carbon nanotubes COMPOSILE ..........cceevveiiiiieiice e 26
1.2.2.4 Graphene-based an0UE...........coviieiiiiiiie e 27
1.2.3  Surface MOdified ANOUES........coviiiiiiiiiisieeee e 30
1.2.3.1 Conductive POIYMEr COALINGS .......eivieriirieiieeie sttt sra e ens 34
1.2.3.2 Graphite/carbon surface treatment.............cccoeiiiiicie i 36
1.2.4  Metal-Dased @NOUE .........ccveiieieiie ettt enes 38
1.3 Challenges and fUtUre dir€CLIONS..........cccovvivieirieieieieeeeeeeie e 42
LA, CONCIUSION .ottt ettt s et s nnnnes 42
RETEIENCES ...t bbbt b ettt bbbttt 44
ATMS OF STUAY ...ttt bbbt b ettt b e s s s 53
CRAPTEE 2.ttt bbbttt R e en 55
Exploring the use of polyaniline-modified stainless-steel plates as low-cost, high performance
anodes for Microbial fUBI CEIIS...........o s 55
2.1 INEFOTUCTION ...ttt 59
2.2 Materials and MELNOUS...........courimiii s 61
2.2.1 Electrochemical cell setup and electrode preparation.............ccccceeerenerienenesienieennnn, 61
2.2.2  Cathode fabriCAtION .........cccveiieie et 61
2.2.3  Electropolymerisation of Polyaniling (PANI)........cccociiiiiniiiieec e, 61



2.2.4 Contact angle measurement and Scanning electron MicroSCOPY .......ccccevververrvennn. 62
2.2.5 Fourier Transform Infrared Spectroscopy (FTIR) ....ccocoviveiiiiieiiieie e, 62
2.2.6  Time-dependent electrochemical impedance SPectroSCOPY.......cccevvvrvvevvereeriesieennnn, 63
2.2.7  Setup and operation Of IMFCS ........cccoiiiiiiiee e 63
2.3 RESUILS AN AISCUSSION ......c.cveieiriiicieieieiss ettt eaes 64
2.3.1  PANI film fOrMAtioN .......ooeeiieie e 65
2.3.1.1 PANI film formation with sulphuric acid ..........c.cccoeeiiiiiieiicc e, 65
2.3.1.2 PANI film formation using sulfamic acid............ccccecveieiieiiiie s, 66
2.3.1.3 PANIi film formation with oXaliC aCid ...........ccoveveiiiiiiii e, 67
2.3.1.4 PANI film formation wWith Nitric aCid..........ccoviiireiiienciiee e, 69
2.3.2  Characterisation 0f PANI COALINGS.........cceiiiiiiieiieie e seesie e 71
2.3.2.1 CyClic VOIAMMELIY ..ot nne e 71
2.3.2.2 Fourier-transform infrared spectroscopy (FTIR) .....cccoovviieiiiiie i, 72
2.3.2.3 Contact angle MeasUrEMENT ..........c.coiveiueiieieeie e nne e 74
2.3.2.4 Scanning EIeCtron MICIOSCOPE ......ccveviiieiieeieeiesieeste et e e ste e sre e nne e 74
2.3.3  Evaluation of coating durability..............cccccveriiiiiiiiii e 74
2.3.4  Microbial fuel cells with SS-P/PANI @NOEe ..........ceoviiviieiieiesiere e 77
2.3.4.1 Comparison With Previous STUdIES ...........cuiiriiieiieie e 80
2.4 CONCIUSION ..ottt s 81
RETEIBINCES ...ttt bttt ettt b e res 82
CRAPLEE 3.ttt b bbbttt ettt s e s st s 87
Synthesis and utilisation of polypyrrole coated stainless steel as a low-cost anode for high-

performance microbial fUL CEIIS...........ov s 87
3.1 INEFOAUCTION ...ttt s 91
3.2 Materials and METNOUS ........ccciuiueiriieieer et 92
3.2.1 Electrochemical cell setup and sample preparation.............ccceveveeveiiieseeseeseseeenen, 92
3.2.2 Electropolymerisation of Polypyrrole (PPY).......cccoeiiiiiiiiiiie e 93
3.2.3 Surface profilometry and contact angle measurement............ccccooeiveeiie e e, 93
3.2.4 Fourier Transform Infrared Spectroscopy (FTIR) ....ccoovveiiiiiiiiieiecse e 93
3.2.5 Cathode fabrICALION .......cviiieiiee e 93
3.2.6 Experimental setup and operation 0f MFCS .........ccccooi i 9
3.2.7  Operation Of MECS ..ottt saae e e anee s 9
3.3 RESUILS aN ISCUSSTON .......vviicieieieieiee et 95



3.3.1 PPy film formation with L-(+)-Tartaric aCid ..........ccccceevuvrveriviieiiere e 95

3.3.2 PPy coating CharaCteriSation ...........ccuevueiieiieriesiesieesie s nne e 96
3.3.2.1 Fourier Transform Infrared Spectroscopic Studies of PPy Films...........cccccceevvvveenenn. 96
3.3.2.2 Contact angle MeasUrEMENT ...........coveieiieieerie e ese e sreeseesneenne e 97
3.3.2.3 Scanning EIeCtron MICIOSCOPE ......ccvveveiieiieeiesie e esiesee e be e sre e nne e 98
3.3.3 Evaluation of coating durability by time-dependent electrochemical spectroscopy ..98
3.4 Performance of microbial fuel Cells..........cooii e 100
35 CONCIUSION ..ottt s 102
CRAPTET 4. bbbttt bbbt 107
Electrokinetic behaviour of conducting polymer modified stainless steel anodes during the

enrichment phase in microbial fuel CellS............coii s 107
4.1. INEFOUUCTION ...ttt 112
4.2 EXPEITMENTAL ... 114
4.2.1  Synthesis of PANI and PPY 0N SS ..o 114
4.2.2  MFC CONFIQUIALTION. ....couiiiiiiiieiteste sttt bbb 115
4.2.3  OPEIALION. ....c.eitiiteiteeiieie ettt bbbttt bbbt 115
4.2.4  MFC performance eValUALION ............ccooiiiiiiiiiinieiesie e 116
4.2.4.1 Maximum current generation from the different SS anodes.............ccocovvviiiinennn. 116
4.2.4.2 Electrochemical charaCterisation ............ccocvieiieieiieseee e 116
e T I 1 =] I = (o] SRS 117
4.2.4.4 Polarisation behaviour Of the an0deS .........cccviveiieiiiieiiee s 118
4.2.4.5 Fourier transform infrared spectroscopy (FTIR) .....ccoovviiiriiiiiene e 119
4.3 RESUIL AN QISCUSSION......c.iuiiiiieiiiicieieie sttt 119
4.3.1  Maximum CUITENt gENEIatiON.........coviiieiieeiecee sttt sre e ens 119
4.3.2. Bioelectroperformance of anode materials during incubation.............cc.ccocvvvvenenne. 120
4.3.2.1 Exchange current densities of anode materials............cocooveeieieniienenineeee 120
4.3.2.2 Charge transfer resistance of anode materials ...........cccccvevvviiiierisiesieese e 125
4.4 Fourier Transform Infrared (FTIR) Spectroscopic StUdies ...........ccoeveverererevereeenenennnen. 129
4.5 CONCIUSTON <.ttt s st eseanaenas 132
L LE =T =] 0TSSR 133
CRAPTEE ...t bbbttt b st en 139

Low-cost stainless-steel wool anodes modified with polyaniline and polypyrrole for high-

performance microbial fUEI CEIIS ..o 139



5.1 INEFOAUCTION ...ttt 144
5.2 Materials and MELNOUS..........coiiiiie e 146
5.2.1  Electrode MaterialS.........coociiiiiiiiiiiiieiesie et 146
5.2.2  Polyaniline (PANi) and polypyrrole (PPy) anode modification...............cccccvevenenn 147
5.2.3  Cathode fabriCatiON .........cciiiiiiiiiie s 147
5.2.4  Characterisation of anode MaterialS..........ccoovieriiiiiiinieiee e 147
525  MFC reactor CONFIQUIAtION .......ccviiiiieiieie et 148
526  Operation OF MECS ......ccooiiiiiiiieeeee e 148
5.2.7  Analytics and CAlCUIALIONS ..........ccoiuiiieiiiie e 149
5.3. RESUILS aNd AISCUSSTION.......ccviiiieiiiiiiicirei ettt senenas 151
5.3.1 Morphological features, surface area and hydrophilicity of polymer coated SS-P
ANOUES ...ttt b bbbt e et et bbb be e s 151
5.3.2  Bioelectrocatalytic performances of SS-W and SS-P anodes............ccccceevverveinennn. 153
5.3.3  Charge transfer resistance of SS-W and SS-P anodes ..........cccocevveveiieceececiiennnn, 155
5.3.4  Electrokinetic behaviour of PANi coated SS-W based anodes ............cccccevveveeennn. 158
5.3.5 Polarisation behaviour of all SS based anN0UES ..........c.ceverierereiene s 160
5.3.6  Comparison With PreViouS WOTK ..........cccveiiiiieieiie i 162
54 CONCIUSIONS ...ttt sttt ettt es e ennnas 165
CRAPTEE ...ttt bbbttt s e e s 173
Fabrication of a carbon paper/polyaniline-copper composite cathode as a replacement for
platinum cathode in low-temperature fuel CellS ... 173
6.1 INEFOAUCTION ...ttt 177
6.2 Materials and MELhOUS..........coviruerrree e 179
6.2.1  Electrochemical cell setup and PANI SYNtheSIS..........ccoveiiiiiiiiniiineneeeceeeen 179
6.2.2  Electropolymerisation of polyaniline (PANI) ........cccoiiiiiiiiiiee e 180
6.2.3  Platinum coating 0N CarbON PAPET.........ccuereiierieriiiresieeee e 181
6.2.4  Electrochemical CharaCteriSation .............ccccouereeieiiieneeie e e see e 181
6.2.4.1 Linear SWeep VOIAMMELIY .......ccoiiiiiiiiieie et 181
8.2.4.2 TAFEI PIOL.......iiiicicee et 181
6.2.5  Morphological study of the Cathodes...........cccveviiiiiiiie e 182
6.2.6  X-ray Photoelectron SpectrosCopy (XPS) ....cccveviviiiiiie e 182
6.2.7  Fourier Transform Infrared Spectroscopy (FTIR) ......cccocveviiiiiiie e 183
6.3 RESUILS ..ttt ettt eneaas 183

Vi



6.3.1  Electrochemical deposition of PANI-CU ON CP.......cccccoeviiiiiiesie e 183
6.3.2  Electrochemical CharaCteriSation ............coceeeieieiinienieieieere e 184
6.3.2.1 Electrochemical activity of CP/PANI-Cu and CP/PANI ........c.cccevvvevivivieiieie e 186
6.3.2.2 Influence of Pt loading on electrochemical performance ............ccccocveveviveieiiennnn, 187
6.3.2.3 Electrochemical performance of CP/PANI-CU COAtING ........ccceevvevvereeieiienircieinns 189
6.3.3  X-ray Photoelectron SpectroSCOPY (XPS) ......ccvveveiiieiieieseesie e 190
6.3.4  Fourier Transform Infrared Spectroscopy (FTIR) .....cccvviiiiiiniiiieieeieceee e 192
6.3.4.1 FTIR Of CP/Pt CAtNOE.......c.eiiieiieiicie e 192
6.3.4.2 FTIR of CP/PANI-CU CatNOTE .........oiueiiiieiiciieeee et 193
6.3.5 3D Profilometry and 4D X-ray MICrOSCOPY......coueruerrerireeieeeniesiesresiesiesiesseseeeennes 194
6.4. (@70 0] 111 [ o TSP 195
RETEIENCES ...ttt ettt s ettt ettt s s nnnes 197
CRAPTEE 7 ...ttt bbbt bbbt 205
Exploration of a carbon paper/polyaniline-copper hybrid as an air cathode for microbial fuel

CRIIS ettt tee 205
7.1. INEFOTUCTION ...ttt es 208
7.2 Materials and MELOU ..o e 210
7.2.1  Electrode Preparation ...........coeiieiiieieiieiesie sttt 210
72 O R N g To Lo L= o]  To%: 11 o] PSSR SSURSRO 210
7.2.1.2 Preparation of CP/PANI-CU CathOde ..........cccoiiiiiiiiiieeeee e 210
7.2.1.3 Fabrication of Pt CAtNOUE .........cooveieiie e 211
7.2.1.4 Hotpressing of Pt and PANI-Cu electrodes ...........ccocvvieiiiiieieiene e 211
7.2.2  Configuration Of MFC FACION ........cuiiiiiieiierie ittt 211
7.2.3  Characterisation of Pt and PANI-Cu CathOdes............cccovviiiiiiiiniinereceee 212
7.2.3.1 IVHICTOSCOPY ..vveveeieestecteeiteetesteesteetesseeste e st e sta e te e e e sseestaeseesbaebeansesaeenaeensessaenteannenreas 212
7.2.3.2 Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS) .........c.ccceevveienen. 212
7.2.3.3 Attenuated Total Reflectance -Fourier Transform Infrared Spectroscopy .............. 212
7.2.4  Operation 0f the MECS .......c.ooiiiiicce e 213
7.25  Analytics and CalCulatioNS ..........ccveiiiiiic i 213
7.3 RESUILS aNd ISCUSSTION.........cuiueieiiieiiieiri ettt 214
7.3.1  Morphology of Pt and CP/PANI-Cu Cathodes ............cceveieiiiiieniieeseeeeeiee 214
7.3.2  Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS) ..........ccccoovviiviennn. 215
7.3.3  Bioelectrocatalytic performance of Pt and CP/PANIi-Cu cathodes...........c..cccouene. 216

vii



7.3.4  Current-voltage CharaCteriStiCS ..........ccviverieiiiereeie e e e sae e e 217

7.3.5  Longevity of cathodiC aCtIVILY .........ccceeiviiiiieiece e 218
7.3.6  Biofouling of Nafion membrane...........cccccevieiiiii i 221
7.3.7  Four-dimensional X-ray MICrOSCOPY .......cverreereerueieesieaeeseeseassesseessesseesseesseseesses 223
7.3.8  Attenuated Total Reflectance Fourier Transformed Infrared Spectroscopy............ 223
7.4 CONCIUSION ...ttt ettt se e 226
RETEIENCES ...ttt ettt ettt ettt s e ennnes 227
CRAPTET ... bbbt bbbt 233
A highly efficient microbial fuel cell stack for enhanced power generation and treatment of a

[ANATIHT TEACNELE..........coeeeeeeeeeeee e sesesenas 233
8.1 INEFOAUCTION ....cvv ettt ennnas 237
8.2 Materials and MENOUS .........ccviiiiei e 239
8.2.1  Construction 0f MFC STACK..........ccuiiiiiiiieie e 239
8.2.2  Polyaniline (PANI) anode preparation............cccccceieeieeiieieeie e 240
S JZRC T OF 11 ToTo (= =1 o [ox= U1 [0 o OSSPSR 240
8.2.4  OPEIALION. .....eitiiiiitieii ettt bbbttt bttt nenes 240
8.2.5  Analytics and CalCUIALIONS ...........ccoiiiriiiiiieiesieee e 241
8.2.6  Physicochemical characterisation of leachate............c.cccccvveeviiii i 242
8.2.6.1 Chemical Oxygen Demand & Coulombic EffiCiencCy .........ccccoovveniiiniiiniiicienn, 242
8.3 RESUILS N DISCUSSIONS ......cuvuieieiieiiitieieieieisese ettt 243
8.3.1  BioelectrocatalytiC PErformanCe ..........cccveviiieiieie i 243
8.3.1.1 Individual Cell OPEratioN ..........coieiiiieie et 243
8.3.1.2 Stacked Cell OPEratiON ........cc.ciiiiiieiiiie et 245
8.3.1.3 Polarisation DENAVIOUL ...........ccooiiiiieieieieie et 245
8.3.2  Physicochemical @nalySiS...........ccouiiiiiiiiiic e 246
8.3.2.1 Chemical oxygen demand and Coulombic EffiCIENCY........cccccvvvriiiriviieiienecieenn 246
8.3.2.2 pH, conductivity and elemental COMPOSITION.........c..coviriiiieieiiierceee e 248
8.3.3  Comparison With PreViOUS WOTK ..........c.ccueiuiiiiieiiiisiesiieeeieee e 250
8.4 CONCIUSION ...ttt ettt s e 253
CRAPTEE 9.ttt e b b e e bt bbb ae bbb e st ens 259
Conclusions and FULUIE DIFECTIONS..........cceueurriiieieeieiseeee ettt eses 259
9.1 CONCIUSTONS......eieee ettt es 260
9.2 FULUIE PIrOSPECTIVE. ...ttt es 266



List of the figures

Chapter 1

Fig. 1.2 Working principle and basic construction of MFC ..........ccccccvirnninieienecrenenn 6
Fig. 1.3 Timeline of recent developments of anode materials for microbial fuel cells.......... 8
Fig. 1.4 Classification of anode materials used for MFCS .........ccccocevininininenieceeceen 9
Fig. 1.5 [a] Photographic image of a single recyclable layered corrugated carbon electrode

and [b] scanning electron micrographs of bamboo charcoal tube surface. Reproduced
[a] from [22] and [b] from [50]. ..cccveeeeieeieeeeceeeee e 13

Fig. 1.6 Some Natural materials that have been considered as anode materials in MFC systems

Fig. 1.7

Fig. 1.8

Fig. 1.9

Fig. 1.10

[a, b] king mushroom, [c, d] wild mushroom and [e, f] corn stem. FE-SEM
micrographs after carbonization [b,d,f]. Reproduced from [41].......cccccoevverrvennen. 14
SEM images of artificial 3D anode [a] electrospun and solution blown three-
dimensional carbon fiber nonwovens, [b] polycrystalline carbon rod, [c] carbon fiber
veil pictorial presentation of artificial 3D anode structures, [d] graphite fiber brush
anode, [e] interlaced carbon yarn with stainless steel, and [f] rotating spiral carbon
bush anode. Reproduced [a] from [53], [b] and [c] from [15], [d] from [14], [e] from

[40] and [F] FrOmM [42]. oo 17
[a] Loofah sponge carbon (LSC) -TI02 and [b] photographic image of LSC-TIO2.
Reproduced frOmM [S7]. ..ocv oot 19

SEM images of composite anodes [a, b] 3D carbon scaffold anodes from
polyacrylonitrile, [c,  d] carbon nanofibers modified graphite felt, ESEM images
of [e] PAN precursor, [f] stabilized PAN, [g] carbon nanofibers (CNF), [h] activated
carbon nanofibers nonwoven (ACNFN). Reproduced [a and b] from [58], [c and d]
from [26], and [e, f, g and h] from [60].........covveieiieiieeeeeeeeeeeee e 20
SEM images of some composite anode material. [a] carbon nanotube-textile (CNT-
textile) composite, [b] and [c] a 3D-ordered macroporous carbon derived from a
natural resource as anode carbon nanotubes (CNT)-sponge electrode, [d] image of
the CNT-spong and [e] picture of a CNT—sponge electrode. Reproduced [a] from
[70], [b and c] from [50] and [d and €] from [70]. ..c.cccvevrrriereeeeeceeeee e, 26



Fig. 1.11 SEM and FESEM images of MWCNTs-based nanocomposite electrodes. [a]
MWCNTSs on Poreflon membrane and [b] MWCNTSs spray-coated on carbon cloth.
Reproduced from [S]. ....coeriririeieeeee e 27

Fig. 1.12 SEM images of [a] graphene-based anodes and [b] graphene-sponge (G-S)
composite electrode, [c] bare carbon cloth, [d] RGO-SnO2/carbon cloth electrode,
[e] plain nickel foam, [f] rGO—2—-Ni (2 = the number of loading cycles) foams. Scale
bars are 200 mm, [g] plain nickel foam, [h] digital pictures (insets) of plain nickel
foam and rGO-Ni foam. Scale bars are 200 mm, and (i) digital picture of a curved

rGO-Ni foam. Inset: rGO—Ni foam rolled up into a cylindrical shape. Reproduced

[a, b] from [70], [c, d] from [76], and [e, f, g, h, i] from [36]. ....cccvvverireiienee. 29
Fig. 1.13 SEM [a] micrographs of m-WO3 and [b] 20%w PANI/m-WQO3 composite.
Reproduced from [B5]. .....coeririririeieieieesese e 34

Fig. 1.14 SEM images of the stainless-steel fiber felts (SSFFs) before and after polyaniline
modification. [a, b] PANI/SSFF, [c] CP, [d] CP/GNS, and [e] CP/IL-GNS, and [f]
CNT/PANI carbon paper electrode. Reproduced [a, b] from [28], [c, d, e] from [82]
and [f] CNT/PANI carbon paper electrode. Reproduced [a, b] from [28], [c, d, €]
from [82] and [f] frOmM [24]. c..eceeeeeeeeeeeeeee e 35

Fig. 1.15 [a] Micrographs of TiO2—-C/C dual nanofiber calcined at 1000-C for 3 h at N2
atmosphere, [b] MCM-41, [c] NaX, FESEM images of the bare CP electrode, [d]
TiO2-NSs/CP electrode, [e] TiO2-NSs/CP electrode obtained under optimal
conditions, SEM images of electrodes, [f] CVV20 (20 layered carbon veil), [g] CV30
(30 layered carbon veil), [h] CC, [i] CV20-MPL, [j] CC-MPL, and [K] MPL structure
on CC-MPL. Reproduced [a] from [17], [b, c] reproduced from [77], [d, e] from [80],
and [f, g, h, 1, J, K] FrOm [79]..ceeeeeeeee e 37

Fig. 1.16 Macroscopic and fluorescence images of anodes with and without biofilms on [a]
carbon cloth, [b] smooth stainless steel, [c] macrostructured smooth stainless steel
and [d] microstructured smooth stainless steel. Images from left to right are:
macroscopic view of the clean electrode, epifluorescence image and treated image

for assessment of biofilm surface coverage ratio. Reproduced from [21]. ............. 39



Chapter 2

Scheme 2.1 Schematic for surface modification of SS-Ps with PANi by galvanostatic

Fig. 2.1

Fig. 2.2

Fig. 2.3

Fig. 2.4

Fig. 2.5

Fig. 2.6

polymerisation of ANIi, characterisation, and exploration of PANi modified SS-P

as an anode in a mMicrobial TUBT CEIL. ... .eeeeeeeeeee e 64

Chronopotentiograms obtained for formation of PANi layer on SS plate with (a)
varying sulfuric acid concentration in presence of 0.1 M ANi and (b) varying ANi
concentration in presence of 0.3 sulphuric acid. Concentrations of sulphuric acid in
(@) are: (i) 0.1, (i) 0.2, (iii) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6 and (vii) 0.7 M. ANi
concentration in (b) are: (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4 and (v) 0.5 M. ............... 66
Chronopotentiograms obtained for the formation of PAN:i layer on SS plate with (a)
varying sulfamic acid concentration in the presence of 0.1 M ANi and (b) varying
ANi concentration in the presence of 0.7 M sulphamic acid. Sulphamic acid
concentrations (a): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6, and (vii) 0.7 M.
ANi concentrations in (b): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, and (v) 0.5 M. .......... 67
Chronopotentiograms obtained for the formation of PANi layer on SS plate with (a)
varying oxalic acid concentration in the presence of 0.1 M ANi and (b) varying ANi
concentration in the presence of 0.3 M oxalic acid. Oxalic acid concentrations in (a):
(1) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6, and (vii) 0.7 M. ANi concentration
in (b): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, and (V) 0.5 M....ccorveieireceeeeeeeeeinies 68
Chronopotentiograms obtained for formation of PANi layer on SS plate with (a)
varying nitric acid concentration in the presence of 0.1 M Ani and (b) varying ANi
concentration in the presence of 0.7 M nitric acid. Nitric acid concentrations in (a):
(1) 0.1, (i) 0.2, (iii) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6, and (vii) 0.7 M. ANi concentrations
in (b): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, and (V) 0.5 M....ocoreirineecneeeceeeee 71
Cyclic voltammograms obtained for PANi-coated SS in 0.7 nitric acid. (a) cyclic
voltammogram obtained at 5 mV/s scan rate, and (b) cyclic voltammograms obtained
at: (i) 5, (ii) 10, (iii) 25, (iv) 50, (v) 75, (vi) 100, and (vii) 200 MV/s.......c.cceun..... 72
Characterisation of PANi modified SS-P. (a) FTIR spectrum, (b) contact angle

Xi



Fig. 2.7 Electrochemical characterisation of PANi coating on SS. (a) Equivalent circuit used

Fig. 2.8

for impedance measurement, (b) change in PANI coating resistance as a function of
time, (c) frequency dependences of the impedance and (d) phase shift in the Bode
plots of PANI film synthesised in NItric aCid. ..........cccceveririnienininiceeeercne 77
Performance of the MFCs with the SS-P and SS-P/PANi anodes. (a) Open circuit
voltage output during the start-up phase of the MFCs system, (b) current generation
from MFCs system with 100 Q resistance connected across the cell, (¢) polarisation
curves of the MFCs with SS-P anode, and (d) polarisation curves of the MFCs with
SS-PIPANI @NOE. ...ttt sttt 79

Chapter 3

Fig. 3.1

Fig. 3.2

Fig. 3.3

Fig. 3.4

Chronopotentiograms obtained for the formation of a PPy layer on SS plate with (a)
varying L-(+)-Tartaric acid concentration in the presence of 0.1 M Py and (b) varying
Py concentration in the presence of 0.7 M L- (+)-Tartaric acid. L-(+)-Tartaric acid
concentrations in (a): (i) 0.1, (i) 0.2, (iii) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6, and (vii) 0.7
M. Py concentrations in (b): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, and (v) 0.5 M......... 96
Characterisation of PPy film on SS plate (a) FTIR spectra of PPy film on SS plate,

.....

Electrochemical analysis of PPy coating by time dependant electrochemical
spectroscopy; a) The equivalent circuit utilised for impedance; b) Change in PPy
charge transfer resistance as a function of time in 0.1 M NaCl; c) measurement
Frequency dependences of the impedance and d) phase shift in the Bode plots of PPy
film synthesised from 0.4 M pyrrole in 0.7 M L-(+)-Tartaric acid.........c...cccueun... 99
Performance of the MFCs fortified with SS-P anode and SS/PPy-P anodes. a) Open
circuit voltage output during the start-up phase of the MFCs system. b) current
generation from MFCs system by connecting 100 Q across the cell. ¢) Polarisation
curves of the MFCs with SS-P anode. d) Polarisation curves of the MFCs with
ST e e oo [T 101

Xii



Chapter 4

Fig. 4.1 Characterisation of anode materials by SEM. (a) Pristine SS, (b) SS-PANI, and (c)

Fig. 4.2 Operating points employed for MFC performance evaluation: 1. All sets of MECs

enriched in the activation region (without external resistance) 2. All sets of MECs
enriched in the Ohmic region, where Rext=Rint 3. All sets of MFCs enriched with the

application of very low resistance in the mass transfer region............cccccceveunenee. 116
Fig. 4.3 1-V curves obtained with SS-P, SS-W, SS/PANI-P, SS/PANi-W, SS/PPy-P and
SS/PPy-W anodes used to determine maximum CUITeNt. .......ccceecveveevreecveseeveenne. 120

Fig. 4.4 Variation of jo values obtained for all SS based MFC systems with time. (a) MFCs

with SS-P anodes, and (b) MFCs with SS-W anodes...........coceeveveeieieienenenenne. 121
Fig. 4. 5 Variation of jo values obtained for all PANi anodes with time. (a) MFCs with
SS/PANI-P anodes, and (b) MFCs with SS/PANi-W anodes. ........ccccceeevereeuenen. 122
Fig. 4.6 Variation of jo values obtained for all PPy anodes with time. (a) MFCs with SS/PPy-
P anodes, and (b) MFCs with SS/PPY-W anodes. ..........ccceevevvereeneevieeiesieesieennns 123

Fig. 4.7 EIS plots for stainless steel-based anodes. (a) the system operated under OCV mode,

(b) system operated under Rex=Rint, and (c) system operated under very Iow Rex:.

Fig. 4.8 EIS plots of SS wool-based anode system. (a) the system operated under OCV mode,
(b) system operated under 100 Q, and (c) system operated under 10 Q. .............. 125
Fig. 4.9 EIS plots of PANi based anode system. (a) the system operated under OCV mode,
(b) system operated under 60 €, and (c) system operated under 10 Q. ................ 127
Fig. 4.10 EIS plots of SS-PANI-W based anode system. (a) the system operated under OCV
mode, (b) system operated under 10 Q, and (c) system operated under 5 Q. ....... 127
Fig. 4.11 EIS plots of PPy based anode system. (a) system operated under OCV mode, (b)
system operated under 200 €, and (c) system operated under 20 Q..................... 128
Fig. 4.12 EIS plots of SS/PPy-W based anode system. (a) system operated under OCV mode,
(b) system operated under 20 €, and (c) system operated under 10 Q. ................ 129
Fig. 4.13 ATR-FTIR spectra obtained for SS anodes enriched under three different conditions.
An electrode harvested at the end of the 7™ day of the experiment; (a) SS-P anode,
(b) SS/PANI-P anode, and (c) SS/PPy-P anode. ........ccoveeveeveenieeiiecieeeeceeee, 131

Xiii



Chapter 5

Fig. 5.1

Fig. 5.2

Fig. 5.3

Fig. 5.4

Fig. 5.5

Fig. 5.6

Fig. 5.7

Fig. 5.8

Anode materials and MFC systems used in this study. Stainless steel wool (SS-W)
anodes: (a) pristine SS-W, (b) SS-W coated with polyaniline, (c) SS-W coated with
polypyrrole, (d) the system architecture of the MFC, and (e) the experimental setup
for MFCs along with a data l0gger........ccvecvevieviecieceeceee e 149
The electrical equivalent circuit used to analyse the EIS data: a) for uncoated SS
electrodes, and b) for PANi and PPy coated SS electrodes.........cccccceveevervenennen. 151
Scanning electron microscopy images of (a) SS-P, (b) SS/PANI-P, and (c) SS/PPy-
P anode MALErialS........coeeirieieieieie et 152
(A) Contact angles, and (B) Profilometer images of (a) SS-P, (b) SS/PANI-P, and (c)
SS/PPy-P anode MaterialS. .........cccueveriirineninireeeeeeeese e 153
Variation of open circuit voltages of (a) SS-P and (b) SS-W anode based MFCs
monitored for two cycles. Bioelectrocatalytic performances presented in terms of
current densities for (c) SS-P and (d) SS-W anode-based air-cathode MFCs operated
under constant resistance Mode (100 Q). ....ccvevirieiieiiecieee e 155
Nyquist plots of EIS spectra for all SS based anodes: (a) SS-P, (b) SS-W, (c)
SS/PANI-P, (d) SS/IPANi-W, (e) SS/PPy-P, and (f) SS/IPPY-W. ......cccceeevvrinienene 157
Electrokinetics behaviour of SS-P based and SS-W based anodes. Tafel plots of SS-
P based (a) and SS-W based (b) anodes. The jo(apparent) Values of SS-P based (c) and
SS-W based (d) anodes. All figures include data for anodes without and with biofilm
(SUTTIXEA DY ‘7). it 159
Polarisation curves for the SS-P (a), SS/PANi-P (b), SS/PPy-P (c), SS-W (d),
SS/PANI-W (e), and SS/PPy-W (f) anode based systems. The maximum power
outputs expressed in terms of mW cm2 are 0.036 + 0.004, 0.180 + 0.019, 0.071 +
0.012, 0.127 £+ 0.011, 0.288 + 0.036 and 0.187 + 0.017 for the respective anode
Y] (=114 TSRS 161

Chapter 6

Scheme 6.1 Electropolymerisation of CP/PANI-Cu on carbon paper, preparation of membrane

electrode assembly (MEA) and electrochemical testing of the cathodes in an aqueous

proton conductor with a three- electrode assembly.........cccoeveevieiieniieciecieeen, 180

Xiv



Fig. 6.1

Fig. 6.2

Fig. 6.3

Chronopotentiogram of (a) electrodeposition of CP/PANi-Cu on carbon paper as a
function of time and (b) (the representative figure for PANi-Cu deposition) 5 min
PANI coating using chronopotentiometry followed by Cu deposition for 1 min using
CRIONOAMPEIOMELIY.....ecviiviieiieierieete ettt ettt nesaesseneas 184
SEM images of (a) Pristine carbon paper, (b) carbon coated with 0.5 mg cm Pt, (c)
CP/PANI-Cu (20 mins) electrodeposited on carbon paper and (d) measured CP/PANI-
Cu nanofibers from SEM IMage. .......ccoveuerierieieeeeseeie et 185
Electrochemical characterisation of the cathodes and effect of PANI electrosynthesis
using Cu and SS counter electrode. (a) Tafel plots of pristine CP, CP/PANi-Cu,
CP/PANi and CP/Pt cathode, (b) Exchange current densitieseapparenyy Of the CP,
CP/PANI-Cu, CP/PANI and CP/Pt cathode, (c) Cathodic linear sweep polarisation
of CP, CP/PANI-Cu, CP/PANI and CP/Pt cathode, (d) Maximum reduction current
of CP, CP/PANI-Cu, CP/PANiI and CP/Pt cathode. ..........ccocevererenieieierienieine 187

Fig. 6.4 Dependence of electrochemical performance of cathode on Pt loading. (a) Tafel plots,

Fig. 6.5

(b) LSVs, (c) exchange current densities and reduction current densities as a function
of platinum loading on carbon paper, and (d) Pt on carbon paper and its associated
charge transfer resistance (Rct) as a function of loading. Pt loadings: (i) pristine, (ii)
0.25, (iii) 0.5, (iv) 0.75, (v) 1.0, (vii) 1.25 and (Vii) 1.5 MQ. .ccccereierireeirienene 188
Dependence of electrochemical performance of CP/PANi-Cu cathode with
polymerisation time. (a) Tafel plots, (b) LSVs, and (c) exchange current densities
and reduction current densities as a function of CP/PANi-Cu. Polymerisation time:
(i) - pristine, (ii) 5, (iii) 10, (iv) 15, (v) 20, (vii) 25 and (vii) 30 min. (d) CP/PAN:i-
Cu polymerisation on carbon paper and its associated charge transfer resistance (Rct)

as a function of polymerisation time. .........cccccveviieeiicci e, 190

Fig. 6.6 XPS pattern of CP/Cu-PAN:i cathode and CP/Pt cathode, a, b, ¢ survey, Cu2p presence

Fig. 6.7

Fig. 6.8

and various states of the presence of Cu respectively. a’, b’ and c,” survey, Pt
presence and different states of Pt presence respectively........ccoceevvevivecieenneennen. 192
Fourier transform infrared (FTIR) spectra of (a) CP/Pt cathode with 0.5 Pt loading
on carbon paper and (b) CP/PANI-Cu cathode electrodeposited for 20 min. ....... 193
3D profilometry of (a) pristine carbon paper, (b) carbon paper coated with 0.5 mg
cm? CP/Pt/C, and (c) CP/PANi-Cu. CP/PANi-Cu coating was obtained by

electrodeposition FOr 20 MINS. ......cccvieiieeiieree et 195

XV



Fig. 6.9 4D X-ray microscopy of (a) carbon coated with 0.5 mg cm and (b) CP/PANi-Cu (20

mins) €lectrodeposited 0N CarboN PAPET. ......ccoveererieieiee e 195

Chapter 7

Fig. 7.1

Fig. 7.2

Fig. 7.3

Fig. 7.4

Fig. 7.5

Fig. 7.6

Fig. 7.7

Micrographs of the different cathodes explored in the study. Profilometer image of
(@) pristine CP, (b) CP/ PANI-Cu cathode and (c) CP/Pt cathode; and (d) scanning
electron micrograph of the CP/ PANI-Cu cathode (magnification 100,000X). ....215
2D image of ion counts obtained by ToF SIMS. (a) CP/Pt cathode and (b) CP/PANI-
CU CANOE. ...ttt st st b sttt e e besbe st 216
Performance of CP/Pt and CP/PANI-Cu cathodes in MFCs. (a) Open circuit voltage
as a function of time, and (b) current generation as a function of time................. 217
Polarisation curves of the MFCs operated with CP/Pt and CP/PANI-Cu. (a) CP/Pt
cathode, and (b) CP/PANI-CU CathOde.......c..coeruerieieieieierereeereeeeee e 218
Evidence of the formation of Al2O3 on current collectors used with the CP/Pt and
CP/PANI-Cu cathodes after exposure to the M9 media. ........ccccceeveeveeieseenennee. 219
Electrochemical analysis of the longevity of the cathodes. (a) Tafel plots of CP/Pt
cathode, (b) Tafel plots of CP/PANI-Cu cathode. (C) jo_apparent Of CP/Pt cathode after
every successive cycle. (i) is for the initial cycle, (ii) for cycle 2, (iii) for cycle 3, and
so on to cycle 6 (vi) for cycle 6 and (d) jo_apparent Of CP/PANI-Cu cathode after every
successive cycle.(i) is for the initial cycle, (ii) for cycle 2, (iii) for cycle 3, and so on
TO CYCIE B, et ettt et e ennas 220
Observed changes in Nafion membranes before and after exposure to M9 media. (a)
membrane attached to the CP/Pt cathode before and after the experiment, and (b)
membrane attached to the CP/PANI-Cu cathode before and after the experiments.
3D-profilogram of the used Nafion membrane attached to (c) CP/Pt and (d)
CP/PANI-CU cathOdes (50X).....ccueeeerieeieriesieeieeeesieesieseesseesseeeesseesseesesseesseeses 222

Fig. 7.8 4D X-Ray micrograph of Nafion membrane attached to CP/Pt and CP/Cu-PANi

CATNOTES. oottt e e e e e e e e e et e e e e e e e e e e reaeeeraaa e ————s 223

Fig. 7.9 ATR-FTIR spectra of Nafion membrane attached to CP/Pt and CP/PANI-Cu cathodes.

XVi



Chapter 8

Fig. 8.1

Fig. 8.2

Fig. 8.3

Fig. 8.4

Fig. 8.5

Fig. 8.6

Fig. 8.7

Experimental setup of the 18 unit MFC stack. (a) top view of air cathode, (b) air
cathode sandwiched in PANi-coated wool, (c) top view of anode wool in each cell,
and (d) complete assembly of MFC Stack. ........ccccccevvevercienieseeieseee e, 239
Variation in the bioelectrocatalytic performance of the cells in a) the first stage with
two open circuit voltage cycles, b) the second stage with three constant resistance
cycles, ¢) the third stage with one open circuit voltage cycle of the stack, and d) the
fourth stage with two constant resistance cycles of the stack. .........cccceecevvenenen. 244
Polarisation behaviour of the individual cell in a stack a) current density b) power
(o[- TS 2RSSR 246
COD removal from landfill leachate a) COD removal from individual cells b) COD
of initial landfill leachate, treated from the landfill leachate treatment plant, COD
removal from OCV cycle, current cycle one and current cycle two. .................... 247
Coulombic efficiency of the MFC stack a) individual cells for cycle 1, 2, and 3 for

each cells b) all the cells operated as a stack after the various cycles of operation.

Variation in pH and conductivity of individual cells after (a) OCV(1) cycle, (b)
OCV(2) cycle, (c) CR(1) cycle, (d) CR(2) cycle, 2CR(3) cycle, and (f) various cycles
of operation as a stack [UL-Untreated leachate, ATL-Commercial aerobic treated
[=T (ot g =) SRR 249
Elemental composition of leachate; UL-untreated leachate, ATL-aerobic treated
leachate, OCV-leachate from open circuit voltage, CR (1) — leachate from constant

resistor cyclel and CR (2) — leachate from constant resistor cycle 2.................... 249

XVii



List of Tables
Chapter 1

Table 1.1 A brief account of carbon-based anode materials explored in MFC research. ....... 11
Table 1.2 Comparison of some reported composite anode materials used for construction of in

MEFC FESBAICH ..t bbb sbe b 22
Table 1.3 Comparison of the performance of some surface modified anodes in MFC .......... 31

Table 1.4 Comparisons of the performance of some metal-based anodes used for MFCs.....41

Chapter 2

Table 2.1 Optimum activation and stabilisation potentials obtained for PANi formation on SS
plate from different acids and ANi CONCENLIatioNS. ........cccccevvereeriereerieeriesieneeene 71

Table 2.2 Changes in charge transfer resistance [(Rc: (Ohm.cm?)] for PANi formed in different

2103 0 SOOI 76
Table 2.3 Comparison of the performances of PANi modified anodes in MFCs. .................. 81
Chapter 3

Table 3.1 Optimum activation and stabilisation potentials obtained for PPy formation on SS
plate from L-(+)-Tartaric acid with different Py concentrations............ccccceevenene 96
Table 3.2 Change in charge transfer resistance [(Rct (Ohm.cm2)] for PPy formed in L-(+)-
TaArIC ACHH. ...ttt 100

Chapter 4

Table 4.1 Applied resistance to the MFCs for evaluation of kinetics under various conditions

Table 4.2 Changes in exchange current densities after incubation of MFCs with applied
EXLEINAl FESISTANCE ....e.veeiiieiieieee ettt 124

Table 4.3 Variation of charge transfer resistance (Rct) in plate based anode system.......... 126

Table 4.4 Variation of charge transfer resistance (Rct) in SS-wool based anode system....128

XVviil



Table 4.5 Changes in charge transfer resistance after incubation of MFCs with applied external

ST SEANCE .ttt et e et ettt e e e e e e e e e —eeeeeeeee e e e e ———raeeeeraaaaa—————aaaean 129

Chapter 5

Table 5.1 Charge transfer resistance (Rct) obtained for the bare anodes (without biofilm) and
bioanodes (With DIOFIIMS)......ccvicuiiieiieececeee e 157
Table 5. 2 Comparison of bioelectrocatalytic performance of different SS based and some other
metallic anodes USEd FOr MIECS ........ooi i 163

Table 5.3 Comparison of bioelectrocatalytic performance of PANi modified anodes in MFCs.

................................................................................................................................................ 164
Chapter 6
Table 6.1 Elemental ID and quantification of CP/PANI-CU.......ccccevereeerieieriieneeeeee s 192
Table 6.2 Elemental ID and quantification of CP-Pt ...........ccccoeiieiieiceeeeeeee e 192
Chapter 7
Table 7.1 Surface profile of CP/Pt and CP/PANI-Cu cathodes ..........cccovvevevcvereenieeienenene, 222
Chapter 8
Table 8.1 Comparison With Previous WOTKS..........ccverueeeereeiienieneeieeeeseeesae e seeesae e seeenes 251

XiX



XX



Acknowledgements

First and foremost, | express my gratitude towards my supervisors Prof. Prakash C. Ghosh,
(II'T Bombay, India) and Prof. Samuel Adeloju (Monash University, Australia) for giving me
an opportunity to work on an interesting theme in their groups, and for their invaluable

suggestions, support and encouragement throughout my PhD candidature.

I would like to sincerely acknowledge Prof. Raman Singh, Department of Mechanical
Engineering and Aerospace Engineering, Monash University, Clayton Campus, Australia for
providing me research facilities during my Monash stay.

| would like to express my gratitude towards research progress committee members Prof.
Pratibha Sharma, Prof. Sanjeeva Srivastava and Prof. Xiwang Zhang for their valuable

feedback during annual progress seminars.

Also, | am very grateful to our collaborators, Dr. Deepak Pant from Flemish Institute for
Technological Research, VITO, Belgium and Dr. Sunil Patil from Technical University

Braunschweig, Germany.

| appreciate and owe much to Chinmay, Yogita, Abhishek, Rahulraj, Isha, Ratikanta, Ajay,
Reeshab, Amit, Saad, Anis, and all members of the fuel cell research facility, IIT Bombay,
India also all members of the Corrosion group, Monash University, Australia for their readily

help and the excellent friendly atmosphere in the laboratory.

Last but not the least; | extend my gratitude to all my IITB-Monash Research Academy friends
and most important, my mother (Aai), my father (Nana), my wife Vrushali and relatives for

their moral support and encouragement.

-Jayesh M. Sonawane

XXi



Abstract

With the increasing global demand for resources and energy, there is a growing need to look
beyond the conventional sources and search for new clean, renewable energy sources.
Microbial fuel cells (MFCs) are novel bioelectrochemical devices for single-step conversion

of biomass into electricity, based on the use of metabolic activity of bacteria.

The literature review in chapter 1 describes the recent advances in the development of anode
materials and configurations over the past five years. The key limitations of anode materials
which have hindered the development of large-scale MFCs are identified, and the potential
solutions to these are discussed.

Chapters 2 and 3 describe the synthesis of polyaniline and polypyrrole on stainless steel (SS),
and their use to evaluate startup time of MFCs. we explored the use of polyaniline (PANi) and
polypyrrole (PPy) modified stainless steel plates (SS-Ps) as potential low-cost anodes for
MFCs, with capability for effective promotion of microbial growth and retention of long-term
stability. Careful and selective choice of acid and aniline concentrations for galvanostatic
polymerisation produced highly uniform and adherent conductive PANi coating on SS-P which
are desirable for use as anodes in MFC. The optimum PANi coating on SS formed by
galvanostatic polymerisation was obtained with 0.4 M aniline in 0.7 M nitric acid. On the other
hand, the optimum Ppy coating was obtained with 0.4 pyrrole in 0.7 M L-(+)-Tartaric acid
with an applied current density of 2.5 mA cm for 15 mins.

Chapter 4 investigates the influence of the application of an external resistance on the SS
coated PANi and PPy electrodes during MFC start-up phase. The half-cell reactors were
enriched under different conditions including without Rex (Open circuit mode), with Rext=Rint
(Ohmic region), and with very low Rext (mass transfer region). The MFC anodes enriched under
Rext=Rint gave maximum exchange current density (jomax) On the 4™ day of operation. The
calculated jomax for SS wool (SS-W), SS/PANi-W and SS/PPy-W anodes were 0.03 + 0.02 mA
cm?, 1.05 + 0.04 mA cm™ and 0.50 + 0.04 mA cm, respectively. The lowest charge transfer
resistance (Ret) of 0.23 Q cm™? was obtained with SS/PANi-W anode which exhibited the highest
electron transfer kinetics and better biocompatibility than SS/PPy-W. The high current drawn
from the system during the biofilm establishment phase did not support electroactive biofilm
formation because it prevented the growing anode-respiring bacteria (ABR) from providing

sufficient electron flow to the counter electrode.
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In Chapter 5, the use of PANi and PPy coatings on stainless-steel wool (SS-W) is proposed as
a low-cost anode for MFCs. When coated with PANi and PPy, the pristine SS-W, SS/PANi-W
and SS/PPy-W anodes produced maximum current densities of 0.30 £ 0.04, 0.67 £+ 0.05, 0.56
+ 0.07 mA cm, respectively, in air-cathode MFCs. Also, based on achieved power density,
both SS/PANi-W and SS/PPy-W achieved 0.288 + 0.036 mW cm and 0.187 + 0.017 mW cm,
respectively, which were superior to 0.127 + 0.011 mW cm obtained with the pristine SS-W.
Further, in comparison with SS plate-based anodes, all SS-W based anodes gave improved
power densities under similar experimental conditions by at least 70%.

Chapter 6 investigates the use of a carbon paper/polyaniline-Cu composite (CP/PANi-Cu) as
a potential low-cost replacement for the conventional Pt cathode. The incorporation of copper,
through the addition of CuSO4 to the monomer and deposition of the metal from this solution,
enhanced the catalytic activity of CP/PANi-Cu cathode for oxygen reduction reaction, yielding
a 170% higher joapparent Of 0.088 = 0.003 mA cm™ than with a conventional Pt cathode (0.0325
+ 0.0031 mA cm2) made up with 0.5 mg cm Pt loading. Even with a Pt loading of 1.5 mg cm’
2, the joapparent Of the Pt cathode (0.086 + 0.004 mA cm2) was still slightly lower. Also, the
optimum CP/PANi-Cu cathode gave a much lower Ret of 1.456 Q cm™ compared to the R of
3.95 Q cm™ obtained with the conventional Pt cathode, but the Pt cathode with the higher Pt
loading gave a closer Ret of 1.485 Q cm™. The results of this study demonstrate that the
proposed CP/PANi-Cu cathode can be adopted as a suitable low-cost replacement for Pt

cathode.

Chapter 7 describes the use of a carbon paper/copper-polyaniline (CP/PANi-Cu) hybrid as a
cheap and efficient air cathode. The resulting CP/PANi-Cu cathode is characterised by a
uniform layer and relatively strong adhesion of PANi-Cu which enabled a significant oxygen
reduction reaction (ORR). The maximum current generated by the CP/PANi-Cu cathode was
0.50 + 0.02 mW cm which was significantly higher than 0.35 + 0.03 mA cm obtained with a
traditional Pt cathode. The power densities obtained for MFCs with these cathodes were 2.44
+0.14 mW cm2under a current density of 0.85 + 0.08 mA cm2for Pt cathode, and 1.01 + 0.01
mW cm at 0.37 + 0.04 mA cm for CP/PANi-Cu cathode. Despite showing a loss of cathodic
activity of 33%, the CP/PANI-Cu cathode experienced much less biofouling of the associated
Nafion membrane than with the membrane used with the Pt cathode, and, thus, indicated that
on the basis of overall performance, usage and stability, the CP/PANi-Cu cathode was better
than the Pt cathode.
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In Chapter 8, the fabrication of an 18 cell MFC stack containing PANi coated SS-W is
undertaken and then explored as an anode for power generation with a landfill leachate. A
maximum OCV of 12.8 V was achieved with the stack, and the total current generated were 78
and 83 mA for first and second parallel current cycles, respectively. The chemical oxygen
demand (COD) removal in the OCV mode was 79.7 %. In the current generation mode, COD
removals of 87.0 % and 86.3 % from first and second cycle were achieved, respectively.
Average coulombic efficiencies () of 28.86 £ 1.82, 23.38 = 0.88 and 22.71 £+ 0.42 were
achieved from first, second and third cycles, respectively. Moreover, 35.3 and 36.9 % operated

in series connection from the first and second cycle, respectively.

Chapter 9 concludes that the successful development of SS/PANi-W anode and CP/PANi-Cu
cathode in this study has resulted in the achievement of significant increment in power
generation when compared to the traditional 2D carbon-based electrodes. However, there is
still a considerable possibility for using conductive polymers with a non-precious metal
catalyst for the development of new cathodes. On the other hand, the use of engineered
bacterial strain may provide new opportunities for the development of high-performance
MFCs. The use of computational fluid dynamics can also be employed to further investigate
the developed MFC stack to gain an understanding of the charge transfer and mixing
phenomena. This investigation may subsequently enable the deployment of the MFC stack in

real wastewater process train as a pilot plant for wastewater treatment and power generation.
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Chapter 1

Recent advances in the development and utilisation of modern anode

materials for high-performance microbial fuel cells

[Published as, J.M. Sonawane, A. Yadav, P.C. Ghosh, S.B. Adeloju, Recent advances in the
development and utilization of modern anode materials for high-performance microbial fuel
cells, Biosensors and Bioelectronics. 90 (2017) 558-576, Elsevier]



Abstract

Microbial fuel cells (MFCs) are a novel bio-electrochemical device for spontaneous or single-
step conversion of biomass into electricity, based on the use of metabolic activity of bacteria.
The design and use of MFCs have attracted considerable interests because of the potential new
opportunities they offer for sustainable production of energy from biodegradable and reused
waste materials. However, the associated slow microbial kinetics and costly construction
materials have limited a much broader commercial use of the technology. In the past ten years,
there have been significant new developments in MFCs which has resulted in a several-fold
increase in achievable power density. There is still a considerable possibility for further
improvement in performance and development of new cost-effective materials. This Chapter
comprehensively reviews recent advances in the construction and utilisation of novel anodes
for MFCs. In particular, it highlights some of the critical roles and functions of anodes in
MFCs, strategies available for improving surface areas of anodes, dominant performance of
stainless-steel based anode materials, and the emerging benefits of inclusion of nanomaterials.
The Chapter also demonstrates that some of the materials are very promising for large-scale
MFC applications and are likely to replace conventional anodes for the development of next-
generation MFC systems. The hurdles to the development of commercial MFC technology are
also discussed. Furthermore, the future directions in the design and selection of materials for

construction and utilisation of anodes used for MFCs are highlighted.
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1.1 Introduction

The growth in the use of energy has a direct link with the well-being, quality of life and
prosperity of society. There is an increasing need for not only generating sufficient energy but
also to find energy from new sources that are safe, sustainable and environmentally friendly.
As the availability of coal, oil and gas are being exhausted [1], there is a growing need to
consider alternative energy sources. Reliance on the current renewable energy sources alone
will not sufficiently meet the required needs in the future. It would be increasingly necessary
to rely on the discovery of new energy sources to continue to meet future energy needs [2].
One of the promising solutions for addressing this energy problem is to develop and deploy
specific energy sources for different utilities. This will involve developing strategies that enable
the derivation of energy from waste materials. For example, across the world, huge volumes of
wastewater are continuously pumped directly into rivers, streams and the oceans. The impact
of this huge wastewater disposal is severe, ranging from damage to the marine environment
and fisheries. Such disposal of wastewater does little to preserve water at a time when we are
facing serious global water shortage, and the problem is likely to be exacerbated by the impact
of climate change. In many cases, the effluent contains a significant amount of organic
substances which are a potentially vital source of energy. One way of achieving this is by using
microbial fuel cell (MFC) which is capable of directly converting chemical energy present in
the organic materials to electricity by using microorganisms as catalysts [3-5]. The power
generated can be used for maintenance and operation of the wastewater treatment facility, and,
thus, creating a self-sustaining energy supply for the water treatment facility and, hence, to
reduce operational costs [6].

A typical microbial fuel cell consists of an anode and cathode compartments separated by
proton exchange membrane, as illustrated in Figure 1.1. The anode is the site where biocatalyst
grows in the form of biofilm which promotes the decomposition of organic materials to produce
electrons and protons. The electrons are transferred to the cathode compartment through an
external circuit, while the protons are transferred to the cathode compartment through the
proton exchange membrane (PEM). The electrons and protons are consumed in the cathode
compartment with the protons combining with oxygen to form water [7,8], as shown in Figure
1.1. The chemical reactions which occur in the anodic and cathodic chambers, respectively, are
given by equations (1) and (2) below [9]:

Anadic reaction - CoHs02 + 2H20 — 2CO» + 8H' + 8¢ (1)

Cathodic reaction - 20, + 8H" + 8e” — 4H>0 2
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Fig. 1.1 Working principle and basic construction of MFC

The chosen electrode materials play a significant role in the performance of the MFC, and it is
critically important for the successful utilisation of this technology for efficient energy
generation. In the past two decades, many different materials have been explored as anodes for
MFCs. While most of the earlier studies focused on the use of carbon-based material, such as
graphite rod, graphite felt, carbon cloth, flexible graphite sheets, graphite granules and
activated carbon [10-13], recent studies have found that these two dimensional electrodes have
many limitations, such as low surface area, high internal resistance, high activation and mass
transfer overpotential which hinders their ability to achieve high performance with MFCs. With
recent advances in materials science and nanotechnology, the use of second-generation three-
dimensional (3D) electrode material has attracted considerable interest for the development of
MFCs. In 2007, Logon et al. developed a graphite fibre brush anode electrode with a 3D
structure. They achieved a maximum power density of 2400 mW m with a single chamber
air cathode [14]. 3D surface anodes offer high surface areas for efficient colonisation of
bacterial communities and, hence, for increasing substrate access to the anode respiring

bacteria (ARB) and, consequently, minimising mass transfer limitation [15]. In addition to this



surface characteristics, 3D surface anodes are very quintessential in adhesion of bacterial
colonies, have high volume to surface ratio, and excellent biocompatibility [16,17].

The anode surface also plays a significant role in promoting and maintaining bio-catalytic
activity. Surfaces can be modified to become favourable habitats for biofilms which are capable
of enhancing electron transfer from bacteria to the anode surface. The achievement of more
bacterial adhesion enables the generation of more power with minimum loss [18]. It has been
demonstrated in a recent study that surface modification not only increases MFC system
performance but also decreases the MFC start-up time [19].

Many studies have also recently developed and extensively studied the use of graphene-based
anodes, composite anodes, and surface modified anodes [20]. Each electrode material has its
own merits and demerits. Metal-based or metal composite anodes have not been thoroughly
studied or explored for MFCs. Most of the metals failed to pass the set criteria for best anode
electrodes for MFC because of their tendency to corrode [13]. Pocaznoi et al. claimed recently
that, of most metals, stainless steel is the most promising material for MFC anodes. However,
there is still much scope for further improvement in the use of stainless steel for MFC anode
development, as well as other new low-cost, efficient materials [21]. The achievement of large-
scale development and economic viability of MFCs systems requires the availability of cost-
effective anodes capable of achieving higher performance for long-term operation, while also
involving easy maintenance or, where possible, to be completely free of maintenance [22].
This chapter reviews the recent advances in the development of anode materials and
configurations over the past five years. The significant developments in anode materials for
microbial fuel cells within this period are illustrated in Figure 1.2, and this demonstrates that
the achievement of high-performance MFCs is closer to becoming a reality than it is widely
realised.
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Fig. 1.2 Timeline of recent developments of anode materials for microbial fuel cells




To simplify the discussion in this literature survey, we have classified the anode materials into
four broad categories and sub-categories according to the source of the materials, fabrication
and modification strategies with one or more materials. The different categories are outlined in
Figure 1.3 with specific examples listed under each category. The advantages and
disadvantages of the anodes are compared regarding their characteristics and performances.
Also, the key limitations of anode materials which have hindered the development of large-

scale MFCs are identified, and the potential solutions to these are discussed.
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Carbon nanotubes
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Fig. 1.3 Classification of anode materials used for MFCs

1.2 Anode materials for MFCs

The choice of an anode material and its architecture can directly affect key performance
parameters, such as microbial adhesion, electron transfer, and fuel oxidation. The achievable
power density of a MFC system is dependent on the choice of an anode which defines the
power density limit and can significantly affect the performance of a MFC system [23].
Consequently, the achievement of a higher power density requires a capacity to promote better
electron transfer from the bacterial community to the external circuit, and the anode is central
to achieving this goal [8]. The mechanism of the electron transfer process necessitates the
donation of an electron from the anode respiring bacteria (ARB) to the anode surface via
extracellular electron transfer (EET) and, consequently, resulting in the passage of a current in
the external circuit. This current generation mechanism has been elucidated to be similar to
direct electron transfer from cell to anode surface, diffusion of soluble electron shuttles and
electron transfer through solid component (Pili) from biofilm [8]. Key properties for anode
materials to achieve a high performance include biocompatibility [9,23,24], corrosion resistant

[9,21], low electrical resistance [9,25] and, high electrical conductivity [9]. The anode must



also be made of a chemically stable material which is capable of working in an environment
which contains varied and diverse biodegradable wastewaters containing various organic and
inorganic constituents capable of reacting with the anode material to cause deterioration and
performance reduction [26].

In the last five years, many anode materials have been used for the construction of anodes for
MFC systems. In particular, the material of choice for anode construction is influenced
significantly by advances in various system architectures of MFCs. Notably, the use of different
non-conventional carbonaceous anode materials is on the rise. This new class of carbonaceous
anodes includes stainless steel [21], surface modified stainless steel [27-31] and graphene-
based anodes [23,32-34]. The graphene-based anodes are very promising and have been
reported in several recent studies. The use of composite graphene anodes has also been reported
to produce high power density [35-39]. Similarly, the use of single-walled carbon nanotubes
[16,23], multi-walled carbon nanotubes [5], and carbon nanofibers anodes has also been
reported [26] for high-performance MFCs. Some of the recent advances in anode materials and
configurations have been categorised in this chapter into four broad types, namely modern
carbon-based anodes, metal based-anodes, carbon-based composite anodes, and surface
modified metal-based anodes. Each of this category is discussed separately in the proceeding

sections.

1.2.1 Modern carbon-based anodes

In the past decade, several carbon-based materials have been proposed and demonstrated for
use as an anode in MFC systems. These include carbon paper, graphite plates or sheets, graphite
rod, and carbon cloth [13]. The advantages of using carbon-based anode materials include low
cost, biocompatibility, excellent electrical conductivity and chemical stability [13]. This group
of materials has been acknowledged as being very useful for construction of MFCs because of
their potentially high-performance improvement and excellent properties. One of the critical
factors that influence the performance of these anode materials is the accessible surface area.
The data provided in Table 1.1 demonstrate that several carbon-based anodes offer very high
accessible surface areas, up to 1018 cm? [40]. The various types of modern carbon-based
anodes that have been used for MFCs are described in more details in the subsequent sub-

sections.
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Table 1.1 A brief account of carbon-based anode materials explored in MFC research.

Carbon-based anode Performance

Anode Cathode System Source of inoculation Substrate Anode I max  Pmax Reference
Architecture surface (A/m?)  (mMW/m?

area (cm?)

layered corrugated NA Three-electrode Primary wastewater Artificial wastewater 26.52 3907 NA [22]

carbon cell

3D carbon material NA Electrochemical Domestic wastewater Acetate substrate 511 25.3 NA [22]
cell

Three-dimensional NA Electrochemical Wastewater Artificial wastewater NA 30 NA [22]

carbon fibre cell

Graphite rod NA Three-electrode Domestic wastewater Acrtificial wastewater 115 5.17 NA [15]
half-cell

Polycrystalline carbon NA Three-electrode Domestic wastewater Acrtificial wastewater 15 4.96 NA [15]

rod half-cell

Carbon fibre veil NA Three-electrode Domestic wastewater Artificial wastewater 12 7.05 NA [15]
half-cell

Graphite foil NA Three-electrode Domestic wastewater Artificial wastewater 15 0.07 NA [15]
half cell

Polycrystalline carbon NA Three-electrode Domestic wastewater Acrtificial wastewater 15 9.21 NA [15]

rod half-cell

Glassy carbon rod NA Three-electrode Domestic wastewater Acrtificial wastewater 3.18 2.5 NA [15]
half-cell

Carbon paper NA Three-electrode Domestic wastewater Artificial wastewater 7 12.58 NA [15]
half-cell

Interlacing carbon yarn  Air cathode Single chamber Distillery wastewater Distillery wastewater 1018 18.15 364 [40]

dual cathode
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Interlacing carbon yarn  Air cathode Single chamber Domestic WW Domestic WW 1018 22.04 621 [40]
dual cathode

King mushroom carbon  NA Mini glassy sewage treatment plant Acetate media 0.25 20.9 NA [41]
bioreactors

Wild mushroom carbon  NA Mini glassy sewage treatment plant Acetate media 0.25 30.2 NA [41]
bioreactors

Corn stem carbon NA Mini glassy sewage treatment plant Acetate media 0.25 31.2 NA [41]
bioreactors

Rotating carbon brush ~ Carbon Tubular MFC Wastewater effluent Acetate media 60** 945x**  21Q**** [42]

cloth

Carbon nanofiber Gold foil Micro-litre size primary clarifier influent ~ Acetate mineral media  0.28 0.083 22000 [43]
MFC

Carbon nanotube Gold foil Micro-litre size primary clarifier influent ~ Acetate mineral media  0.28 0.0234 49000 [43]
MFC

Carbon paper Gold foil Micro-litre size primary clarifier influent  Acetate mineral media  0.28 0.096 10000 [43]
MFC

Activated carbon graphite fluidized capacitive Influent from enriched Acetate phosphate 11 1.3 NA [44]

granules plates system MFC buffer

carbon mesh anodes Activated Single chamber Domestic wastewater Acetate phosphate 7 NA 1330 [45]

carbon buffer

multi-brush anode Air cathode  Single chamber Effluent from MFC Acetate media 8 4.2 1200 [46]

porous carbon with a Aircathode Single chamber Escherichia coli Glucose phosphate- 9 13.4 1606 [47]

defined pore size buffered basal medium

Granular activated Air cathode Dual chamber Effluent from MFC Acetate media 10 2.6 951 [48]

carbon particles

Tubular bamboo Carbon Tubular two Effluent from enriched Synthetic media NA NA 1652 [49]

charcoal cloth chamber MFC MFC

+ Six corrugated layered anode

**Cathode surface

A

#* % * o\ /M3

12



1.2.1.1 Natural anode materials

The synthesis of high-performance anode materials involving the use of natural and recyclable
materials provides an excellent green approach for deriving useful energy from nature and also
for ensuring sustainability [22]. Developed layered corrugated carbon (LCC) anode developed
from inexpensive packaging material by carbonisation is an exciting example. Figure 1.4a
shows a LCC anode. It is important to note that the 3D surface of the LCC can usually be tuned
by varying the layers and flute height. Increasing the number of layers from one to six resulted
in a linear increment in current density due to the provision of increased surface area for
biofilm. It has been demonstrated that LCC gives up to four-fold increase in current density

when compared to conventional graphite felt [22].

Fig. 1.4 [a] Photographic image of a single recyclable layered corrugated carbon electrode and
[b] scanning electron micrographs of bamboo charcoal tube surface. Reproduced [a] from [22]
and [b] from [50].

Natural-material carbon anodes are suitable low-cost alternatives for MFCs because of their
meso/microporous 3D structures, high electron transfer rate and the achievable high kinetics
of electroactive bacterial community [41]. Majority of the recently developed highly porous
3D anode materials utilised natural material LCC as an inexpensive and high-performance
anode material, usually prepared from recycled paper by carbonisation [22,41,50,51].

High performances have also been achieved with 3D anodes based on the three-dimensional
growth of exoelectrogens. Better anode kinetics can be accomplished by increasing the anode
surface area, but the performance only improves when a reaction occurs at the triple phase
boundary, i.e., anode, cathode and electrolyte with lower internal resistance. To minimise the

internal resistance of the system [52], Chen et al. [53] developed an anode from Kenaf
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(Hibiscus cannabinus) stem by using heat dry carbonisation at 1000°C under N2 environment.
The resulting material was connected to a stainless steel wire to make a complete anode
electrode. Kenaf contains a natural 3D structure in its stem, so it offers a mesoporous ordered
structure for the growth of biofilm, and also the electrical conductivity is sufficient to consider
it as a suitable electrode material. A piece of Kenaf of 10 mm diameter and 15 cm in length
had only 10 Q resistance. It also exhibits a power density three times higher than that of
graphite under the same experimental conditions [22,52]. It has also been reported that
carbonised king mushroom, wild mushroom and corn stem exhibited good electrode properties
[50]. Interestingly, carbonised corn stem exhibits 8 times better performance than plane
graphite electrode. Figure 1.5 shows some of the natural materials such as (a, b) king
mushroom, (c, d) wild mushroom and (e, f) corn stem that has been used as anode materials
for MFCs. The scanning electron micrographs of these materials indicate that they have high

porosities and large surface areas/roughness [41].

carbonization

Fig. 1.5 Some Natural materials that have been considered as anode materials in MFC systems
[a, b] king mushroom, [c, d] wild mushroom and [e, f] corn stem. FE-SEM micrographs after

carbonization [b,d,f]. Reproduced from [41].

Similarly, prepared bamboo charcoal has also been found to exhibit excellent electrode

properties compared to a conventional graphite rod. Figure 1.4b shows the SEM image of a
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bamboo charcoal tube surface which was very rough with many visible cracks [51].
Nevertheless, some of the observed advantages of this electrode material include low internal
resistance, better biocompatibility and a rougher surface which promoted biofilm adhesion. It
was evident from the results obtained in a recent study [51] that the introduction of C=N bonds
facilitates electron transfer from bacteria to the anode. Consequently, the bamboo charcoal
gave 50% better performance than a graphite tube [51]. Apparently, the Kkinetics and
performance are improved substantially with the accessibility of high anode surface area to
microbes.

The use of granular electrodes for MFCs provides a cost-effective approach for creating high
surface areas that are beneficial for achieving high current and power densities [44]. Activated
carbon (AC) granules attached with exoelectrogens are capable of extracting electrons from
acetate and storing the electrons in the granules [44]. This behaves like a capacitor where AC
granules are charged in a charging column, and the stored charge is harvested from the AC
granules in an external discharge cell. During charging of AC granules, cations surround the
granules along with charge, making this charging mode form a double-layered capacitor.
Consequently, during discharge of AC granules, cations are also released along with the charge,
resulting in a local high conductivity which leads to minimal ohmic losses. Also, mass transfer
loss is minimised because of the well-mixed system architecture. In general, wastewater with
low conductivity does not pose major limitations for use with charging AC granules [44].
Granular activated carbon (GAC) fluidised (with stirring) in an anode chamber results in
intermittent contact with GAC and the current collector. It has been demonstrated in a recent
study that the maximum power densities produced with and without stirring are 951 mW/m?
and 813 mW m, respectively [48]. Evidently, stirring has a beneficial effect in increasing the
power density by 17%, and the results confirmed that the biofilm produced on GAC behaves
like a capacitor. The charge stored in the bacterial biofilm and GAC granules is discharged
when in contact with the current collector [48].

A recent study [54] has also demonstrated that the capacitance behaviour of the anode is
significantly increased with the addition of FesO4 [54]. Chen et al. proposed a new approach
for making an anode for MFC, based on the use of porous carbon with defined pore size. It was
demonstrated that the achieved performance of the MFCs was four times better than obtained
with the use of a pristine carbon felt anode [47].

Layered corrugated electrode, produced from the carbonisation of one of the most abundant
packing materials, was found to be the best performing anode among all carbon-based anodes.

The achieved current densities were 200 A m™ and 390 A m from three and six corrugated
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layers, respectively [22]. This is the least expensive and high-performance material for MFC

construction.

1.2.1.2 Synthetic anode materials

It has been demonstrated that three-dimensional nonwoven carbon fibre prepared by
electrospinning and solution blowing (Fig. 1.6a) can achieve a maximum current density up to
30 A m2[53]. The occurrence of inter-fibre junctions as crosslinking points are evident in
Figure 1.6 a, and these are important for providing an additional improvement of performance.
Figure 1.6 (b-d) shows the images/pictures of a graphite rod, carbon fibre veil, and graphite
fibre brush anode before biofilm formation. A 3D interlaced carbon yarn anode in a stainless
steel frame with double sided air cathode developed by Sonawane et al. is shown in Figure
1.6e. The performance of MFCs based on these 3D materials also depends on the system
architecture [40]. Double-sided air cathode helps to reduce mass transfer limitations. With this
design, a stainless steel frame has been used as a current collector and as a support for the
carbon fibre in the 3D matrix [40]. In a recent study [46], it was demonstrated that a Logan
Carbon brush anode with an improved version of the multi-brush carbon anode (Fig. 1.6f)
achieved an excellent power generation [46]. However, the power generated is similar to that
achieved with a single brush carbon anode (Fig. 1.6d) MFC system because of cathodic
limitations [42].

Liu et al. gave a comparative account for carbon-based anode materials, such as graphite,
polycrystalline carbon rod (Fig. 1.6b), carbon fibre veil (Fig. 1.6¢), graphite foil, glossy carbon
rod and carbon paper. The maximum achievable current density was estimated by using a well-
established biofilm enriched with domestic wastewater. Both graphite and polycrystalline
carbon rods achieved catalytic currents of about 500 uA cm™ at 30°C. In contrast, carbon fibre
veil or carbon paper-based material gave ~40% higher current than achieved with graphite rod
due to their large accessible surface for microbes [15]. The rotation of carbon brush anodes
used in tubular MFC achieved 2.7 times improvement in performance than achieved with a
steady state reactor [42]. The rotation was effective for achieving adequate nutrient mixing and
for minimising mass transport limitation [42].

In general, several studies have indicated that the kinetics of biocatalyst was influenced by
nature and electrode material [43]. It has also been demonstrated that the internal resistance is

one of the important factors which affect the overall performance [55].
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Fig. 1.6 SEM images of artificial 3D anode [a] electrospun and solution blown three-
dimensional carbon fiber nonwovens, [b] polycrystalline carbon rod, [c] carbon fiber veil
pictorial presentation of artificial 3D anode structures, [d] graphite fiber brush anode, [e]
interlaced carbon yarn with stainless steel, and [f] rotating spiral carbon bush anode.
Reproduced [a] from [53], [b] and [c] from [15], [d] from [14], [e] from [40] and [f] from [42].

There has been an increasing preference for using three-dimensional anode structures, such as
carbon nanotubes (CNTs), carbon nanofibers (CNF), gold/poly (e-caprolactone) microfiber
(GPM), and gold/poly(e-caprolactone), for reducing the internal resistance of MFCs. 3D anode
material exhibit lower internal resistance than macroscopic and two-dimensional anodes [43].
Such anode materials are beneficial in increasing the nutrient/proton/oxygen transfer efficiency
through the biofilm than with macroscopic carbon paper and planer gold anodes. It has been
demonstrated that the chemical surface modification of CNT- and CNF-based anodes lower
kinetic losses and cellular toxicity [43]. Ren et al. [56] investigated three different CNT-based
electrode materials, namely: vertically aligned CNT (VACNT), randomly aligned CNT
(RACNT), and spin-spray layer-by-layer (SSLbL)-CNT. The chosen nanotube-materials have
very high surface areas to volume ratio of 4000 m™. The results revealed that CNT-based
materials attracted more exoelectrogens, Geobacter sp., than the bare gold and, consequently,

resulted in a thicker biofilm formation. A maximum power generation density of 3320 W m3
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was achieved by using CNTs in a miniature MFC system. This was 8.5 times more than

achieved with the 2D-electrode systems [56].

1.2.2 Composite anodes

Composite anodes have attracted considerable interest in recent years. These materials have
been used to achieve synergistic effects with two or more materials or by modification of
original material, leading to improved anodic kinetics performance. Table 1.2 summarises the
high performances achieved for MFC construction with composite anodes. As can be observed
from these data, a current density as high as 35.7 A m and a power density as high as 3903
mW m can be achieved with some of the reported composite anodes. The different classes of
composite anodes are discussed in the following sub-sections.

1.2.2.1 Graphite-polymer composites

Tang et al. prepared a 3D anode modified with a nano-structured capacitive layer, which
composed of titanium dioxide (TiO2) and egg white protein (EWP)-derived carbon assembled
core-shell nanoparticles. This was integrated into a loofah sponge carbon (LSC) to obtain a
high-capacitive 3D electrode, as illustrated in Figure 1.7. The coating of the LSC with TiO>
and heat treatment resulted in the decoration of its surface with small particles (Fig. 1.7b). The
resulting anode produced 201% more power than a graphite anode. The enhanced power output
was attributed to the boosted electrochemical capacitance of 3D anodes, and the synergistic
effects of TiO2 and EMP derived carbon, which has good properties, such as high surface area,
good biocompatibility, and favourable surface functionalization for extracellular electron
transfer [57].

Open-celled carbon scaffold (CS) and carbon scaffold — graphite (CS-GR) anodes have been
prepared by carbonising microcellular polyacrylonitrile (PAN) and PAN/graphite composites
(PAN-GR) [58]. The PAN-GR were obtained by foaming with supercritical carbon dioxide
(Sc-COy) as a physical foaming agent. It was demonstrated that the maximum current density
obtained with a CS anode was 101 % more than obtained with carbon felt [58]. The improved
performance was attributed to the enhanced hydrophilicity and biocompatibility resulting from

carbonisation.
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Fig. 1.7 [a] Loofah sponge carbon (LSC) -TIO2 and [b] photographic image of LSC-TIO2.
Reproduced from [57].

The use of 3D carbon scaffold anode with hydrophilic functional -C=N group for bacterial
colonisation was found to improve the extracellular electron transfer [58]. As demonstrated,
three-dimensional anodes provide large accessible surface to bacterial biofilm formation [47]
and, consequently, for achieving high-performance MFCs.

Carbon nanofibers modified graphite fibres, and reduced graphene oxide/carbon nanotube-
coated scaffold are promising new composite anode materials. A maximum current density as
high as 35.7 A m was achieved by using carbon nanofibers modified graphite fibres as anodes
for MFC [26]. A power density of 335 mWm™ was obtained from reduced graphene
oxide/carbon nanotube-coated scaffold anode system

Composite anode of graphite fibre brush (MFC-GFB) has been used together with graphite
granules (MFC-GG) in a tubular MFC to increase the power density achieved by 5.3 and 1.2
times higher than individually with MFC-GG and MFC-GFB, respectively. The enhanced
performance of the system was attributed to the dense biofilm formation and low internal
resistance of the system [52]. Fraiwan et al. recently compared six types of micro-/nano-
structured anodes for use in micro-sized MFCs. The anodes considered include carbon
nanotubes (CNTs), carbon nanofibers (CNFs), gold/poly (e-caprolactone) microfiber (GPM),
gold/poly (e-caprolactone) nanofiber (GPN), planar gold (PG), and conventional carbon paper
(CP). The performance of all anodes was tested with compact and reliable micro-liter sized
MFC. Table 1.2 provides a comparison of the performance of some of the composite anodes
that have been used for MFCs [43]. A homemade coating of the 3D anode was developed by
using the iron net as structural support and was anchored to a layer of carbon felt [59]. Power
generation was greatly influenced by the ratio of carbon powder and 30%
polytetrafluoroethylene (PTFE) solution mixture. The efficiency was tested with an acetate
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feed MFC, and the power generation was significantly improved with the coating of the anode.
The internal resistance of the system was reduced by 59.4%, while power density increased by

1.5 times compared to the use of a non-coated iron net [59].
'y ’ o w 2

Fig. 1.8 SEM images of composite anodes [a, b] 3D carbon scaffold anodes from
polyacrylonitrile, [c, d] carbon nanofibers modified graphite felt, ESEM images of [e] PAN
precursor, [f] stabilized PAN, [g] carbon nanofibers (CNF), [h] activated carbon nanofibers
nonwoven (ACNFN). Reproduced [a and b] from [58], [c and d] from [26], and [e, f, g and h]
from [60].

Figure 1.8 shows the SEM images of some composite anodes with polymers. For example, Fig.
1.8a, b shows the 3D open-celled structure of the carbon scaffold anode which has a diameter
of about 5 um capable of permitting transport of substrate and growth of bacteria colonies that

can facilitate extracellular electron transfer from the microorganisms to the anode. Fig. 1.8 (c,d)

20



also show that the hierarchical micro- / nanostructure displayed by CNFs/GF will also promote
the attachment of bacteria to the anode and, consequently, enhance electron transfer
simultaneously from the microorganisms to the anode. On the other hand, Fig. 1.8 (e-h) shows
the changes in the structure of an electrospun mat as it undergoes stabilisation, carbonisation,

and activation.
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Table 1.2 Comparison of some reported composite anode materials used for construction of in MFC research

Composite Performance
Anode Cathode  System Source of Substrate Anode surface | max Pmax Refer
Architecture inoculation area (cm?) (A/m?  (mwW/m?)  ence

3D carbon scaffold anodes from Air Single chamber Escherichia coli PO4-buffered 2 291 30.7 [58]

polyacrylonitrile cathode MFC basal medium

carbon nanotube-textile Carbon H shaped two Domestic Artificial 2 7.2 1098 [23]
cloth chamber wastewater wastewater

Carbon nanofibers modified graphite NA Three-electrode Domestic Acetate substrate 1 35.7 NA [26]

fibres half-cell wastewater

Multi-walled carbon nanotubes on Carbon Single-chamber Domestic synthetic acetate 20.25 NA 120.35 [5]

Poreflon membrane cloth air-cathode wastewater wastewater

Carbon nanotube-coated microporous CNT- H shaped two Domestic Domestic 1 5.2 1240 [50]

sponge Sponge Pt chamber wastewater wastewater

Graphene modified anode carbon Dual  chamber Escherichia coli Synthetic 26400* 3 2668 [32]
paper MFC medium
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Graphene-sponges Air H shaped two Wastewater Glucose medium  NA 1.32 1570 [61]
cathode chamber

3D anode modified with a Nano- Air Single chamber Activated Acetate medium 3 27 2590 [57]

structured capacitive layer cathode MFC anaerobic sludge

Up-flow fixed-bed microbial fuel cell Carbon dual-chamber Anaerobic Synthetic NA NA 590** [62]
fibre felt MFC digester wastewater

Coating-type three-dimensional anode  Air Single chamber Anaerobic sludge  synthetic acetate 64 NA 5189.4** [59]
cathode MFC wastewater

microporous flexible three-dimensional carbon Dual-chamber Anaerobic sludge  Acetate 9 NA 427*%* [39]

graphene sponge paper MFC phosphate buffer

reduced graphene oxide/tin oxide Ptrod Dual-chamber Escherichia coli Synthetic 6 NA 1624 [63]

nanocomposite MFC wastewater

graphene/polyaniline nanocomplex Carbon Dual-chamber anaerobic sludge  Synthetic 4 2.67 1390 [35]

modified anode felt MFC wastewater

ionic liquid functionalized graphene NA electrochemical ~ Shewanella NA NA 2.8 601 [64]

nanosheets cells oneidensis MR1

Polyaniline/mesoporous tungsten 47 Air Single chamber Escherichia coli Synthetic 9 3.71 980 [65]

trioxide cathode MFC wastewater

flexible 3D graphene—nickel foam Carbon dual-chamber Shewanella Tryptic soy broth 10 NA 661000**  [36]
cloth MFC oneidensis MR-1.  medium
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Composite graphite fibre brush and Carbon Tubular Effluent from Acetate substrate = 235** 1.43 66900** [52]
graphite granules cloth microbial ~ fuel enriched MFC
cell

reduced graphene oxide/carbon Air dual-chamber Escherichia coli Luria-Bertani NA 335** NA [33]
nanotube-coated scaffold cathode MFC JM109 (LB) broth
Multi-walled carbon Ptrod Dual  chamber Escherichia coli Synthetic media 0.314 2.9 1421 [66]
nanotube/SnO2nanocomposite MFC
a hierarchical porous graphene/nickel NA H-shaped MFCs  Shewanella Luria-Bertani 2 NA 3903 [67]
(G/Ni) composite electrode putrefaciens (LB) broth
Graphite coated with manganese graphite Benthic MFC marine sediment Natural sea water 16 0.45 109.1 [68]
oxide/multiwall carbon nanotubes cathode
activated carbon with SSM and Fe304  Air single chambered  Effluent from Acetate substrate  NA 551 809 [69]

cathode MFC MFC

*em?gt **mwm
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1.2.2.2 Carbon nanotubes composite

Recently, the use of CNTs has attracted much interest because of their unique, excellent
intrinsic properties which include high conductivity, corrosion resistance, high surface area and
electrochemical stability [5]. As an example, carbon nanotube-textile (CNT-textile) have been
used for development of high-performance MFCs [5,23,58]. The CNT- textile is biocompatible
and has high conductivity in nature. The 3D space structure provided by the CNT-textile
enables the formation of 10 times more biofilm than with an unmodified textile. Space
facilitates an efficient substrate transport of biofilm and internal colonisation of a diverse group
of microbial community [23,58]. CNT-textile anode has also been found to produce 10 times
less charge transfer resistance (Rct). The achievable maximum current density was 157%
higher, while the power density was 68% higher and the energy recovery was 141% greater
compared with the use of carbon cloth anode [23]. The CNT-textiles anode is undoubtedly
suitable for improving MFC performance. An advanced version of this material is based on
coating carbon nanotubes on macroporous sponge [70]. The CNT-sponge has lower internal
resistance, improved stability, more ordered continuous 3D CNT surface and tuneable structure
with improved mechanical stability. Up to 48%, higher current density has been achieved with
the use of CNT-sponge in MFC compared with that obtained with CNT textile under the same
conditions [23,70]. The use of nanomaterials in the anode not only improved the power
generation but also exhibits tolerance to high substrate concentration. It also enhanced the
performance of nanostructured CNFs/GF which enhances extracellular electron transfer from
inside of the bacteria to anode hastened by the metabolism of bacteria [26].

He et al. also developed a novel up-flow fixed-bed microbial fuel cell (FB-MFC) using carbon
nanotubes (CNTS) as the anode and microbial carriers for continuous treatment of wastewater
and electricity generation. The main folcus in designing the FBMFC was the achievement of
efficient wastewater treatment, while also producing electricity. The maximum removal of
chemical oxygen demand (COD) achieved by the reactor was 90%, but it was also observed

that the excessive overloading caused significant electricity generation and COD removal [62].
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Fig. 1.9 SEM images of some composite anode material. [a] carbon nanotube-textile (CNT-

textile) composite, [b] and [c] a 3D-ordered macroporous carbon derived from a natural
resource as anode carbon nanotubes (CNT)-sponge electrode, [d] image of the CNT—spong
and [e] picture of a CNT-sponge electrode. Reproduced [a] from [70], [b and c] from [50] and
[d and e] from [70].

The use of carbon nanofibers modified graphite fibres (CNFs/GF) composite electrode have
also been found to improve performance by up to 7 times better than with the use of unmodified
graphite fibres [26]. The activated carbon nanofiber nonwoven (ACNFN) is an ultra-thin,
porous interconnected structure with the high bio-accessible surface area. A 3D structure of
ACNFN offers maximised surface area for biofilm coverage, and when combined with high
macroporosity, it enhanced performance through the reduction of mass transfer limitation [60].
Figure 1.9 shows SEM images of some composite anode material and a picture of a ready to
use CNT sponge electrode (Fig. 1.9¢). Interestingly, Figure 1.9d shows that the CNT sponge
has a uniform macroporous structure and provide a 3-D scaffold capable of colonisation by

bacteria,

1.2.2.3 Multi-walled carbon nanotubes composite
Multi-walled carbon nanotubes (MWCNTS) with carboxyl groups have been used for air-

breathing MFC and have been shown to exhibit 2-fold enhancement of power density compared

26



to the use of carbon cloth electrode [5]. In a recent study, multi-walled carbon nanotubes/SnO-
(MWCNTSs-SnO2/GCE) nanocomposite coated on glassy carbon electrode was employed [66].
The MWCNTSs-SnO2/GCE and bare CGE produced maximum power densities of 1421 mWm"
2 and 457 mW m2, respectively [66]. In another study, benthic microbial fuel cells (BMFCs)
have been significantly scaled up by application of graphite coated with manganese
oxide/multiwall carbon nanotubes composites [68]. The composite offered better
hydrophobicity, kinetic activity, and power density when compared to a plane graphite anode.
The observed improvement was due to the combined effect of electron transfer shuttle of Mn

ions and their redox reactions on the reaction site (i.e., anode and biofilm) [68].

Fig. 1.10 SEM and FESEM images of MWCNTs-based nanocomposite electrodes. [a]
MWCNTs on Poreflon membrane and [b] MWCNTs spray-coated on carbon cloth.
Reproduced from [5].

1.2.2.4 Graphene-based anode

Graphene is a 2D crystalline allotrope of carbon which has interesting properties, such as large
specific surface area (up to 2600 m?g "), remarkably high electronic conductivity (7200 S m™),
and incredible mechanical strength, i.e., tensile modulus up to 35 GPa [71,72]. Recent studies
have also shown that graphene has good biocompatibility [73,74] and, can, therefore, be
considered as a potentially useful anode material for MFCs. It has been reported that the power
density of graphene modified stainless steel mesh (GMS) was 18 times larger than obtained
with a stainless steel mesh (SSM) anode and was 17 times higher compared with
polytetrafluoroethylene (PTFE) modified SSM (PMS) [32]. The substantial enhancement
observed in this case was due to the improved surface area of the electrode, better bacterial
biofilm adhesion and efficient extracellular electron transfer [32]. The stainless steel (SS)
current collector increases electrical conductivity for electrode connections, and the
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performance of the system is improved by the SS current collector which reduced the internal
resistance of the system.

Chen et al. developed a macroporous flexible 3D graphene sponge using an ice template as the
anode. The microporous 3D graphene readily allowed the proliferation of bacteria in a random
manner and led to a high biofilm coverage, resulting in an enhanced performance [39]. The
cost of producing the graphene sponge (G-S) electrode was $2000 per m® and was, therefore,
the least cost-efficient by order of magnitude than any commercial graphite-based anode
material [61]. In another study, the incorporation of tin oxide (SnO2) nanoparticles on the
surface of reduced graphene oxide (R-GO-Sn0O2) was used to achieve power generation which
was almost 5 times higher compared with the use of unmodified reduced graphene oxide [63].
Synergistic effects between SnO, and graphene, as well as good biocompatibility, were
responsible for the much improved bacterial biofilm formation and charge transfer efficiency
[63]. Reduced graphene oxide/carbon nanotubes (R-GO-CNTs sponges) melamine sponges
using dip-coating method have also been demonstrated to provide a large electrically
conductive surface for Escherichia coli growth and electron transfer in MFC [33]. Four R-GO-
CNT sponges with different thicknesses and arrangements were investigated, but the thinnest
one (with a thickness of 1.5 mm) exhibited a superior performance, providing a maximum
current density of 335 A m= [33].

The use of a graphene-polyaniline nanocomposite modified anode has also been proposed and
found to achieve 3 times higher power generation than carbon cloth [35]. A significant
increment in bacterial loading on the anode surface was observed and could be attributed to the
electrostatic interactions between positively-charged ionic liquid (1-(3-aminopropyl)-3-
methylimidazolium bromide) functionalized graphene nanosheets (IL-GNS). This improved
interaction between bacteria and the anode resulted in the enhanced charge transfer from
bacteria to anode [75].

A 3D reduced graphene oxide—nickel (R-GO-Ni) foam has also been used as an anode for MFC
through precise deposition of R-GO sheets onto the nickel foam substrate [36]. The R-GO
thickness, in relation to the electrode surface area, can be tuned by loading cycles. This macro-
porous scaffold architecture not only provides a 3D surface for microbial growth but also
enhanced substrate transfer in the culture medium. The performance was substantially
improved than with the use of nickel foam and other graphite based anode materials [36].

The development of a hierarchical porous graphene/nickel anode (G/Ni) was achieved by using
Shewanella putrefaciens MFCs, which gave 13-fold higher power density than that of

conventional MFC carbon cloth anode [37]. Considering the low cost of porous Ni and the low
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weight percentage of graphene (5 %w), this composite electrode offers great promise for the

production of high-performance MFCs for larger scale power generation [37].

plain Ni foam

Fig. 1.11 SEM images of [a] graphene-based anodes and [b] graphene-sponge (G-S)
composite electrode, [c] bare carbon cloth, [d] RGO-SnO2/carbon cloth electrode, [e] plain
nickel foam, [f] rGO-2-Ni (2 = the number of loading cycles) foams. Scale bars are 200 mm,
[9] plain nickel foam, [h] digital pictures (insets) of plain nickel foam and rGO—Ni foam. Scale
bars are 200 mm, and (i) digital picture of a curved rGO—Ni foam. Inset: rGO—Ni foam rolled
up into a cylindrical shape. Reproduced [a, b] from [70], [c, d] from [76], and [e, f, g, h, i] from
[36].

Some interesting SEM images of graphene-based anodes are shown in Figure 1.11. Notable
among these, Fig. 1.11 (c,d) shows a comparison of bare carbon cloth (CC) with R-GO-
SnO/CC electrodes that have been incubated with bacteria [63]. The presence of R-GO and
SnO: in the latter was obvious. Figure 1.10e shows that Ni foam had a smooth surface before

R-GO sheets were loaded (Fig. 1.11f). More clearly, Figure 1.10g shows that a continuous 3D
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scaffold of Ni foam with variable pore size was formed. This microstructure, particularly those
with the large pore size, will promote colonisation of the inner structure with bacteria and,
consequently, enable efficient nutrient transfer [36]. Fig. 1.11h shows that refluxing the Ni
foam in GO solution led to coverage of the whole foam scaffold with R-GO sheets. As a result,
a conducting R-GO coating was formed, and this could serve as a good electron transfer layer,
while also enabling colonisation by bacteria and achieving improved power generation [36].
Furthermore, Fig. 1.11i shows that the R-GO-Ni foam maintains the mechanical properties of
the Ni skeleton which is flexible and can be bent or fold into different shapes to suit different
MFC designs.

1.2.3 Surface modified anodes

The electrode surface plays a significant role in the overall anode quality and performance.
Recently, many studies have reported that surface modification is beneficial for achieving high
surface areas for bacterial adhesion and enhanced biocompatibility which favours the kinetics
of electron transfer. A summary of some of the reported surface modified anodes is provided
in Table 1.3. In general, surface modification with TiO2-carbon cloth nanofiber mats achieved
the best current density of 8 A m2, while the best power density of 1574 mW m2 was achieved
with a surface modified with carbon nanotubes and a conducting polymer coating. The two
extensive surface modifications that are commonly used are polymer coating and
graphite/carbon surface treatment. Both of these types of surface modification are discussed in

the following sub-sections.
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Table 1.3 Comparison of the performance of some surface modified anodes in MFC

Surface modification Performance
Anode Cathode System Source of Substrate Anode surface | max Pmax Refer
Architecture inoculation area (cm?) (A/m?  (mW/m? ence
TiO2-C/C dual nanofiber mats NA Three  electrode Escherichia coli Luria Bertani broth NA 8 NA [17]
half cell K12
MCM-41+ on graphite felt Graphite Dual-chamber Anaerobic Synthetic wastewater 1.5 NA 71.8 [77]
felt MFC digester sludge
NaXi on graphite felt Graphite Dual-chamber Anaerobic Synthetic wastewater 1.5 NA 215 [77]
felt MFC digester sludge
Polyaniline modified stainless steel Carbon felt  H-shaped two- Domestic Synthetic wastewater  3.24 1.15 347 [28]
fiber felt chamber wastewater
Vertically Aligned Carbon Air cathode  miniaturized Anaerobic Acetate medium NA 0.87 270 [56]
Nanotubes microbial fuel cell  digestion Sludge
Randomly Aligned Carbon Air cathode  miniaturized Anaerobic Acetate medium NA 1.81 540 [56]
Nanotubes microbial fuel cell  digestion Sludge
Spin-Spray Layer-by-Layer Air cathode miniaturized Anaerobic Acetate medium NA 2.59 830 [56]
Carbon Nanotubes microbial fuel cell  digestion Sludge
Gold/poly(e-caprolactone) Gold foil Micro-liter ~ size primary clarifier Acetate mineral 0.28 0.248 65 [43]
microfiber MFC influent media
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Gold/poly(e-caprolactone) Gold foil Micro-liter ~ size primary clarifier Acetate mineral 0.28 0.117 29 [43]

nanofiber MFC influent media

Nano goethite into activated Aircathode single chambered Effluent from Synthetic wastewater 12.5 NA 693 [78]

carbon on stainless steel mesh MFC MFC

Activated carbon nanofiber Air cathode single chambered Wastewater plant  Wastewater 3 2715**  758** [60]
MFC

surface modification of carbon Aircathode single chambered anaerobic sludge  Glucose phosphate 7 NA 419 [19]

mesh MFC buffer solution

Nanostructured polyaniline-coated platinum Dual-chamber Escherichia coli Glucose containing NA 14 820 [76]

anode x rod MFC synthetic media

carbon veil modified with a micro-  Air cathode single chambered Activated sewage human urine 4.9* NA 60.7 [79]

porous layer MFC sludge

carbon cloth modified with a Aircathode single chambered Activated sewage human urine 4.9* NA 50.6 [79]

micro-porous layer MFC sludge

stainless steel fibre felt Carbon felt  H-shaped two-  Effluent from Synthetic media 3.24 6.1 2142 [35]
chamber MFC

Carbon nanotubes and polyaniline Carbon dual-chamber Shewanella Synthetic medium 11.25 NA 308 [16]

on microporous graphite felt cloth MFC putrefaciens

polyaniline networks onto NA H-shaped  dual- Shewanella M9 media 4 1.8 172 [64]

graphene nanoribbons  coated chamber oneidensis MR-1.

carbon paper

32



Carbon Nanotube/Polyaniline carbon dual-chamber Escherichia coli ~ Luria bertani broth 80 NA 1574 [24]

carbon paper paper MFC

Vertically Oriented TiO2 carbon dual-chamber anaerobic sludge  Synthetic media 9.6 3.25 690*** [80]

Nanosheets Modified Carbon paper MFC

paper

Nitric acid treated carbon cloth Carbon Dual-chamber Effluent from Synthetic wastewater 112 1.31 687 [81]
cloth MFC MFC

+ Mobil catalytic materials number 41,  Sodium X zeolite, x Nanostructured, *Cathode surface, **A m3, *** W m3
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1.2.3.1 Conductive polymer coatings

Conductive polymer coatings have attracted considerable attention due to their high
conductivity and biocompatibility [76]. Composite polyaniline (PANI)-mesoporous tungsten
trioxide (m-WOz) has been developed and used as a precious metal-free catalyst [65]. PANI
was loaded on m-WQOz3 via chemical oxidation of PANI. The catalytic activity of the composite
was elucidated by using electrochemical techniques. Significant improvement in performance
was observed with the composite based on the combination of m-WOz and PANI. The m-WOs3
exhibited good biocompatibility, while PANI has a good electrical conductivity [65]. The
changes in morphology caused by this combination is illustrated in Figure 1.12. The m-WOs3
displayed a sachima-shaped morphology (Fig. 1.12a) which became less distinct when loaded

with PANI (Fig. 1.12b). Nevertheless, the ordered pores and pore size were still evident.

Fig. 1.12 SEM [a] micrographs of m-WO3 and [b] 20%w PANI/m-WQO3 composite.
Reproduced from [65].

Polyaniline (PANI) coated electrodes have been shown to enhance power generation
significantly. By using a nanostructured PANI-modified glassy carbon anode, power
generation was significantly increased [76]. Measurement by electrochemical impedance
spectroscopy revealed that the charge transfer was significantly enhanced by the nanostructured
polyaniline coating [76].

The Electrodeposition of PANI networks onto graphene nanoribbons (GNRs)-coated carbon
paper (CP/GNRs/PANI) was found to enhance power generation than with the use of GNR and
CP [64]. The enhancement was attributed to the positively charged PANI backbone which
improved interaction affinity with negatively charged bacterial cells and, thus, enhanced the
direct electron transfer via outer membrane cytochromes. Conductive GNRs greatly improved
the conductivity of the CP/GNRs/PANI electrode in the neutral medium [64]. This observation

indicates that the synergistic effect of both components was responsible for the substantial
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improvement in energy generation [64]. Carbon nanotubes/polyaniline carbon paper
(CNT/PANI carbon paper) was utilised and compared with other traditional carbon paper/cloth
in another study [24]. The results demonstrated that a lower ohmic loss and enhanced power
generation was obtained with CNT/PANI carbon paper [24]. Modification of graphite felt (GF)
with PANI was followed by the electrophoretic deposition of CNTs. The surface modification
resulted in a rough and nano-cilia containing film on the GF. It transformed the surface from
hydrophobic to hydrophilic. The use of CNTSs increased the surface area for biofilm coverage,
as well as for achieving a higher electrical conductivity. The achieved maximum power density
of 257 mW m corresponds to an increase of 343% and 186%, respectively, when compared
with those achieved with the pristine GF MFC and the PANI/GF MFC, respectively [16]. Also,
polyaniline modified stainless steel fibre felt (SSFFs) has been found to offer a low activation
overpotential which readily resulted in charge transfer at the biofilm and anode interface [28].
Figure 1.13 shows SEM images of the surface modification of anodes. For example, Fig. 1.13
(a, b) shows that the modified stainless-steel fibre felts (SSFFs) have a rough micro-structured
surface which is readily conducive to bacteria colonisation and improved interaction between

resulting biofilm and the electrode.

Fig. 1.13 SEM images of the stainless-steel fiber felts (SSFFs) before and after polyaniline
modification. [a, b] PANI/SSFF, [c] CP, [d] CP/GNS, and [e] CP/IL-GNS, and [f] CNT/PANI
carbon paper electrode. Reproduced [a, b] from [28], [c, d, €] from [82] and [f] CNT/PANI
carbon paper electrode. Reproduced [a, b] from [28], [c, d, €] from [82] and [f] from [24].
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1.2.3.2 Graphite/carbon surface treatment

Vertically oriented TiO2 nanosheets modified carbon paper forms vertically penetrating pores
that offer a large contact area to bacteria for direct electron transfer [80]. This is particularly
helpful for improving nutrient distribution, achieving high biocompatibility and favouring
electron transport pathways in a recent study [80]. The maximum power output density of
mixed consortia inoculated microbial fuel cell was increased by 63% by employing a TiO»-
NSs/CP as a bioanode, compared with the use of a bare CP as a bioanode. In another study dual
nanofiber mats of TiO(rutilo)-C(semi-grafito)/C(semi-grafito) was used for MFC anode [17],
one fibre composed mostly of Ti, O, and C, while the composition of the other fibre was mainly
based on C. The dual nanofiber demonstrated a better performance than a single nanofiber. The
maximum current density achieved in this study was 8 A m? [17].

In a recent study, two zeolites, namely mobil catalytic materials number 41 (MCM-41) and
Sodium X zeolite (NaX), were used to modify graphite felt anodes [77]. The achieved
maximum power density and coulombic efficiencies were 152% and 36% higher than those
obtained with the unmodified anodes, respectively. The improved performance was due to its
microporous structure, super hydrophilicity and enhanced biofilm coverage [77]. Activated
carbon (AC) with SSM (AcM) and FezO4 anode has also been explored for MFCs, and the
performance of the system was attributed to the enhancement of capacitance [69]. Nano-
goethite with 0, 2.5, 5.0 and 7.5% (mass percentage) were added into the activated carbon (AC)
powder and rolled onto stainless steel mesh. The resulting composite anodes produced 36%
higher power than with an unmodified AC anode. The increased performance was achieved
because of decreased charge transfer resistance (Rct) and increased exchange current density
(lo) [78].

Some studies have demonstrated that MFC start-up time can be lowered by electrochemically
oxidizing carbon mesh in nitric acid or ammonium nitrate. It was demonstrated in one study
[81] that the anodes modified by this approach achieved a Coulombic efficiency of 71%.
Oxygen-containing functional groups present on the carbon surface may be responsible for the
improved overall performance of the system [19]. Carbon cloth (CC) anodes treated with
concentrated nitric acid and heated in a muffle furnace (CC-H), gave 0.42-0.46 V for CC,
0.52-0.58 V for CC-A and 0.80 V for CC-H across a 1000 Q resistance. SEM images
confirmed that the high biofilm density on CC-H was responsible for the higher voltage and

current generation [81].
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Also carbon veil (CV) and carbon cloth (CC) modified with a micro-porous layer (MPL) have
been used for MFCs and the power generation from the modified anodes almost doubled those

achieved with the unmodified electrodes [79].

Fig. 1.14 [a] Micrographs of TiO2-C/C dual nanofiber calcined at 1000°C for 3 h at N2
atmosphere, [b] MCM-41, [c] NaX, FESEM images of the bare CP electrode, [d] TiO2-NSs/CP
electrode, [e] TiO2-NSs/CP electrode obtained under optimal conditions, SEM images of
electrodes, [f] CV20 (20 layered carbon veil), [g] CV30 (30 layered carbon veil), [h] CC, [i]
CV20-MPL, [j] CC-MPL, and [k] MPL structure on CC-MPL. Reproduced [a] from [17], [b,
c] reproduced from [77], [d, e] from [80], and [f, g, h, i, j, k] from [79].
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The 3D macroporous anodes based on stainless steel fibre felt coating carbon nanoparticles
(graphene, carbon nanotube, or activated carbon) on stainless steel fibre felts (SSFFs) provided
large accessible surface area for biofilm growth due to their morphologies and structures, as
well as interfacial substrate transport. It also offers advantages in terms of kinetics, such as low
overpotential and high reactivity [27].

Figure 1.14 shows the SEM images of surface treated anodes. The presence of interconnected
and entangled dual nano-fibre which formed a non-woven mat is obvious in Figure 1.14a. On
the other hand, Figure 1.14b shows that the carbon fibres were more densely woven on the
carbon cloth than on carbon veil (Fig. 1.14 f, h). In contrast, those formed on microporous
layered (MPL) surface were uneven and more porous which may result in a better and higher
surface area for bacterial growth. Overall, stainless steel fibre felt, carbon nanotube/polyaniline
carbon paper, and nanostructured polyaniline-coated anode were some of the high performing
anodes based on a surface modification that achieved power densities of 2142 mW m2, 1574
mW m2 and 820 mW m, respectively [35].

1.2.4 Metal-based anode

In the last ten years, many metals such as titanium [10], gold [82,83], and copper [31] have
been considered for use as anodes in MFCs. Most of these metals were unsuitable because of
their corrosive nature. In contrast, stainless steel has attracted increasing interest for use as an
anode material for microbial fuel cells [21]. The performance of some of the reported metal-
based anodes are summarised in Table 1.4. Evidently, the performance of stainless steel as an
anode material stands out from the rest. Pocaznoi et al. have compared stainless steel anode
with carbon cloth and graphite plate for use as anodes for MFC with the use of soil landfill and
acetate as substrate. Figure 1.15 shows the ability of carbon and stainless-steel materials to

form microbial anodes under identical conditions.
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Fig. 1.15 Macroscopic and fluorescence images of anodes with and without biofilms on [a]

carbon cloth, [b] smooth stainless steel, [c] macrostructured smooth stainless steel and [d]

microstructured smooth stainless steel. Images from left to right are: macroscopic view of the

clean electrode, epifluorescence image and treated image for assessment of biofilm surface

coverage ratio. Reproduced from [21].

In all cases, the biofilm formation was reasonably uniform with almost complete coverage.
This study found that carbon cloth anode produced a current density of 33.7 A m2, while SS
anode produced 20.6 A m [21]. The achieved high power with the 3D structure carbon cloth
was due to its high surface area. Electrochemical testing of stainless steel at +0.1 V vs. SCE
provided up to 35 A m [21]. It has also been demonstrated that oxidised stainless steel is a
more effective anode material, and a facile SS modification gave a current density up to 45.3
mA cm3 at ambient temperature. This is the highest current generation reported to date [29].

From all studies, it is clear that stainless steel is a more efficient and cost-effective anode
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material for the future development of MFCs. However, some key factors must still be
considered, such as corrosion resistance, and achievable surface area to achieve high-
performance MFCs. There is still a lot of room and scope for improvement in metal anode
development. Planar gold was found to be the best performing metal anode with a power

density of 8000 mW m-2,
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Table 1.4 Comparisons of the performance of some metal-based anodes used for MFCs

Metal-based Performance

Anode Cathode  System Architecture Source of Substrate Anode surface I max Pmax Referen
inoculation area ce

(A/m?  (MW/m?
(cm?)

Stainless steel NA Three-electrode cell Soil leachate Acetate substrate 2.5 35 NA [21]

Oxidised stainless NA 3-pin electrochemical cells ~ Effluent from MFC M1 medium 2 NA [29]

steel 0.0453*

Bare gold Air miniaturized microbial fuel ~Anaerobic digestion Acetate medium NA 111 480 [56]

cathode cell Sludge

Planar gold Gold foil ~ Micro-litre size MFC primary  clarifier Acetate mineral 0.28 cm2 0.117 8000 [43]

influent media
* Alcm?
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1.3 Challenges and future directions

One of the long-term goals of MFC technology is to advance capabilities that will enable the
utilisation of the vast volumes of wastewater that are readily available globally, as a basis for
generating alternate large-scale energy. If achieved, this will have the dual benefits of “deriving
energy from the problem itself,” while also alleviating the various environmental impacts often
associated with wastewater. However, before the operation of a commercial plant can be realised,
many challenges are yet to be overcome. To date, the implementation of large-scale MFC
technology has been hindered by low power generation and high material costs. Further research
is therefore still needed to develop low cost, sustainable, high-performance materials that can be
used for the development of efficient MFC systems.

Recent studies have demonstrated that the use of 3D materials for MFC anodes have huge
potential for supporting the development of high-performance MFCs in the future because of their
demonstrated ability to increase power generation by several orders of magnitude. In this regard,
further future consideration must also be given to the development of MFC stacks as a way of
increasing the net power generation of MFC systems to the level required for large-scale
operation. However, to design efficient MFC stack which can be deployed in wastewater
treatment train, further engineering will be required to minimise Kinetics losses. Another
important consideration is the deterioration of the performance in long-term operation caused by
membrane biofouling. To this end, the development or adoption of an adequate method to prevent

biofouling of cation exchange membrane becomes an urgent necessity.

1.4. Conclusion

The proper and efficient choice of an anode and the material from which it is made is a critical
factor in the effort to achieve high-performance MFCs. The choice of the wrong anode material
will render this possibility redundant. As the kinetics of the microbes employed in MFCs are
much sluggish than those achievable with a cathode material or cathode catalyst, the use of 3D
anodes has been demonstrated to date to be very beneficial and capable of increasing power
generation by several orders of magnitude compared with the use of 2D plane anodes. Admittedly,
there is still much to be done to improve efficiency further before large-scale power generation
from wastewater can be realised. Also, consideration of intrinsic parameters, such as Kinetics,

internal resistance, surface anatomy and interaction of surface with biofilm, are also necessary.
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Further development of new cost-effective and efficient materials are also needed for the
construction of new renewable and sustainable MFCs which can be deployed in wastewater

treatment plants.
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Aims of study

Triggered global energy crisis today attract the field of renewable bioenergy as one of the
approaches to decrease the current global warming crisis. MFCs is very recent development in
biotechnology and highly attracting area. The prerequisites for commercialization of MFCs are
high performance, and material of construction should be low for example electrodes and
membranes.
From the literature review, it is learned that the stainless steel (SS) is the promising electrodes for
microbial fuel cells application due to its excellent mechanical strength, good conductivity, high
rigidity and stability. The metal-based anodes remain largely unaddressed in the MFC research.
The major issues with the use of low-grade SS anodes are relatively poor biocompatibility due to
hydrophobic nature, prone to corrosion and 2D nature. However, it can be addressed by using
anti-corrosion conductive coatings. For instance, the conductive polymer coating, primarily by
polyaniline (PANI) and polypyrrole (PPy) has been tried on carbon and composite based anodes
in MFCs. These polymers possess high electron mobility, facile chemical synthesis, stability,
biocompatibility, anti-corrosion nature, excellent electrokinetics and sustainability. In particular,
the PANiI modified anodes have been demonstrated to enhance the microbial adhesion to the
surface and consequently the bioelectrocatalytic performance. The SS wool offers compelling
advantages such as a very high surface area, low cost, and malleability, which allows it to be
moulded to any shape according to the system architecture. The thesis aims at the use of conductive
polymers for MFCs electrode preparation application defined below.

e Process optimisation for polyaniline (PANi) and polypyrrole (PPy) modified stainless steel
electrodes using electropolymerisation of aniline and pyrrole respectively. Moreover, to be
explored in MFCs to study startup time of the reactors with respective electrodes.

e Additionally, it also plans to investigate the effect of external resistance on the kinetics of the
Pristine SS, PANI and PPy anodes under various operating conditions such as, under open
circuit mode, under optimum external resistance, and with very low resistance

e Further, the developed PANi and PPy anodes are to be explored in air cathode MFCs to study
long-term energy production and electrochemical behaviour in synthetic (M9 media)
wastewater.

e  Apart from the use of PANiI in anode modification, PANi coating can be explored as a cathode
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to replace conventional platinum air cathode. The optimum aniline polymerisation time and
its associated electrochemical performance in terms of exchange current density will be
investigated in aqueous proton conductor.

The optimised PANI loading and Pt cathode will be studied in MFCs for a long time using
synthetic (M9 media) wastewater.

The final and important objective is to develop 12 V MFC stack using stainless steel wool
modified with conductive polymer (PANi or PPy) anode. The stack will be run on real landfill
leachate collected from local landfill site.
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Chapter 2

Exploring the use of polyaniline-modified stainless-steel plates as low-cost,

high performance anodes for microbial fuel cells

[Published as, J.M. Sonawane, S. Al-Saadi, R.K. Singh, P.C. Ghosh, S.B. Adeloju, Exploring the
use of polyaniline-modified stainless-steel plates as low-cost, high-performance anodes for
microbial fuel cells, Electrochim. Acta. (2018) 268, 484-493, Elsevier]
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Abbreviation:

Ag/ AgCl Silver/ silver chloride

ANi Aniline

Ccv Cyclic voltammetry

EIS Electrochemical impedance spectroscopy

FTIR Fourier transform infrared spectroscopy

Jmax Maximum current density

MFCs Microbial fuel cells

ocv Open circuit voltage

PANi Polyaniline

PANI/ GF Polyaniline graphite felt

PANI/CC Polyaniline carbon cloth

PANI/CNT Polyaniline carbon nanotubes

PANI/CNT/CP Carbon Nanotube/Polyaniline Carbon Paper

PAN Iche/SSFF Polyaniline synthesised by chemical polymerisation
PANIele/SSFF Polyaniline synthesised by electrochemical polymerisation
Pmax Maximum power density

Rct Charge Transfer Resistance

Rs Solution resistance

SS-P/PANI Stainless steel plate coated with polyaniline

SS-P Stainless steel plate
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Abstract

The provision of optimum medium for microbial growth and maintenance of long-term stability
for microbial fuel cells (MFCs) is very much dependent on the chosen anode material. However,
the chosen material must also be readily available and cheap in order to attract wider use and
broader adoption of MFCs. In this study, we explored the use of polyaniline (PANi) modified
stainless steel plates (SS-Ps) as potential low-cost anodes for MFCs, with capability for effective
promotion of microbial growth and retention of long-term stability. Careful and selective choice
of acid and aniline concentrations for galvanostatic polymerisation produced highly uniform and
adherent conductive PANi coating on SS-P which are desirable for use as anodes in MFC. The
resulting PANi modified SS-P (SS-P/PANi) was evaluated as a low-cost anode for MFCs in
simulated wastewater which composed of a M9 media and 4% landfill leachate. The SS-P/PANIi
anode performed efficiently in a MFC, achieving a 13-fold higher current generation than with a
pristine SS-P anode during the startup phase. Also, it achieved higher OCVmax of 730£42 mV, jmax
of 0.14 + 0.12 mA cm? and a Pmax of 0.078+0.011 mW cm™. In comparison, the SS-P anode
achieved lower OCVmax 0f 649+37mV, jmax of 0.009 + 0.011 mA cm™ and Pmax of 0.010 + 0.008
mW cm2. Furthermore, the achieved current and power densities with the SS-P/PANi anode were
superior to those obtained with a previously reported PANi modified stainless steel fibre felt
(SSFF) anode. Thus, demonstrating the suitability of the SS-P/PANi electrode for adoption as a
low-cost, high-performance anode for MFCs.
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2.1 Introduction

The current limitations to the widespread use and commercialisation of microbial fuel cell (MFC)
technology are high material costs and low efficiency [1]. The development of MFCs faces many
challenges at the material level, particularly with the use of relatively expensive electrode
materials. Furthermore, at the anode, active electrogenic bacterial communities are required to use
their metabolism to break down organic materials and produce electrons [2]. It is therefore highly
desirable that the chosen anode material be biocompatible, chemically stable, less prone to
corrosion in complex corrosive media, have low activation overpotential and low charge transfer
resistance [3].

Pocazoni et al. [4]have recently proposed that stainless steel (SS) be a promising electrode material
for the development of highly efficient anodes for MFCs. However, SS possesses many inherent
properties that may hinder its use in MFCs for large-scale power generation [5]. For example, in
comparison with traditional carbon-based anodes, the biocompatibility of SS is poor, and this often
leads to poor electroactive biofilm coverage on SS anode surface. Also, SS has high charge transfer
resistant, high activation overpotential, hydrophobic nature, and corrodes in complex media [5]. It
has been suggested that these properties of SS can be improved by coating with a conductive
polymer such as polyaniline [5-7]. Although the recent use of PANi modified/ composite
electrodes have been reported for construction of MFCs for power generation from organic waste
matter [8-11], the selection of cheap, widely available material for the anode is still an issue. In
an attempt to find a solution, Song et al. [10] a developed an inkjet - printing approach for
producing conducting and porous PANi/carbon paper anode for MFCs [6]. However, the adoption
of such paper-based anode is limited and restricted to limited applications.

Among the materials that have been used with PANI coatings for MFC anodes, the use of PANi
modified SS-based anode is uncommon and the basis of their performance is still not well
understood. The only one previously reported study [5] modified a SS fibre felt (SSFF) which has
a rough surface with PANi by both chemical and electrochemical oxidative polymerisation. The
modified anodes gave large electroactive surface area, a biocompatible interface for electroactive
bacterial colonisation, enhanced power output and decreased internal resistance [5]. However, the
surface roughness of the SSFF may limit the ability to obtain a more uniform and adherent PANI
that will ensure optimum performance as an anode in a MFC. We anticipate that further

improvement in performance can still be achieved by modifying a stainless-steel plate (SS-P)
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which has less or no surface roughness with a more uniform and adherent PANI coating to provide
a basis for cheap access to MFC anodes. The consideration of SS-P anode for this purpose is
particularly attractive because of its unique intrinsic properties, such as low charge transfer
resistant [12], hydrophilic nature [13] and high biocompatibility [14].

The approach chosen for PANi modification of SS can also significantly influence its performance
when employed for MFCs. Electrochemical polymerisation of ANi on SS can be achieved by either
galvanostatic (applied constant current), potentiostatic (applied constant potential) and
potentiodynamic (applied variable potential) polymerisation [9,15]. The conductive nature of the
resulting polymer film can be monitored by recording either a chronoamperogram [16,17] or a
chronopotentiogram [18,19] during film growth by potentiostatic or galvanostatic polymerisation,
respectively, to attain optimum conductivity. The use of galvanostatic polymerisation has
particularly been recognised as being more efficient for producing more uniform conductive
polymer coatings on objects of variable shapes and dimensions [20]. The conductivity of the
coating, as well as it is chemical resistance and anticorrosion properties, are also influenced by
the chosen monomer, aniline (ANi), concentration and applied current density [21].

In this study, we explored the use of PANi-modified SS-P anode for further improving MFC
performance beyond that achieved previously with the SS fibre felt anode [9]. Also, we aim, by
this study, to gain a better understanding of the nature and characteristics of the PANi-modified
SS-P anode, as well as its specific influence on the MFC performance. This will therefore involve
a detailed investigation of the factors that influence the formation of uniform and adherent PANI
coatings on SS-P in different acid electrolytes, as well as those affecting their stabilities The
influence of more dynamic PANi coating parameters, such as thickness and choice of
polymerisation time on PANi coating longevity on SS-P will also be investigated. Furthermore, an
in-depth characterisation of the nature and durability of the PANi coating on SS-P will be
conducted by cyclic voltammetry, time-dependent electrochemical impedance spectroscopy,
Fourier transformed infrared (FTIR) spectroscopy, and contact angle measurement. Finally, the
effectiveness of the PANi-modified SS-P as an anode in a MFC will be investigated in simulated
wastewater, and this will include a comparison of the MFC performances of the SS-P anodes with

and without PANi modification.
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2.2 Materials and methods

2.2.1 Electrochemical cell setup and electrode preparation

The electropolymerisation of ANi was performed with a three-electrode cell assembly. The
working electrode is an SS plate with dimensions of 1 x 1.5 x 0.1 cm. The SS sheet was purchased
from Ladhani Metal Corporation (Mumbai, India). The SS-Ps were polished using metallographic
abrasive paper with grit sizes of 320, 400, 600, 800 and 1200. The SS-Ps were subsequently
subjected to ultrasonication for 15 mins in acetone to degrease. The reference electrode was a
miniature Ag/AgCI reference electrode (RRPEAGCL, Pine Research Instrumentation, Durham,
USA). The auxiliary electrode was a platinum rod. All electrochemical experiments were
performed with a BiologicVMP3 potentiostat-galvanostat (BioLogic, Claix, France) fitted with
EC-Lab V 10.44 software for data processing. All solutions were purged with nitrogen for 10 mins

to remove oxygen before the commencement of polymerisation.

2.2.2 Cathode fabrication

The air cathodes used in this study were fabricated by a previously reported method [22]. A 20%
platinised carbon powder, Vulcan XC-72 (Sigma-Aldrich, Australia) was coated on a 10 x 12 cm
carbon paper (GDS 210, CeTech, Taichung, Taiwan). A 0.5 mg cm uniform Pt loading was
applied using a 5% Nafion solution as a binder (Sigma-Aldrich, Australia). The electrodes were
subsequently placed in a hot air oven to ensure complete drying for six hours. Nafion NRE-212
(Sigma-Aldrich, Australia) were hot-pressed with the electrodes on one side using a hot press
(Carver, Inc, Wabash, USA) under 10 kg cm at 140 °C for 3 min. Fabricated membrane electrode
assemblies (MEA) were cut into a size of 3 x 2.5 cm. The cathode was crammed into an acrylic

and aluminium mesh (which act as a current collector) in the MFC reactor.

2.2.3 Electropolymerisation of Polyaniline (PANI)

For electropolymerisation of ANi, reagent grade aniline (Sigma-Aldrich, Sydney, Australia.) and
various solutions, including sulfuric acid, sulfamic acid, nitric acid and oxalic acid (Sigma-
Aldrich, Sydney, Australia) were used. PANi was synthesised by galvanostatic polymerisation of
ANi with an applied current density of 2.5 mA cm (constant current) for 15 minutes in an aqueous
acidic solution containing aniline monomer. The chosen current density was optimised by varying

between 0.5 and 3 mA cm. The criteria for choosing the optimum applied current density was
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based on the achievement of the condition for forming an emeraldine PANi coating. which is
highly conducting and stable than other forms of PANI. The use of low current density resulted in
the formation of leucoemeraldine - white/clear and colorless (CeHsNH), and (per)nigraniline —
PANI blue/violet (CeHsN)n. In contrast, the use of an applied current density of 2.5 and 3 mA cm’
2 gave emeraldine PANi— green for the emeraldine salt, or blue for the emeraldine base
([CeHaNH]2[CsHaN]2)n. Therefore, we chose an applied current density of 2.5 mA cm to obtained
emeraldine PANI coating on the SS-P.

Four different acids, including sulfamic, sulfuric, oxalic and nitric acids, were used for the growth
of the PANi coating on SS-P with varying aniline concentration. Similarly, while keeping the
established optimum ANi concentration constant, the concentration of each acid was varied from
0.1 M to 0.7 M to identify their influences on the nature and characteristics of the resulting PANi
coatings. The recorded chronopotentiograms during the film growth were analysed to identify the
most conductivity film for each acid. The influence of ANi concentration was then investigated
from 0.1 M to 0.5 M for the PANiI growth while using the identified optimum concentration for
each acid. The recorded chronopotentiograms were again analysed to determine the optimum ANi
concentration for each acid.

2.2.4 Contact angle measurement and Scanning electron microscopy

Water contact angles of the PANi coating were measured at room temperate (19 °C) and 40%
relative humidity, using sessile drop method on a telescopic goniometer C60 (Kino Industry Co.
Ltd, Norcross, GA, USA). Each sample was measured three times to ensure good reproducibility.
Scanning electron microscopy (SEM) images were also obtained from a FEG-SEM (JSM-
7600F) Scanning Electron Microscope (JEOL Ltd., Tokyo, Japan).

2.2.5 Fourier Transform Infrared Spectroscopy (FTIR)

A Vertex 80 (Bruker Corporation, Massachusetts, United States) FTIR spectrometer instrument
was used to record FTIR of pristine stainless steel, and PANi coated SS-Ps. FTIR spectra were
obtained by attenuated total reflectance (ATR) method with a resolution of 4 cm™. The wave
numbers were in the range of 4000-650 cm™* for PANI. Baseline corrections were made carefully,
and peaks were determined with the aid of an Opus software (Bruker Corporation, Massachusetts,
USA).
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2.2.6 Time-dependent electrochemical impedance spectroscopy

Time-dependent electrochemical impedance spectroscopy (EIS) and data processing were
conducted with a Biologic VMP-3 potentiostat-galvanostat (BioLogic, Claix, France) fitted with
EC-Lab V 10.44 software. The change in the charge transfer resistance (Rct) of the PANi coatings
on the working electrodes was determined by EIS measurements. This was conducted immediately
after immersion of the PANI coated plate in 0.1 M NaCl and measured after every 24 hours for 7
days without any disturbance of the electrochemical cell. The EIS measurement on the working
electrode was done at a frequency of 100 MHz to 10 mHz with a sinusoidal perturbation amplitude
of 10 mV at 6 points per decade. For EIS data analysis, the equivalent circuits used are shown later
in Fig. 2.7a.

2.2.7 Setup and operation of MFCs

The single chamber air cathode MFCs were constructed by using acrylic sheets. In one set of
experiment, SS-P anodes without coating were used, while in the other set PANi modified stainless
steel plate (SS-P/PANI) were employed. The empty bed volume of each reactor was 27 cm®. The
projected surface area of the anodes and air cathodes were 3.5 cm?and 7.5 cm?, respectively. For
MFC inoculation, 4% landfill leachate (collected from the (Suez Environment, Melbourne,
Australia) was added to the synthetic wastewater (M9 medium) which contained acetate (25 mM)
as a sole carbon source. The media made up in distilled water contained NH4Cl: 0.31 g, KCI: 0.13
g, NaH2PO4.H20: 2.69 g, Na,HPO4: 4.33 g, and 12.5 mL of each trace metal and vitamin solutions
[23]. The experiments were conducted at room temperature 25 + 2 °C. The media was purged with
N2 for 30 min before inoculation, and the MFCs were sparged for 10 min after inoculation to
increase the primary activity of obligate anaerobes and minimise aerobic oxidation of organic

matter.
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polymerisation of ANi, characterisation, and exploration of PANi modified SS-P as an anode in a

microbial fuel cell.

The MFCs were operated initially in an open circuit mode for two batch cycles to allow
electrogenic bacteria to grow on the electrode. After the second cycle, 90% of the media was
replenished with fresh media, and then 100 Q external resistors were attached. All experiments
were conducted in triplicates. The MFCs were connected with a data logger (GL-820 Graphtec,
Japan) to take readings at 30 mins interval. The overall scheme for the formation of the PANi-

modified SS-Ps and their use for MFCs are illustrated in Scheme 2.1.

2.3 Results and discussion

Previous studies of the early stages of PANi formation have revealed progressive nucleation of the
films, depending upon the electrolyte concentration and monomer composition, which resulted in
different shapes of PANI cluster formation [24,25]. Depending on the monomer concentration, the
nucleation process changes from progressive at lower concentrations to instantaneous nucleation
at higher concentrations [24]. However, other studies have shown that the nucleation step of PANI
also depends on the counter ion of the dopant and type of acid dopant used in the electrodeposition
of the polymer which directly affects polymer growth and the associated morphology [26]. It has
also been established that the activation overpotential and mass transfer controlled early stage of
the PANI growth results in the formation of a compact layer [27]. Given the possible diversity of

outcomes in the growth of PANI, it was necessary to carefully consider the influence of the chosen

64



electrolytes on the nature of PANI coating formed by galvanostatic polymerisation of ANi on SS-
P anodes. This is necessary to ensure that the best PANI coating is obtained for use as an MFC
anode, and also to serve as a means of gaining a better understanding of the underlying properties
through a detailed investigation of the electrochemical and other advanced analytical

characteristics.

2.3.1 PANi film formation

2.3.1.1 PANI film formation with sulphuric acid

The galvanostatic polymerisation was used to form PANi coatings on SS plates by varying
sulphuric acid concentration from 0.1 M to 0.7 M while keeping ANi concentration constant at 0.1
M. The resulting chronopotentiograms are shown in Fig. 2.1(a). The achieved activation potentials
in the presence of acid concentrations > 0.2 M are close to 1.0 V. Evidently, the use of 0.1 M
sulphuric acid was unsuitable for forming a conductive PANI film, as the activation potential was
as high as 1.5 V. The lowest activation potential was obtained in the presence of 0.3 - 0.7 M
sulphuric acid. Considering that 0.3 M sulphuric acid gave the lowest stabilisation potential of
0.646 V, it was chosen as the optimum sulphuric acid concentration for the formation of PANi
coating on the SS plates.

Subsequently, the sulphuric acid concentration was kept constant at 0.3 M, while the ANi
concentration was varied from 0.1 to 0.5 M. The variation of ANi concentration had no significant
effect on the formation of PANI coating on SS [Fig. 2.1(b)]. Consequently, it was established that
the use of a monomer solution which contained 0.3 M sulphuric acid and 0.2 M ANi was optimum
for effective coating of PANi on the SS plate at an applied current density of 2.5 mA cm2,
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Fig. 2.1 Chronopotentiograms obtained for formation of PANi layer on SS plate with (a) varying
sulfuric acid concentration in presence of 0.1 M ANi and (b) varying ANi concentration in
presence of 0.3 sulphuric acid. Concentrations of sulphuric acid in (a) are: (i) 0.1, (ii) 0.2, (iii) 0.3,
(iv) 0.4, (v) 0.5, (vi) 0.6 and (vii) 0.7 M. ANi concentration in (b) are: (i) 0.1, (ii) 0.2, (iii) 0.3, (iv)
0.4 and (v) 0.5 M.

In a previous study, 0.2 M ANi in 0.4 M sulphur acid was used to form polyaniline-graphene
nanocomposite coatings by cyclic voltammetry on SS working electrode between -0.8 — 1.6 V at
0.05 V S for ten cycles [28]. The nanocomposite coatings exhibited excellent corrosion resistance
in corrosive media [28]. In another study, the electropolymerisation of PANi on SS was carried in
0.5 M and 1 M sulphuric acid under potentiodynamic conditions within a potential range of —0.2
to 1.0 V for various cycles [29]. The PANi film formed on SS was useful for anodic protection in
corrosive media [29]. However, in both cases, the required sulphuric acid concentrations were

higher than needed for galvanostatic polymerisation in the present study.

2.3.1.2 PANI film formation using sulfamic acid

Galvanostatic polymerisation formed PANI coating on SS by using 0.1 — 0.7 M sulfamic acid,
while keeping ANi concentration constant at 0.1 M at an applied current density of 2.5 mA cm
for 15 mins. The chrnopotentiograms obtained during the film formation are shown in Fig. 2.2(a).
The observed activation potential in the presence of sulfamic acid was different for each
concentration. The lowest activation potential of 0.6 V was observed in 0.7 M sulfamic acid. Non-
conducting films were formed when 0.1 - 0.4 M sulfamic acid was used [Fig. 2.2(b)]. The optimum
sulfamic acid concentration for forming PANi coating on SS was 0.7 M which gave the lowest
stabilisation potential; Consequently, by keeping the sulphamic acid concentration constant at 0.7
M, the ANi concentration was varied from 0.1 M to 0.5 M.
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Fig. 2.2 Chronopotentiograms obtained for the formation of PANi layer on SS plate with (a)
varying sulfamic acid concentration in the presence of 0.1 M ANi and (b) varying ANi
concentration in the presence of 0.7 M sulphamic acid. Sulphamic acid concentrations (a): (i) 0.1,
(i) 0.2, (iii) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6, and (vii) 0.7 M. ANi concentrations in (b): (i) 0.1, (ii)
0.2, (iii) 0.3, (iv) 0.4, and (v) 0.5 M.

The most stable and conductive PANI film was formed with 0.4 M ANi in the presence of 0.7 M
sulphamic acid, as reflected by the lowest activation (1 V) and stabilisation potentials (0.6 V)
obtained with the application of a current density of 2.5 mA cm. Relatively few attempts have
been made to electrosynthesis PANI on stainless steel with sulfamic acid. In a previous study, 0.5
M sulfamic acid was used to synthesise PANi on SS surface by cyclic voltammetry at a scan rate
of 20 mV s™%. The potential ranged between —0.30 and 1.40 V in the presence of 0.15 M aniline
[30]. In another study, PANI electrodeposition was achieved in 0.1 M ANi and 1 M sulfamic acid
by using three different sweeping potentials: i) -0.2 to +0.8, ii) -0.2 to +1.0, and iii) -0.2 to +1.4 V
at a scan rate of 20 mV s [31]. In both cases, the required ANi concentrations were much lower
than needed in the present study for galvanostatic polymerisation. Also, in one case [31], the

required sulfamic acid was much higher.

2.3.1.3 PANI film formation with oxalic acid

The galvanostatic polymerisation was also used to deposit PANi coating on SS plate in the
presence of oxalic acid. The oxalic acid concentrations were varied from 0.1 — 0.7 M, while
keeping ANi concentration constant at 0.1 M. A steady current of 2.5 mA cm was applied to

achieve electropolymerisation for 15 mins. The effect of variation of oxalic acid concentration is

67



shown in Fig 2.3(a). Evidently, the obtained activation potentials were high and variable in the
presence of 0.1 - 0.3 M oxalic acid, which is indicative of the formation of overoxidised non-
conductive films. In contrast, the use of oxalic acid concentration from 0.4 to 0.7 M gave similar
activation and stabilisation potentials. Due to the reduced solubility of oxalic acid in water, 0.3 M
oxalic acid was chosen. The ANi concentration was subsequently varied from 0.1 M to 0.5 M.
Evidently, only 0.5 M ANi gave a high activation potential which led to the formation of the
overoxidised film. The resulting chronopotentiograms are shown in Fig. 2.3(b).
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Fig. 2.3 Chronopotentiograms obtained for the formation of PANi layer on SS plate with (a)
varying oxalic acid concentration in the presence of 0.1 M ANi and (b) varying ANi concentration
in the presence of 0.3 M oxalic acid. Oxalic acid concentrations in (a): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv)
0.4, (v) 0.5, (vi) 0.6, and (vii) 0.7 M. ANi concentration in (b): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4,
and (v) 0.5 M.

The use of 0.1 M ANi in the presence of 0.3 M oxalic acid enabled the formation of the most stable
and conductive PANi film. Few studies have been made on electropolymerisation of PANi with
oxalic acid, but none of the studies has validated the wide-ranging effect of ANi concentration on
the resulting film. In one study, PANi film was formed by electropolymerisation from 0.1 M
aniline containing 0.5 M oxalic acid on an iron rod [32]. In another study, PANI film was deposited
on carbon steel by cyclic voltammetry using 0.1M ANi in 0.2 M oxalic acid. at a scan rate of 10
mVs? from -0.6 — 1.6 V. [33]. While the required ANi concentration in the previous study is
consistent with the one achieved for galvanostatic polymerisation in the present study, the required
oxalic acid concentration in one case [32] is notably higher.
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2.3.1.4 PANI film formation with nitric acid

Deposition of PANI coating on SS was again accomplished by galvanostatic polymerisation in the
presence of a nitric acid with an applied current density of 2.5 mA c¢cm for 15 mins. The acid
concentration was varied from 0.1-0.7 M while keeping ANi concentration constant at 0.1 M. Fig
2.4(a) shows the effect of variation of nitric acid concentration. Evidently, the achieved activation
potentials were high and variable in the presence of 0.1-0.3 M nitric acid, which is indicative of
the formation of the overoxidised film. In contrast, the use of 0.4 to 0.7 M nitric acid gave lower
activation and stabilisation potentials. Both potentials reduced significantly with increasing nitric
acid concentration from 0.4 to 0.7 M. The lowest activation and stabilisation potentials were
obtained with 0.7 M nitric acid and was therefore chosen as optimum. With the subsequent
variation of ANi concentration from 0.1 to 0.5 M, it was observed that only 0.1 M ANi gave higher
activation and stabilisation potentials than with higher ANi concentrations where the activation
and stabilisation potentials are lower and very close. The resulting chronopotetntiograms are
shown in Fig. 2.4(b). Evidently, the use of 0.4 M ANi in the presence of 0.7 M nitric acid gave the
best PANI coating.

Table 2.1 summarises the optimum acid and ANi concentrations achieved in this study for
obtaining the best PANI coatings on the SS-Ps. Evidently, the highest acid and ANi concentrations
required for forming PANI coating on the SS-Ps were obtained with sulfamic and nitric acids,
while the least acid requirements were observed with sulfuric and oxalic acids. Although the ANi
concentration required for formation of PANiI coating with oxalic acid was lower than required
with sulfuric acid, the conductivity of the PANi coating (based on stabilisation potential) obtained
with the latter was much better.

The largest difference between the activation and stabilisation potential of 393 mV was obtained
for the PANI coating obtained with nitric acid, followed by 340 mV with sulfamic acid, 322 mV
with sulfuric acid and only 30 mV with oxalic acid. As the change in potential is reflective of the
conductivity of the PANI coating, the most conductive coating was obtained with 0.4 M ANi in
0.7 M nitric acid, while the least conductive PANI coating was obtained with 0.1 M ANiin 0.3 M
oxalic acid. For this reason, further use and consideration of the PANI coating in this study was
based on the use of 0.4 M ANi in 0.7 M nitric acid. The required 0.4 M ANi in 0.7 M nitric acid
for achieving optimum PANI coating on SS-P by galvanostatic polymerisation in this study is
distinctively higher than 0.1 M ANi in 0.3 M nitric acid [33] and 0.3 ANi in 0.1 M nitric acid [34]
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used in previous studies for PANi coating on SS. However, it is important to note that in one of
the previous cases, the resulting PANI film was powdery even after curing at 170 °C for ten mins
[33], while in the other, the PANI film was brittle, and have low lateral conductivities [34]. These
defects can be attributed to the low ANi and acid concentrations used in those studies [34,35].
These observations demonstrate that, when using nitric acid for the growth of PANI coating, the
acid concentration must be higher than the ANi concentration to produce the desired uniform and
adherent PANI coating. These observations highlight the need for a more careful selection of
electropolymerisation conditions for surface modification of SS-P with PANI. Figure 2.4 shows
the influence of variation of nitric acid and ANi concentrations on the galvanostatic formation of
PANI coating on SS-Ps. Evidently, the conductivity of the resulting PANI coating increased with
increasing nitric acid concentration, resulting in increasingly lower stabilisation potential. The
lowest stabilisation potential was obtained in 0.7 M nitric acid and which consequently gave the
most conductive coating. In contrast, the use of nitric acid concentration between 0.1 and 0.3 M
was, as illustrated in Figure 2.1(a), undesirable as they result in the formation of overoxidised
PANI coating with poor conductivity. This observation sheds light to the difficulties experienced
in previous studies [33,34] in obtaining a uniform, conductive and adherent PANI coating. Such
poor quality PANi coating will not provide the desired efficient anode performance in MFC. Figure
2.4(b) demonstrates that under optimum nitric acid concentration, there were only smaller
differences in the resulting stabilisation potential and, hence, on the conductivity of the PANi
coating when varying ANi concentration was employed. Nevertheless, it was still obvious in this
case that the conductivity of the PANI coating increased with increasing ANi concentration,

reaching an optimum stabilisation potential between 0.4 and 0.5 M ANi.

70



1.8

. a 12 f b
16 |
L e
14 | 10 |
; 12 ; 0.8
%) - o r
.&” 1.0 | <°’
< L S 06}
< os} <
7] B 7
R X3 > 04}
3 I — (i) 8
04 | —{ii c
gl | § oz} —
° — (iiii) ° 7
a f2r v | o —
oo | v) 0or (iii)
| (vi) (iv)
02 (vii) 0.2 |- (\%]
i 1 i 1 i 1 " 1 i 1 i 1 M 1 i 1 i N 1 N [ " L N [ M [ N 1 " 1 2 1 2
2 0 2 4 6 8 10 12 14 16 2 0 2 4 6 8 10 12 14 16
Time (min) Time (min)

Fig. 2.4 Chronopotentiograms obtained for formation of PANi layer on SS plate with (a) varying
nitric acid concentration in the presence of 0.1 M Ani and (b) varying ANi concentration in the
presence of 0.7 M nitric acid. Nitric acid concentrations in (a): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4,
(v) 0.5, (vi) 0.6, and (vii) 0.7 M. ANi concentrations in (b): (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, and
(v) 0.5 M.

Table 2.1 Optimum activation and stabilisation potentials obtained for PANi formation on SS

plate from different acids and ANi concentrations.

. Concentration ANi . Activation Stabili_sation
Acids (M) Concentration Potential (Ea/V) Potential
(M) (Es/V)
Sulfuric acid 0.3 0.2 0.968 0.646
Sulfamic acid 0.7 0.4 0.980 0.640
Oxalic acid 0.3 0.1 0.974 0.944
Nitric acid 0.7 0.4 1.04 0.647

2.3.2 Characterisation of PANI coatings

2.3.2.1 Cyclic voltammetry

Figure 2.5 shows the cyclic voltammogram obtained for the PANi-modified SS-P in 0.7 M nitric
acid at a scan rate of 5 mV s*. Evidently, the cyclic voltammogram produced peaks that are
attributed to different oxidation states of PANi. Notably, the main peak for the polyemeraldine
salt, which represents the only conducting state of the polymer, appeared at about 0.3 V. The redox
peaks at about 0.3 VV and 0.2 V are therefore attributed to the polyleucoemaraldine/ polyemeraldine
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states. Also, other redox features were present, although less pronounced possibly due to growth
on SS-P.
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Fig. 2.5 Cyclic voltammograms obtained for PANi-coated SS in 0.7 nitric acid. (a) cyclic
voltammogram obtained at 5 mV/s scan rate, and (b) cyclic voltammograms obtained at: (i) 5, (ii)
10, (iii) 25, (iv) 50, (v) 75, (vi) 100, and (vii) 200 mV/s.

The cyclic voltammograms obtained for the PANi-coated SS-P at different scan rates are shown
in Fig. 2.5(b). The increase in the peak currents, as well as a shift in peak potential with increasing
scan rate, are evident. At a scan rate, higher than 100 mV s, the peak currents disappeared, and
the redox process was not evident. Thus, indicating that electrode reversibility is lost at a scan rate
higher than 100 mV s

2.3.2.2 Fourier-transform infrared spectroscopy (FTIR)

The FTIR spectrum obtained for the PANi coating produced on a SS-P with 0.4 M ANi in 0.7 M
nitric acid is shown in Fig. 2.6(a). The vibrations due to C-C stretching and C-H deformation in
benzenoid rings were detected at 1623 and 1192 cm™ [36]. The peak at 1598 cm™ was attributed
to C=N stretching of the quinoid ring [37]; the peak at 1513 cm™ was due to C=C stretching of the
benzenoid group [38]; the peaks at 1397 cm™ and 1348 cm™* were due to C=C stretching vibration
of quinoid rings and benzenoid rings [39]. Also, the polaronic v(C~N+) vibration was observed at
1348 cm™ [36]. The peak observed at 1186 cm™ was due to the stretching frequency of C-O and
indicates the presence of organic acids in the PANi film, while the peak at 1156 cm™ was due to

S=0 bonding for camphor sulphonic acid [37]. The characteristic absorption bands of PANi
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observed at 830, and 700 cm are attributed to the C-H out of plane bending in the benzenoid ring.
It was reported that the presence of benzenoid and quinoid units provide evidence for the

emeraldine structure of PANI [37].
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2.3.2.3 Contact angle measurement

Fig. 2.6(b) shows the contact angle measurements obtained for pristine SS-P (i, i) and SS-P/PANI
remained hydrophobic (6>90°). In contrast, the initial contact angle observed for the SS-P/PANI
was 58°. After soaking in water for 1 min, the measured contact angle changed to 30°. This is due
to the presence of the PANI nanofibres which provided a larger surface area and, hence, resulted
in much rapid uptake of water and change in the measured contact angle. The SS-P/PANi was
therefore clearly hydrophilic (6<90°) because it soaked up water. Evidently, the SS-P/PANi
remained essentially hydrophilic before and after exposure to the aqueous medium. The much
higher change in coating resistance observed was obviously due to the stronger hydrophilic nature

of the coating.

2.3.2.4 Scanning Electron Microscope

The SS-P/PANi was also characterised by scanning electron microscopy. The surface
topography shows the presence of surface nanofibers on top of a compact layer. The thickness
of the fibres ranges from 56-77 nm, as shown in Fig. 2.6(c). The presence of the nanofibres gave
a larger exposed area which accounts for the observed higher current measurements, as will be

demonstrated later.

2.3.3 Evaluation of coating durability

As the prime property commonly displayed by conductive polymers is electrical conductivity,
electrochemical impedance spectroscopy was used to evaluate the coating kinetics, coating
stability and associated electrochemical reactions [40,41]. The equivalent circuit (EC) used to
evaluate R is illustrated in Fig.2.7(a) [42,43]. The EC model used was R(Q(R(QR))), which
consists of the solution resistance (Rs) connected in series with the parallel connection of the
constant phase element of the polarisation resistance (Rp). This is subsequently connected with the
parallel connection of the constant phase element of the double layer capacitor (Cdl) and the charge
transfer resistance (Rct). In this model, the capacitor is replaced by the constant phase element to
surface reactivity, surface heterogeneity, roughness, electrode porosity and potential distribution
associated with the electrode geometry. The constant phase element (Q) considers the interfacial
irregularities such as porosity and roughness of the intact PANi film. All PANi coatings were

immersed in a corrosive (0.1 M NaCl) solution at ambient temperature. The aim was to determine
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initial Ret and monitor changes in Ret with time when exposed to the corrosive solution. This was
achieved by subjecting the samples regularly, after 24 hrs, to EIS measurements at varying
scanning frequency from 1 MHz to 10 mHz. The collected data was analysed with the EC lab
software V 10.44. The Rt [shown in Fig. 2.7(b)] was estimated using the equivalent circuit and
was monitored for seven days. The initial Rt obtained for the SS-P/PANI produced in nitric, oxalic,
sulfamic and sulfuric acids were 6.25 + 1.38, 35.64 +0.81, 11.99 + 1.29 and 6.64 + 0.34 Ohm.cm?,
respectively. After 7 days, as indicated in Table 2, the Rct increased substantially to 51.60 + 17.38,
546.43 + 29.28, 101.05 + 16.92 and 192.10 + 12.01 Ohm.cm?, respectively. It was found that the
Rct of the SS-P/PANI synthesised with oxalic acid changed by 1433%, whereas the least change
(726%) was obtained for the SS-P/ PANi formed with nitric acid. It was therefore obvious that the
SS-P/PANI coating produced from 0.4 M aniline in 0.7 M nitric acid exhibited the best stability in
terms of electrochemical activity. This is consistent with the explanation provided earlier for
establishing the PANI coating formed in this monomer as the most conducting. This is also
supported by the EIS measurements. Fig. 2.7(b) shows the changes in Rc obtained with the
different PANI coatings over a 7-day period. There is an obvious consistency between the observed
film conductivity trend reported earlier in Table 1 and the trend of the measured charge transfer
resistance shown in Figure 2.7(b). Evidently, the most conducting PANI film formed in nitric acid
gave the lowest charge transfer resistance, while the least conducting PANi coating formed in
oxalic acid gave the highest charge transfer resistance. The equivalent circuits fitted with the Bode
plots of PANI are shown in Fig. 2.7(a). The Bode plots suggest that the response shifted from a
higher frequency to lower frequency with time due to stimulated defects in the coating where water
molecules and ions easily penetrated through the film. The Rt can be attributed to the charge
transfer owing to the ionic transfer through the coating pores, and it decreased with increasing
time. Electrolyte and oxygen penetrated the SS-P through the cracks in the coatings to reach the

metals and, subsequently, led to the coating deterioration [44].
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Table 2.2 Changes in charge transfer resistance [(Rct (Ohm.cm?)] for PANi formed in different

acids
Days Sulfuricacid Sulfamic acid Oxalic Nitric Acid
acid
0 6.64 11.99 35.64 6.25
1 11.29 15.69 48.83 8.61
2 13.96 18.06 65.09 13.10
3 53.74 28.59 192.94 30.89
4 83.09 54.51 300.73 42.40
5 108.79 71.34 349.79 44.31
6 163.85 88.10 379.07 56.24
7 192.10 101.05 546.43 51.60

The durability of the SS-P/PANI was further investigated by using phase and Bode plots from EIS
measurements. Fig. 2.7(c) and 2.7(d) show the phase and Bode plots obtained for the SS-P/PANI
produced in nitric acid and subsequently immersed in a 0.1 M NaCl solution. The impedance of
the SS-P/PANi increased with increasing exposure time in NaCl solution, suggesting a steady
decline in the conductivity. The Bode plots consist of two-time constants for SS-P/PANI, the high-
frequency time constant related to the coating/electrolyte interphase, whereas the low-frequency
time constant was associated with the metal/electrolyte interphase. After 3 days of immersion of
SS-P/PANI in NaCl solution, the time constant at low frequencies become more pronounced due
to the reaction at the metal-electrolyte interphase. The observed increase in the Retcan be attributed
to the penetration of the SS-P/PANI by CI™ ions which led to the exposure of the underlying SS-P
to the NaCl solution. The results in Fig. 2.7(c) and 2.7(d) demonstrated that the metal remained
intact during the PANi degradation step. If the metal degraded during the testing period, the
impedance would have been higher than that of the pristine SS-P. The measured impedance for
the pristine SS-P was 3.7 (log /Ohm cm?) but varied from 0.7 to 1.75 (log /Ohm cm?) for the SS-
P/PANI coating. Even from the Bode plot, the phase shift was -18° to -30° for the SS-P/PANI,
whereas for the pristine SS-P, it was -77° at the same frequency. At high frequencies, the phase
shifts for both pristine SS-P and the SS-P/PANI were similar, and it ranges between 4° and 6°. The
results indicated that the PANi coating exhibited high electrical conductivity and displayed

significant stability even after seven days in a corrosive solution
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Fig. 2.7 Electrochemical characterisation of PANi coating on SS. (a) Equivalent circuit used for
impedance measurement, (b) change in PANI coating resistance as a function of time, (c)
frequency dependences of the impedance and (d) phase shift in the Bode plots of PANi film

synthesised in nitric acid.

2.3.4 Microbial fuel cells with SS-P/PANi anode

The MFCs with the SS-P/PANI and pristine SS-P anodes were conducted in synthetic wastewater
(M9 medium) which contained acetate (25 mM) as a sole carbon source, and to which 4% landfill
leachate was added as a source of bacteria. Two cycles were run without resistance at ambient
temperature to initiate biofilm growth. The maximum OCVs achieved in the first cycle were 608
mV and 664 mV with the SS-P and SS-P/PANi anodes, respectively. Figure 2.8(a) shows the OCV
variations obtained with both anodes over a 12-day period. Notably, upon addition of 25 mM in
the second successive batch cycle (after 5 days), the OCV increased to 649 mV and 730 mV with
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the SS-P and SS-P/PANi anodes, respectively, on the 7 and 8" day of operation of the MFCs.
The results in Figure 2.8(a) also show some correlations in time for the SS-P anode and the SS-
PANI anode during the independent measurements. This can be explained based on the three
possible major losses in a microbial fuel cell, which includes activation, ohmic and mass transfer
modes. The SS-PANi anode possess low activation potential and because it has high conductivity,
its OCV is slightly higher than that of SS-P. However, the root cause of OCV is the reaction of a
substrate in the system. Obviously, in the first cycle, the OCV is mainly based on a substrate
(minimal contribution from bacterial growth) and, as both reactors have the same substrate, there
is some correlations in the first cycle. In contrast, in the second cycle, the SS-PANi anode shows
a prolong stationary voltage phase signatures of the enrichment of electroactive biofilm formation
compared to the SS-P anode.

Subsequently, the solutions in the MFCs were replaced with fresh media and a 100 Q resistor was
applied to each MFC. The MFC with the SS-P/PANi anode achieved a successful start-up of the
current generation on the first day, as shown by the current generation curves in Fig. 2.8(b). Even
after inoculation, the MFC with the SS-P/PANi anode did not show a lag phase. This may be due
to the established biofilm growth from the previous two successive OCV cycles where no
resistance was applied. With the applied Rext (100 Q), a slow exponential trend was observed in
the current generation and after three days the current (~ 0.14 mA) was stable for two days, which
is the stationary phase of the MFC with the SS-P/PANi anode. However, on the 4" day, a sharp
decline in the current was observed in this MFC, which was attributed to the substrate depletion.
In contrast, negligible current generation was observed in the MFC with the SS-P anode. This
anode gave very slow current generation, and even after 7 days of incubation, no increment was
observed. A number of studies [9,45,46] have suggested that the PANi surface enhances the start-
up time of MFCs by favouring extracellular electron transfer from bacteria to anode material. It
can, therefore, be concluded that the faster start-up time achieved with the SS-P/PANi anode
resulted because of its high bio-electrochemical activity which is reflective of its high
biocompatibility to electrogenic bacteria. The observations in this study, therefore, demonstrate
that the MFC with SS-P/PANi anode enhanced the startup time due to the presence of the PANI

coating.
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Fig. 2.8 Performance of the MFCs with the SS-P and SS-P/PANI anodes. (a) Open circuit voltage
output during the start-up phase of the MFCs system, (b) current generation from MFCs system
with 100 Q resistance connected across the cell, (¢) polarisation curves of the MFCs with SS-P

anode, and (d) polarisation curves of the MFCs with SS-P/PANi anode.

Polarisation curves were obtained from the MFCs with the SS-P and SS-P/PANI anodes during
the second batch cycle on the 3 day. The maximum power density obtained with the SS-P anode
was 0.010 + 0.008 mW cm under 0.027 + 0.0022 mA cm™. Fig. 2.8(c) shows the polarisation
curve obtained with the SS-P anode. The maximum power density achieved with this anode was
0.0103 +0.0017 mW cm. In contrast, the MFC with the SS-P/PANi anode produced a maximum
power density of 0.078 + 0.011 mW cm under 0.199 + 0.026 mA cm normalised by cathode
area. The polarisation curve obtained with the SS-P/PANi anode is shown in Fig. 2.8(d). The
current generation across 100 Q was 0.008 mA cm™and 0.14 mA cm with the SS-P and SS-

P/PANI anodes, respectively. The performance enhancement is attributed to the PANI coating

79



which lowers the start-up time of the MFC, as evident in the observed current generation from 1
day. Also, the biological oxidation of acetate appeared to be accelerated by the presence of the
PANI coating.

2.3.4.1 Comparison with previous studies

The previously reported performances achieved by using PANi anodes in MFCs are summarised
in Table 3. The performances are compared on the basis of the type of MFCs, the substrate used,
current density, power density and number of days of operation. The enrichment time is reflected

by the start-up phase of electrogenic bacteria anode.

As the data in Table 3 demonstrate, the SS-P/PANi anode exhibited a power density significantly
higher than those achieved with PANIche/SSFF, PANIele/SSFF, and PANI/CNT in the first 6 days
of MFC batch cycle. The performance could be further improved by several magnitude after

successive batch cycles which promotes biofilm growth on the anode.

It is interesting to note from the data in Table 3 that the chemically synthesised PANI coating on
SSFF gave much higher maximum current density than the electrochemically synthesised coating,
but the latter gave much higher maximum power density than with the chemically synthesised
coating. In contrast, the electrochemically synthesised PANi coating on SS-P in our study gave
much higher maximum current density than both PANiI coatings on SSFF, while also achieving
much higher maximum power density than the chemically synthesised coating on SSFF. The
difference appeared to be due to the use of galvanostatic polymerisation for the growth of PANi

coating in our study. It produces a more uniform and more adherent PANi coating.
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Table 2.3 Comparison of the performances of PANi modified anodes in MFCs.

Type of  Vol. of Days of Anode Anode Max. Max. power Reference
MFC reacto operation material area Current density (mW

r (cm?) density cm?)

(mL) (mA cm™?)
H- 90 14 PANIche 3.24 0.149 0.0360 [5]
shaped /SSFF
H- 90 14 PANlele/ 3.24 0.0035 0.0800 [5]
shaped SSFF
Tri- NA <1 PANI/CN 1 NA 0.0042 [47]
electrode T
Dual 100 03 PANI/C 80 NA 0.157 [48]
chamber NT/CP
Dual 110 30 PANI/ 25 0.0944 0.5167 [45]
chamber CC
Single 83 09 PANI/GF 125 NA 0.4007 [9]
chamber
Single 27 06 PANI/SS 3.5 0.199* 0.078* This
chamber -P study**

* Values obtained from polarisation curves

** Normalised by cathode area

1 Volumetric power density (mW m)

2.4 Conclusion

Highly conductive and stable PANi coated SS plates have been successfully prepared by

galvanostatic polymerisation of ANi (0.4 ANi and 0.7 M nitric acid). FTIR and CV measurements

confirmed the formation of emeraldine structure on the PANi coated SS-P. Electrochemical

impedance spectroscopy were useful in understanding the mechanism of coating deterioration over
time. The preliminary test of the SS-P/PANi anode in a MFC gave a Pmax of 0.078+0.011 mW cm”

2, whereas SS-P anode produced a Pmax of 0.010+0.008 mW cm. Investigations are in progress to

determine long-term performance to achieve maximum current from the SS-P/PANi anode and

consideration of using SS wool modified with PANi to achieve a higher surface anode for more

improved microbial fuel cells.
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Chapter 3

Synthesis and utilisation of polypyrrole coated stainless steel as a low-cost

anode for high-performance microbial fuel cells

[To be submitted as, J.M. Sonawane, R.K. Singh, P.C. Ghosh, S.B. Adeloju, Synthesis and
utilisation of polypyrrole coated stainless steel as a low-cost anode for high-performance

microbial fuel cells, ChemElectroChem, Willey]
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Abbreviation:
Ag/ AgCl
EIStp

FTIR

Jmax

MEFCs

MoC

MoC

ocv

Rs
SS/PPy-P
SS-P

Silver/ silver chloride

Time-dependent electrochemical impedance spectroscopy
Fourier transform infrared spectroscopy
Maximum current density

Microbial fuel cells

material of construction

Material of construction

Open circuit voltage

Maximum power density

Polypyrrole

Pyrrole

Charge Transfer Resistance

Solution resistance

Stainless steel coated polypyrrole plate

Stainless steel plate
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Abstract

In this study, we explored the use of polypyrrole coating on stainless steel as a basis for producing
low-cost anode for MFC, with the ability to effectively promote microbial growth and retain long-
term stability. The PPy coated stainless steel plate (SS/PPy-P) was evaluated as a potential low-
cost anode for MFCs in a M9 media which contained 4% landfill leachate. Comparison of the
SS/PPy-P anode with a pristine (uncoated) SS-P anode revealed much higher OCVmax of 664127
MV, jmax Of 0.027+0.002 mA cm™?and a Pmax of 0.012+0.009 mW cm compared with an OCVmax
of 62447 mV, jmax 0f 0.070+0.028 mA cm and Pmax 0f 0.020 + 0.023 mW cm obtained in the
absence of PANi coating. Notably, during the startup phase, a 3-fold increase in current
generation was achieved with SS/PPy-P over the SS-P anode. Undoubtedly, the coating of the SS-
P with PPy (as SS/PPy-P) substantially improved its performance and its potential utilisation as
a low-cost anode for MFCs.
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3.1 Introduction

The anode plays a significant role in the performance of MFCs [1], as the anode chamber is where
electrogenic bacterial communities breakdown organic matters to generate electricity[2]. It is
therefore crucial that the anode employed has high biocompatibility [3,4], high chemical stability
[3,5], corrosion resistance to diverse wastewaters [3,6], low charge transfer resistance (Rct) [7],
and low activation overpotential [8].

Despite a recent suggestion that stainless steel (SS) is a promising anode material for construction
of high-performance MFCs [9,10], it exhibits several intrinsic properties which can be a hurdle for
large-scale MFC construction, such as poor biocompatibility compared with traditional carbon-
based anode materials. The poor biocompatibility of SS often leads to a poor electrogenic bacterial
biofilm formation [11]. Also, SS has high charge transfer resistance, hydrophobic nature, high
activation overpotential and corrodes in complex liquid media. However, these issues can be
addressed by coating SS with polypyrrole. Since PPy has been broadly demonstrated as a
biocompatible and exceptional electrical conducting medium [12].

In comparison with SS, PPy-coated anodes usually have low R, high exchange current density
(Jo), high electrical conductivity and high biocompatibility that are known to improve the
performance of MFCs. However, the coating of PPy on SS has not been widely employed as an
anode in MFCs. To the best of the authors' knowledge, there is no report available on the PPy-
coated stainless steel (SS) anode for MFC studies.

The use of conducting polymers has gained substantial interest in recent years due to they're unique
chemical and physical properties that have resulted in various applications. Among the commonly
considered conducting polymers, polypyrrole (PPy) and polyaniline (PANI) have attracted the
most interest to date. The use of PPy-coated electrodes as anodes for microbial fuel cells (MFCs)
has continued to attract some interests. Some the reported use of PPy-coated electrodes as anodes
in MFCs for generation of electricity include the use of PPy/reduced graphene oxide (rGO)
composites [13], polyurethane/graphite/PPy composite [14], PPy hydrogels/ carbon nanotubes
composite [15], MnO2/PPy composite-modified anode [16], PPye-coated Carbon Nanofiber [17]
and PPy-coated CNT composite [18]. Although composites of PANi anodes have been explored
for MFCs, the PPy coating on SS is the simple and facile approach. The PPy coating would protect
the SS from a range of complex media/ wastewaters. Also, SS could be a promising and cost-

effective alternative for high-performance MFCs.
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Although galvanostatic polymerisation is well known in the literature, it is not commonly used for
coating SS for use as MFC anodes. To our knowledge, a thorough investigation of the coating of
PPy on stainless steel has never been undertaken. There is, therefore, a need for a detailed study
of the durability of PPy coating and mechanism of coating removal. The understanding of the
mechanism of coating removal may be useful in identifying the best PPy coated electrode for
MFCs application. This may also be useful in improving the durability of the PPy coating, which
may be achieved by optimising coating thickness for the desired time and in specific liquid media
such as aggressive wastewater, landfill leachate, etc.

In this study, we have investigated the electropolymerisation of Py in L-(+)-Tartaric acid for
coating PPy on SS. In-depth, electrochemical and analytical characterisation of the PPy-coated SS
will be undertaken by time-dependent impedance spectroscopy (EIStp), Fourier transformed
infrared (FTIR) spectroscopy, electron microscopy, contact angle measurement and 3D
profilometry to obtain a comprehensive analysis of the nature and robustness of the coatings. The
optimised PPy coating on SS explored for use as an anode in a MFC with M9 media+4% landfill
leachate, and as a preliminary investigation, its performance will be measured in terms of voltage

and current generation for short duration to study the effect of PPy on MFC startup.

3.2 Materials and Methods

3.2.1 Electrochemical cell setup and sample preparation

Tri-electrode cell assembly was used for the electropolymerisation of PPy on SS plate. The SS
plates with a dimension of 1 x 1.5 x 0.1 cm were used as a working electrode. The SS-304 sheet
was procured from Ladhani Metal Corporation (Mumbai, Maharashtra, India). The SS plates were
polished using metallographic abrasive paper from grit sizes of 320, 400, 600, 800 and 1200. After
polishing SS, plates were subjected to ultrasonication in acetone to degrease the samples before
electropolymerisation. The miniature Ag/AgClI reference electrode (RRPEAGCL, Pine Research
Instrumentation, Durham, USA) was used for voltage measurement. A platinum electrode was
served as the counter electrode. A BiologicVMP3 potentiostat (BioLogic, Claix, France) was used
throughout the electrochemical experiments. EC-Lab V 10.44 software was fitted with potentiostat
for the operation and analysis of the produced data. All solutions were purged with nitrogen gas

before the beginning of polymerisation.
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3.2.2 Electropolymerisation of Polypyrrole (PPy)

For electropolymerisation of PPy, reagent grade pyrrole (Sigma-Aldrich, Sydney, Australia) and
reagent grade L-(+)-Tartaric acid (Sigma-Aldrich, Sydney, Australia) were used. PPy was
synthesised by galvanostatic polymerisation with an applied constant current density of 2.5 mA
cm in aqueous solutions containing Py monomer. PPy was synthesis with 0.1 M Py, while varying
L-(+)-Tartaric acid from 0.1 to 0.7 M. Upon observed lowest activation and stabilising voltage
considered the best condition for PPy synthesis. In later stage L-(+)-Tartaric acid concentration
kept constant and varied Py concentration from 0.1 to 0.5 M. After 15 mins of film growth, the
chronopotentiograms were analysed, and the lowest potential indicative of highest film

conductivity for each condition and accordingly concentration was optimised.

3.2.3 Surface profilometry and contact angle measurement

An InfiniteFocus microscope (Alicona, Raaba/Graz, Austria) was used to characterise the surface
properties of the PPy film. Images were taken at a different magnification ranging from 10X, 20X
and 50X. CAD/CAM suite (Alicona, Raaba/Graz, Austria) was used to analyse the surface profile
of the PPy film. Water contact angle of the PPy film was measured at ambient temperature (19 °C)
and 40% relative humidity. Sessile drop method on a telescopic goniometer C60 (USA Kino
Industry Co. Ltd, Norcross, GA) was used. Three samples were tested for reproducibility of the

results.

3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis used to study the spectral effect on the PPy film on SS plate. A Vertex 80 (Bruker
Corporation, Massachusetts, United States) FTIR spectrometer was employed to record FTIR of
SS plate, and SS coated with PPy.The attenuated total reflectance (ATR) method was used to
obtained FTIR spectra with a resolution of 4 cm=t. The wavenumbers were kept in the range of
4000-650 cm™. The Opus software (Bruker Corporation, Massachusetts, United States) was used

to determined FTIR peaks, after careful corrections of the baseline.

3.2.5 Cathode fabrication

The air cathodes were fabricated by the method reported previously [19,20]. In brief, Vulcan XC-
72, fine platinised carbon powder with 20 wt % Platinum content (Sigma-Aldrich, Sydney,
Australia) was used for coating on carbon paper. Nafion solution (5%) was used as a binder
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(Sigma-Aldrich, Sydney, Australia). The Nafion solution was mixed with Pt powder in isopropyl
alcohol; the resulted Pt ink was ultrasonicated with a probe sonicator for minimum 15 mins. The
ink coated on 12 x 10 cm carbon paper (GDS 210, CeTech, Taichung, Taiwan) with 0.5 mg cm™
loading. Utmost care was taken for uniform loading of Pt over carbon paper surface. The coated
electrodes placed in a hot air oven for six hours at 60 °C to ensure complete drying. After drying
monolayer of 5 %, Nafion solution was applied and again placed in a hot air oven for 15 mins.
Subsequently, the electrodes were hot pressed on Nafion membrane NRE-212 (Sigma-Aldrich,
Australia) under 10 kg cm at 140 °C for 3 min using Carver hot press (Carver, Inc, Wabash,
USA). Hotpressed electrodes were cut in 3 X 2.5 cm. Made cathodes were sandwiched in the

aluminium mesh (act as a cathode current collector) and acrylic flange in the MFCs reactors.

3.2.6 Experimental setup and operation of MFCs

Clear 4 mm acrylic sheets were used to fabricate MFCs reactors. The acrylic sheets were cut using
the laser technology and described dimensions of pieces were used to construct MFCs. The base
of MFC was made of three pieces stacked together with a dimension of 6.8 x 6.8. The top and
bottom made up of 3 x 2.5 cm acrylic pieces. A cube with inner dimension 3 x 3 x 3 was fixed.
This acted as an anode chamber with a working volume of 27 cm?. The rectangular void was placed
on the opening of the assembled structure. The void served as a house for air cathode. On top of
the cathode, the aluminium mesh was placed, and the acrylic flange was tightened with nut and
bolts. The MFCs are equipped with inlet and outlet for the refilling of media. The projected surface
area of anodes was 3.5 cm?, whereas the air cathode surface area was 7.5 cm?. The performance

of MFC was evaluated with normalised cathode surface area.

3.2.7 Operation of MFCs

All MFCs were fed with synthetic wastewater (M9 media) containing sodium acetate (25 mM) as
a sole carbon source. The composition of the M9 media per L of distilled water is as follows:
NH4Cl: 0.31 g, KCI: 0.13 g, NaH2P04.H20: 2.69 g, Na;HPO4: 4.33 g, and 12.5 mL of each trace
metal and vitamin solutions [21,22]. The study suggested that landfill leachate is the most
promising substrate for microbial fuel cells [19]. The 4% landfill leachate (collected from the
landfill site, Suez Environment, Melbourne, Australia) was inoculated as a source of bacteria in

M9 media. All experiments were conducted at room temperature 25+2 °C. The reactors were
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flushed with N2 gas for five mins, and media was purged with N> for 30 mins before inoculation
to ensure removal of Oz to minimise aerobic oxidation of M9 media. The experiments were
conducted in a fed-batch mode. After a batch cycle, 90 % media replaced with new M9 media.
Initially, MFCs were operated under open circuit mode for two cycles then 100 Q external resistor
was applied to evaluate current generation after biofilm formation in two successive cycles. All
experiments were conducted in triplicates. A set of experiment was carried out with M9 media

without bacterial inoculum as a control experiment.

3.3 Results and discussion

3.3.1 PPy film formation with L-(+)-Tartaric acid

Electropolymerisation of PPy on SS plate was carried out in L-(+)-Tartaric acid from 0.1 M —0.7
M, while Py concentration was kept constant. 2.5 mA cm constant current was applied for 15
mins. The galvanostatic polymerisation was used to deposit PPy over SS plate using Py in L-(+)-
Tartaric acid. Various concentration ranging from 0.1 — 0.7 M. The L-(+)-Tartaric acid
concentration was varied from 0.1 — 0.7 M in the presence of 0.1 M Py. Fig 3.1a. Shows that the
use of 0.1 to 0.4 M L-(+)-Tartaric acid gave distinctly higher activation and stabilisation potentials
that gradually decreases with increasing L-(+)-Tartaric acid concentration up to 0.4 M. In contrast,
the use of 0.5-0.7 M L-(+)-Tartaric acid gave very close activation and stabilisation potentials.
Subsequent variation of pyrrole concentration from 0.1 M to 0.5 M revealed that 0.1 M pyrrole
gave high activation potential and did not appear to form a conductive PPy film, as reflected by
the increasing electrode potential in Fig. 3.1b. In contrast, the use of 0.2 — 0.5 M Py gave very
close activation potentials but slightly different stabilisation potentials. Overall, a monomer
solution which contained 0.4 Py and 0.7 M L-(+)-Tartaric acid gave the most stable and conductive

PPy coatings on SS plate.
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Fig. 3.1 Chronopotentiograms obtained for the formation of a PPy layer on SS plate with (a)
varying L-(+)-Tartaric acid concentration in the presence of 0.1 M Py and (b) varying Py
concentration in the presence of 0.7 M L- (+)-Tartaric acid. L-(+)-Tartaric acid concentrations in
(@): (1) 0.1, (i1) 0.2, (ii1) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6, and (vii) 0.7 M. Py concentrations in (b): (i)
0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, and (v) 0.5 M.

The conditions for achieving optimum PPy coatings on SS plates with L-(+)-Tartaric acid are

summarised in Table 3.1.

Table 3.1 Optimum activation and stabilisation potentials obtained for PPy formation on SS plate

from L-(+)-Tartaric acid with different Py concentrations.

Acid/Salt Concentration Py Activation Stabilisation
(M) Concentration  Potential Potential
(M) (Ea/V) (Es/V)
L-(+)-Tartaric acid 0.7 0.4 0.704 0.658

3.3.2 PPy coating characterisation

3.3.2.1 Fourier Transform Infrared Spectroscopic Studies of PPy Films

Infrared analysis was carried out on the PPy film synthesised from 0.4 M Py and 0.7 L-(+)-Tartaric
acid concentrations. To identify the spectral effect on PPy film. (Only spectra of PPy formed from
L-(+)-Tartaric acid is shown). The spectra (Fig. 3.2a) with Gaussian deconvolution of absorption
bands centered at 1733 cm™ are assigned to the free and site-specific interactions of the carbonyl
group [23]. The strong band observed at 1658 cm™ are attributed to the C=0O stretch. The
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absorption peak at 1658 cm™ was due to a -C=0 linkage in the PPy film. The C=0 structure at the
B-C of pyrrole ring is typically due to the oxidation of polypyrrole [24]. The bands at 1339 and
1069 cm™* correspond to =C-H in-plane vibrations, while the band at 828 cm™ is due to out of
plane vibrations indicating polymerisation of pyrrole [25]. The bands located at 951 cm™ are
attributed to the C-H out of plane deformation of Py units. Thus, the FTIR spectroscopic study
confirms the presence of PPy coating on the SS plate [24]. The peak at 796 cm™ corresponds to C—
H out of plane ring deformation [26]. Hence, the above characteristic peaks confirm the PPy film
on SS.

3.3.2.2 Contact angle measurement

Fig. 3.2b shows contact angle of SS plate (a, a’) and SS/PPy-P (b,b"). The SS plates show
hydrophobic (103°) surface. Even after soaking (99°) in water it remained hydrophobic (6>90°).
Its initial contact angle was 105° (hydrophobic 6<90°), and after soaking in water, the contact
angle dropped to 37° (hydrophilic, 6<90°). So, the PPy coated SS plate has a tendency to become
hydrophilic when exposing to the aqueous medium. This observation explains the significant
differences in the coating resistance observed for the PPy coatings when exposed to an aqueous
NaCl solution. The much higher change in coating resistance observed for the PPy-coated plate

was clearly due to the stronger hydrophilic nature of the coating.

Polypyrrole (a)

1733

Absorbance

1 A 1 A 1 A 1 A 1

3000 2500 2000 1500 1000 500

Wavenumber (cm?)

(b)

After soaked in
water for 1 min
———————

After soaked in
water for 1 min
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SS plate.

3.3.2.3 Scanning Electron Microscope

A scanning electron microscope was used to characterise the synthesised PPy on SS synthesised
from galvanostatic electropolymerisation using 0.4 M PPy in 0.7 M L-(+)-Tartaric acid. The
surface topography shows high surface nanofibers. The SEM micrographs reveal the PPy

compact cauliflower structure as shown is Fig. 3.3c.

3.3.3 Evaluation of coating durability by time-dependent electrochemical spectroscopy

As the prime property displayed by conductive polymers is electrical conductivity, the use of
electrochemical impedance spectroscopy was explored to evaluate the coating Kinetics, coating
stability and associated electrochemical reactions [27,28]. The equivalent circuit in Fig.3.3a used
to assess Rct. Both synthesised PPy coatings were immersed in a corrosive (0.1 M NaCl) solution
at ambient temperature. The aim was to determine initial coating resistance and monitor change in
coating resistance over a period in the corrosive solution. So, to achieve this goal, the samples
were subjected, after every 24 hrs. EIS measurements at varying scanning frequency from 1 MHz
to 10 mHz. The collected data was analysed with the EC lab software. The Rt was estimated using
an equivalent circuit (shown in Fig. 3.3a). The Rct change was monitored for 7 days. The change

in coating resistance is shown in Fig. 3.3b. Bode plots suggest that the response was shifted from
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a higher frequency to lower frequency over a period due to stimulated defects in the coating at the
place where water molecules and ions easily transferred through the film. The frequency response
and bode plot is given in Fig. 3.3 a and b, respectively. Rt can be attributed to the charge transfer
resistance owing to the ionic transfer through the coating pores, and it normally decreases with the
increase in the time. Electrolyte and oxygen penetrate through the cracks from coatings reach the

metals which leading to the initiation of the deterioration [29].
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Fig. 3.3 Electrochemical analysis of PPy coating by time dependant electrochemical spectroscopy;
a) The equivalent circuit utilised for impedance; b) Change in PPy charge transfer resistance as a
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phase shift in the Bode plots of PPy film synthesised from 0.4 M pyrrole in 0.7 M L-(+)-Tartaric

acid
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Table 3.2 Change in charge transfer resistance [(Rct (Ohm.cm2)] for PPy formed in L-(+)-Tartaric

acid.

Days L-(+)-Tartaric acid (PPy)

0 11.89
1 14.46
2 17.37
3 23.75
4 23.52
5 26.19
6 30.28
7 30.14

3.4 Performance of microbial fuel cells

The uncoated SS plate (SS-P) and PPy coated SS plate (SS/PPy-P) anodes were explored for MFC
performance. The MFCs operated in M9 media with 25 mM acetate and 4% landfill leachate as a
source of bacteria. In a previous MFC study, it was demonstrated that landfill leachate is an
efficient substrate for MFCs [19]. Two batch cycles were initially run without external resistance
at ambient temperature to allow for the establishment of biofilm on the anodes. The maximum
OCVs achieved with the SS-P anode were 608+32 mV and 664+27 mV from the first and second
cycles, respectively. In contrast, the SS/PPy-P anode gave maximum OCVs of 355+33 mV and
624+47 mV from the first and second batch cycles, respectively. The OCV curves are shown in
Fig. 3.4a. After two successive cycles, the MFCs were again fed with 25 mM sodium acetate, and
an external resistor of 100 Q was applied to both systems. The MFC with the SS/PPy-P anode did
not show lag phase with the addition of fresh sodium acetate solution, which may be attributed to
the successful biofilm formation during the two successive batch cycles conducted in the absence
of an external resistance load. Remarkably, the SS/PPy-P system accomplished a successful start-
up of the current generation on the first day, as shown in the current generation curves in Fig. 3.4b.
A stationary current is observed during the current generation (~0.025 mA cm) for three days.
After the stationary phase, a sharp fall in current was on the fourth day of the operation with the
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SS/PPy-P anode, possibly due to the substrate depletion and generation of toxic substances from
the bacterial metabolic activities.

In contrast, the MFC with the SS-P anode generated much less current. On the first day, only a
current of 0.012+0.009 mA cm™? was produced. A later slow decline was observed for the
remaining six days of operation. These findings prove that the use of the SS/PPy-P anode
significantly lowers the startup time of the MFC due to the more efficient bacterial growth on the
anode surface, as well as the efficient extracellular electron transfer from the biofilm to the anode.
The polarisation curves obtained, as shown in Fig. 3.4c, on the third day of operation of the MFCs
during the second batch cycle, revealed that the SS-P anode gave a Pmax of 0.010+£0.008 mW cm’
2 under 0.027+0.0022 mA cm current density normalised by cathode area. In contrast, as shown
in Fig. 6d, the SS/PPy-P anode gave a Pmax of 0.020+0.023 mW cm under 0.070 +0.028 mA cm"

2 normalised by cathode area.
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Fig. 3.4 Performance of the MFCs fortified with SS-P anode and SS/PPy-P anodes. a) Open circuit
voltage output during the start-up phase of the MFCs system. b) current generation from MFCs
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system by connecting 100 Q across the cell. ¢) Polarisation curves of the MFCs with SS-P anode.
d) Polarisation curves of the MFCs with SS/PPy-P anode.

3.5 Conclusion

The PPy coating on SS-304 has been successfully prepared by galvanostatic polymerisation of PPy
monomer solution Py monomer solution 0.4 M Py in 0.7 M L-(+)-Tartaric acid under 2.5 mA cm"
2 constant current density for 15 mins. The coated PPy/SS-P after immersed in 0.1 M NaCl solution
and the time-dependent EIS(tp) performed after every 24 hours’ time for seven days to study the
change in coating resistance. The FTIR measurements confirm the formation of PPy on SS plate.
Thus, suggesting a significant difference in the longevity of the coating in both dopant media.
Therefore, PPy prepared in 0.4 M Py in 0.7 M L-(+)-Tartaric acid is qualified for long-term
protection to corrosive media and could be useful for MFCs anode.3D profilometry and Bode plots
revealed the mechanism of coating deterioration over the time. The contact angle measurement
with SS/PPy-P was hydrophobic and only became hydrophilic when immersed in water for few
mins. The optimised SS/PPy-P anode in preliminary test in MFCs gave a Pmax 0f 0.020+£0.023 mW
cm, whereas SS-P anode produced a Pmax of 0.010+0.008 mW cm2. The careful synthesis of PPy
on SS is a crucial factor for achieving best MFC performance. However, long-term performance
studies are required to achieve maximum power generation from SS/PPy-P anode MFCs in real
wastewater. Further, PPy coating on high surface SS materials can be considered a better option

for improving MFC performance.
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Chapter 4

Electrokinetic behaviour of conducting polymer modified stainless steel

anodes during the enrichment phase in microbial fuel cells

[Submitted and under review as, J.M. Sonawane, P.C. Ghosh, S.B. Adeloju, Electrokinetic
behaviour of conducting polymer modified stainless steel anodes during the enrichment phase in

microbial fuel cells, Electrochimica Acta, Elsevier, Accepted]

107



Nomenclature:

(#Rext)
(>>Rext)
(Rext=Rext)
=

Io

jo

Jomax

KO

R

R

Ret

Rext

Rint

Abbreviation:
2D

3D

Ag/ AgCl
ARB

BV

CNT

COD
CPHS/CNTs
E

EIS

FTIR

LSV

MFCs

Operated in activation region [NO Rext, 2]

Operated in mass transfer region [very low Rex:, Q]

Operated in Ohmic region [Rext=Rint, Q]
Faraday’s constant [96,485 C mol™]
Exchange current [mA]

Exchange current density [mA cm™]

Maximum exchange current density [mA cm™]

Rate constant [m s™]

Ideal gas constant [8.31 J mol™ K]
Resistance [Q]

Charge transfer resistance [Q]
External resistance [Q]

Internal resistance [Q]

Absolute temperature [K]

Overpotential [mV]

Two dimensional

Three dimensional

Silver/ silver chloride

Anode respiring bacteria
Butler-Volmer equation

Carbon nanotubes

Chemical oxygen demand

PPy hydrogels/carbon nanotubes
Electrode potential (mV)
Electrochemical impedance spectroscopy
Fourier transform infrared spectroscopy
Linear sweep voltammetry

Microbial fuel cells

108



OCV

PAN

PANIi

PPy
PPY/AQDS
PS

PSC

Ret

Rs
SS/PANI-P
SS/PANI-W
SS/PPy-P
SS/PPy-W
SS-P

SS-P

SS-w
SS-W

T

Xred

Open circuit voltage
polyacrylonitrile
Polyaniline

Polypyrrole

polypyrrole/anthraquinone-2,6-disulphonic disodium salt

Polysaccharides

Potential step chronoamperometry
Charge Transfer Resistance

Solution resistance

Stainless steel coated polyaniline plate
Stainless steel coated polyaniline wool
Stainless steel coated polypyrrole plate
Stainless steel coated polypyrrole wool
SS plate

Stainless steel plate

Stainless steel wool

Stainless steel wool

Temperature (K)

concentration of the redox couple (mM)

109



Graphical abstract

Enrichment of MFCs with defined external resistance

R Q

Without R,
(Open circuit mode)

— With R =R;,,
(Ohmic region)

un) 1omog

Cell voltage (V)
uonIpaad uoneIIUIS M0 g

Q —p With very low R,
(Mass transfer region)

I
| | |

Performance - Exchange current density (j;)
Current (iy)

110



Abstract

Two of the major bottlenecks in achieving large-scale power generation with MFCs to date are
the low power output and the usually long start-up time, both of which are mainly associated with
poor bacterial kinetics and inefficient anode electrode materials. We have demonstrated in this
study that the electron transfer kinetics of stainless steel (SS) can be significantly improved by
modification with polyaniline (PANi) and polypyrrole (PPy). Furthermore, we have demonstrated
that the kinetics of the bacterial growth can be significantly enhanced by the application of a
carefully selected external resistance (Rext), resulting in significantly shorter start-up time. The
half-cell reactors used for the investigations were enriched under different conditions including
without Rext (Open circuit mode), with Rexx=Rint (Ohmic region), and with very low Rext (mass
transfer region). The MFC anodes enriched under Rex=Rint gave maximum exchange current
density (jomax) on the 4™ day of operation. The calculated jomax for SS wool, PANi-wool, and PPy-
wool anodes were 0.03 + 0.02 mA cm, 1.05 + 0.04 mA cm™ and 0.5 + 0.04 mA cm™, respectively.
The lowest charge transfer resistance (Re) of 0.23 Q cm™ was obtained with SS/PANi-wool anode
which exhibited the highest electron transfer kinetics and better compatibility than SS/PPy-wool.
The high current drawn from the system during the biofilm establishment phase did not support
electroactive biofilm formation because it prevented the growing anode-respiring bacteria (ABR)

from providing sufficient electron flow to the counter electrode.
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4.1. Introduction

Over the past decade, electron transfer process in microbial fuel cells (MFCs) has been studied
extensively [1-3]. It has been established that the imposition of external resistance (Rext) influences
the ability of the anode to act as an electron acceptor and electron flux through the circuit [4].
While it is known that the chosen electrode material influences the MFC performance,
conductivity, and the nature of the resulting biofilm [5,6], its anodic performance can also be
controlled by imposing an external resistance to the system [4,7]. When applied, the external
resistance directly influences the current generation and the removal of chemical oxygen demand
(COD) by controlling the flow of electrons from the anode to the cathode [8,9]. Furthermore, the
MFC design and operational conditions affect the bacterial dynamics and metabolism [10,11].
Although it has only recently been reported [12] that stainless steel (SS) is a promising electrode
material for MFCs, it has been increasingly realised that there are several issues with the use of SS
for this purpose. For example, when compared with carbon-based anode materials, SS has poor
compatibility, which results in an inadequate electroactive bacterial colonisation on its surface.
[13] However, it is possible to improve the better compatibility of SS by surface modification with
conducting polymers [14-16]. Modification of SS plates with PANi and PPy films has been
considered in some studies [13,17-20] for improving compatibility and increasing apparent
surface area accessible for bacterial colonisation. In recent years, there has been an increasing
interest in using conductive polymers as anode materials in MFCs. A SS-polyaniline (SS-PANI)
anode has been used in a MFC [13], and 3D macroporous anodes were also constructed by coating
PANI on a SS fibre felt. These modified electrodes provided large surface areas for microbes to
grow in 3D, as well as providing a large electrochemically active surface area for reaction and
interfacial electron transfer [13]. HSO4 doped polyaniline modified carbon cloth anode has been
successfully used to achieve a maximum power density of 0.0056 mW cm3[21]. Also, the required
start-up time was reduced by two days, and the Rint decreased from 261 Q to 90 Q [22]. Also, PPy
and nanostructured PPy have been employed as anodes in MFC [23]. In another case, a composite
electrode with poly(methylene blue) and PPy electrodeposited onto a stainless steel electrode was
used in MFCs [24].

Molognoni et al. [25] have recently demonstrated the influence of external resistance on the start-
up time of MFC. By matching Rex: with internal resistance (Rint) upon application of the calculated
resistance, it has been demonstrated that MFC power output and coulombic efficiency were
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increased. Furthermore, the maximum flow of electrons from the anode to the cathode can also be
reduced by application of Rext.. Therefore, to minimise energy losses, it is desirable to operate an
MFC at an optimal resistance where Rext=Rint. [25]. Remarkably, it has been reported that the
influence of Rext on pure culture MFC is not significant since it is limited for defined electron
transfer process [26,27]. However, the application of Rex is important for mixed culture
communities because of its complex and synergistic current generation from various communities
of bacteria in the same growing condition. Some studies have suggested that the cellular electron
transfer rate is higher with the application of a larger external load which resulted in a thick mature
biofilm, whereas poor biofilm developed at lower Rext. [27,28] As the Rex: of the system affects the
substrate consumption by the bacterial community, it also directly influences the kinetics of the
bacterial community and the overall anode kinetics [4,9]. Therefore, the application of Rex: directly
affects the enrichment of bacterial communities at different Rext [29]. Many researchers have
studied the influence of Rex: on the microorganism growth and diversity [8,9,27]. It was observed
that when enriched under lower Rex, the biomass produced in the MFC was less than in
conventional anaerobic digestion [8]. So, it is possible to trace the complexity of anodes used in
MFCs. Most studies concluded that a change in microorganism diversity was observed when
applied external resistance was changed [4,9,29,30]. However, the effect of the imposition of
external resistance on the electrokinetic behaviour of conducting polymer-modified SS electrodes,
as well as its role in facilitating microorganism diversity and its influence on start-up time when
used in MFCs, has never been considered. This may be critical for the successful adoption of
conducting polymer-modified SS anodes for achieving optimum MFC performance.

In a previous study [20], we demonstrated the use of polyaniline (PANi) modified stainless steel
plates (SS-Ps) as low-cost anodes for MFCs and achieved a reasonably efficient microbial growth
and retention of long-term stability. In the present study, we explore the use of two conducting
polymers, PANiI and PPy, for surface modification of SS electrodes as a basis for improving their
biocompatibilities, surface area and performance. To understand the influence of the nature of the
chosen SS material on the achieved performances, we considered two types of stainless steel as
SS plate (SS-P) and SS wool (SS-W). The performances of the resulting SS-P, SS-W, SS-PAN!-
P, SS-PANIi-W, SS-PPy-P and SS-PPy-W electrodes were investigated as anodes for MFCs. The
effect of the imposition of Rext on electroactive bacterial kinetics in terms of exchange current

densities were studied by using a M9 media and landfill leachate as the source of bacteria.
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Electrochemical measurements, such as anodic Tafel plots, and electrochemical impedance
spectroscopy were employed to gain a more detailed understanding of the kinetic behaviour of the
bacterial community under different operating conditions with the SS, SS-PANi and SS-PPy
anodes. Furthermore, to gain a full understanding of the complexity of biofilm formation on the
anodes under various operating conditions, Fourier transform infrared spectroscopy (FTIR)

spectroscopy was employed.

4.2 Experimental

4.2.1 Synthesis of PANi and PPy on SS

A SS-304 sheet was purchased from Ladhani Metal Corporation (Mumbai, India). The SS sheet
plates were polished progressively using metallographic abrasive paper with grit sizes of 320, 400,
600, 800 and 1200. The working electrode dimensions were 1.0 x 1.5 x 0.1 cm. The SS-W was
purchased from a local market from Mumbai, India. The apparent surface area of the SS-W was
25 cm?. All SS plates and wools were cleaned in absolute ethanol by ultrasonication for 15 mins.
For modification of SS with polyaniline (PANi) and polypyrrole (PPy), reagent grade 0.4 M aniline
monomer and 0.4 M pyrrole monomer solution were used in 0.7 M nitric acid and 0.7 M L-(+)-
Tartaric acid, respectively (Sigma-Aldrich, Melbourne, Australia). PANi and PPy were
synthesised by galvanostatic polymerisation of the monomer solutions at an applied constant

current of 2.5 mA cmfor a polymerisation time of 15 mins.

Fig. 4.1 Characterisation of anode materials by SEM. (a) Pristine SS, (b) SS-PANI, and (c) SS-
PPy.

The scanning electron micrographs obtained from the pristine SS, SS-PANi, and SS-PPy are
shown in Fig. 4.1. It is obvious from the micrographs that the coating of SS with PANi and PPy
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resulted in distinct morphological changes that are consistent with those attributed to each

conducting polymer.

4.2.2 MFC configuration

All experiments were performed with eighteen identical MFC half cells made of plastic reagent
bottles (each with an empty bed volume of 50 mL). The cells were housed with a SS-P, SS-W, SS-
P coated with PANi (SS/PANi-P), SS-W coated with PANi (SS/PANi-W), SS-P coated with PPy
(SS/PPy-P), and SS-W coated with PPy (SS/PPy-W). Miniature Ag/AgCl electrodes
(RRPEAGCL, Pine Research Instrumentation, Durham, USA) were used as reference electrodes.
A titanium mesh was used as a counter electrode in each cell. For all electrochemical
measurements, a potentiostat (VMP3, Biologic, Claix, France) fitted with EC-Lab Software
V10.44 for data processing was used. All cells and M9 solutions were sparged with nitrogen for

10 mins to remove oxygen before the commencement of each experiment.

4.2.3 Operation

Triplicate of each MFC with the different SS anodes were enriched using a M9 media [31] under
different conditions and 25 mM sodium acetate served as a sole carbon source. 4% Landfill
leachate was used as inoculum in the M9 media, as previously demonstrated that landfill leachate
is a promising feed for MFCs [32]. The landfill leachate was sampled from a local landfill site
(Suez Environment, Melbourne, Australia). The M9 media + 4% landfill leachate and the cells
were sparged with nitrogen gas for ten minutes to maintain anaerobic conditions inside the cells.
Fig. 4.2 provides the graphical representation of a typical polarisation curve and the operating
points employed for all MFCs at the defined resistor. Typical MFCs follows kinetic losses such as
activation, Ohmic, and mass transfer losses [33,34]. In order to simulate similar conditions, we
enrich electrogenic bacterial growth on each anode by applying specific external resistance during
the enrichment step. The MFCs enriched without externally applied resistance is referred to as
enrichment in the activation region. Those enriched when Rexi=Rint is referred to as enrichment in
the Ohmic region, while those enriched with the application of very low external resistance is
referred to as enrichment in the mass transfer region. All MFCs were enriched in triplicate under

each condition with each for seven days in an incubator at 37 °C.
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Activation Ohmic Mass Transfer
1Region Region Region

Cell voltage (E)

Operating at open circuit voltage (No Rext)
C) Operating at optimum resistance (Rext = Rint)
. Operating at very low resistance (Very low Rext)

Current (i)

Fig. 4.2 Operating points employed for MFC performance evaluation: 1. All sets of MECs
enriched in the activation region (without external resistance) 2. All sets of MECs enriched in the
Ohmic region, where Rex:=Rint 3. All sets of MFCs enriched with the application of very low

resistance in the mass transfer region.

4.2.4 MFC performance evaluation

4.2.4.1 Maximum current generation from the different SS anodes

All cells with SS anodes as working electrodes and titanium mesh as the counter electrode were
connected to the potentiostat for chronoamperometric measurements to determine the maximum
current generated from each cell. Potential step chronoamperometry (PSC) was used to evaluate
the maximum currents passed through the working electrodes. The voltage applied to the working
electrodes was varied from 100 mV to 0.7 V for 10 s with Ag/AgCI electrode as a reference
electrode. The voltage step was 0.100 V, and the current was recorded at 5 pA interval. The
maximum current flow was recorded for each anode (working electrode). By Ohm's law, the
required applied resistance was calculated for each anode from the maximum current. Table 4.1

provides the applied resistance employed with each anode for a seven day period.

4.2.4.2 Electrochemical characterisation

Anodic Tafel plots were recorded for all cells on day zero after immediate addition of substrate.
After performing electrochemical measurements, the desired resistances were connected to the
respective cells placed in an incubator at 37 °C. The MFCs were enriched for 23 hrs to permit
microbial colonisation on the surfaces of the anodes without disturbance. Afterward, the applied

resistance was carefully detached from each cell, and all MFCs were left to stabilise for 1 hour at
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ambient temperature to reach maximum open circuit potential. Then, further electrochemical
measurements were conducted on the cells to identify the effect of the incubation time and applied
Rext ON the bacterial community. EIS was used to determine noticeable changes in the impedance,
while LSV was employed to obtain Tafel curves. After these measurements, all MFCs were again
re-connected to the same resistance values used previously and then enriched for a further 23 hrs.
This procedure was repeated until the measured electrochemical performances had completely
depreciated. Then, time-dependent electrochemical impedance spectroscopy was employed for
measuring observable changes in impedance of all MFCs. All measurements were recorded in an
open circuit mode. All anodes were employed as working electrodes and used each time in
conjunction with a Ag/AgCl as a reference electrode and a titanium mesh as a counter electrode.
The EIS measurement was conducted to identify the effect of electrogenic bacterial enrichment,
which resulted from the applied Rext, on changes in the impedance measurements. The
measurement was conducted at a frequency of 100 MHz to 10 mHz and a sinus amplitude of 10
mV at 6 points per decade. The cells were run again for 15 minutes in OCV mode. Subsequently,
Tafel plots were recorded for each cell by sweeping the voltage from open circuit potential to 150
mV at a scan rate of 1 mV s, After application of an overpotential (1), positive deviation from
OCYV to 150 mV shows an initial lag of | and further Tafel lines became linear. By using the Tafel
equation, the X-axis intercept is the log of the current exchange densities (In jo). The Tafel plots
were analysed by using the EC-Lab® software (Bio-Logic Science instruments).

Similar control experiments were run in the sterile M9 media. A slight variation of the coatings in
the M9 media was observed. All the experimental values were corrected by subtracting the results

obtained for the control experiments.

4.2.4.3 Tafel Plot
Tafel plot, as derived from the equation below [35], was employed for measurement of the reaction

kinetics at the various anodes:

‘ F
In| - |= ﬁ[i]
iy RT
where io is exchange current density, i is the electrode current density (mA m2), (] [is the electron

transfer coefficient, R is the ideal gas constant (8.31 J mol -1 K-1), F is the Faraday’s constant

(96,485 C mol™), T is the absolute temperature, K and # is the activation overpotential. Ag/AgClI
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electrode was used as the reference electrode and was placed in the half-cell of the MFC during
the measurements. The purpose of using Tafel plot was to calculate the ig and Ret values. The ig is
a fundamental parameter in the rate of electrooxidation or electroreduction of a chemical species
at an electrode in equilibrium. The charge transfer resistance (Rct) was calculated from the

following equation: [36]

_RT

R, =
nFi,

ct

where n is the number of electrons.

By analysis of the Tafel plot, the exchange current density (jo) was calculated. Based on the Tafel-
type linear equation obtained from the graphs, the slope was F/RT, and the y-axis intercept was

the logarithm of the exchange current.

4.2.4.4 Polarisation behaviour of the anodes

Electrochemical measurements, including the polarisation behaviour of the anodes (Tafel plots),
were carried out to determine the electrokinetics of the anodes in individual MFCs under variable
enrichment conditions. MFCs were enriched under three conditions: (i) at activation zone without
applied resistance (OCV, #Rext), (i) at Ohmic region, where Rexi=Rint, and (iii) in the mass transfer
zone, i.e., very low Rext (>>Rext). The EIS results revealed a significant change in impedance for
the different anodes under the varying conditions.

For each cell, the Tafel plot was recorded after 24 hours as described in section 2.4.2, the exchange
current density, jo, was determined by extrapolation to » = 0 of linear regression (R2 > 0.99) from
n =0 - 150 mV. By applying 150 mV overpotential to the working electrode, the jo values then
depend on charge limited electrochemical process where mass transfer is limited during the
measurement. As jo is indicative of the rate of electron exchange between the bacterial cells at
equilibrium, a higher jo value would indicate the involvement of a faster electron exchange rate,
[37] a lower activation energy barrier for forward reaction and a high electrochemical reaction rate
[37,38]. The jo trend can thus be correlated with the classical bacterial growth curve during the
start-up phase of MFCs. The growth curve is solely based on bacterial kinetics which occurs in a

few hours or days, and it depends on several intrinsic and extrinsic factors [39].
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4.2.4.5 Fourier transform infrared spectroscopy (FTIR)

Vertex 80 (Bruker Corporation) FTIR spectrometer was used to record FTIR spectra of pristine
stainless steel (SS-304), SS/PANiI and SS/PPy anodes after incubation in M9 media for seven days
under various operating conditions. The measurements were performed at 22 °C in an air-
conditioned room. The attenuated total reflectance (ATR) mode with a resolution of 4 cm™ was
used to record all FTIR spectra. The recorded wavenumbers were in the range of 4000-650 cm™
for all samples. For each anode, three different points were examined intricately, and an average
spectrum was calculated. The baseline corrections were made carefully, and peaks were

determined with the aid of the Opus software (Bruker Corporation, Massachusetts, United States).

4.3 Result and discussion

4.3.1 Maximum current generation

The maximum currents produced with the SS-P, SS-W, SS/PANi-P, SS/PANi-W, SS/PPy-P and
SS/PPy-W anodes were recorded by applying a linear sweep voltammetry to the individual anode
from 0.1to 0.7 V. The voltammograms showing the maximum current densities (jmax) Obtained for
the different anodes are shown in Fig. 4.3. Evidently, the SS/PANI-P and SS/PANi-W anodes gave
jmax @t 0.6 V. This is consistent with the jmax Obtained at 0.6 — 0.7 V in other studies [40,41].
Considering an applied voltage of 0.6 V, the respective jmax for all anodes were used to calculate
the resistance of the system. The jmax Obtained for SS-P, SS-W, SS/PPy-P and SS/PPy-W anodes
were 0.26 + 0.14,1.03 £ 0.11, 1.12 + 0.09, and 6.41 + 0.24 mA cm?, respectively. It was obvious
from these results that the PPy coatings resulted in substantial increase in the jmax by a factor of
over 4-6, with the higher increase observed with the SS/PPy-W. In contrast, the PANi coatings
resulted in higher jmax values of 3.35 + 0.24 mA cm™ and 8.75 + 0.32 mA cm™ for the SS/PANi-
P and SS/PANI-W anodes, respectively. These represent increases of between 8 and 13 due to the
PANI coating. From the current obtained at 0.6 V, the applicable resistance (R) were calculated by
using the Ohms law, and the resulting resistance values were considered as optimum (Rext=Rint) for
a maximum current generation for the respective anodes. All applied resistance were +10 % of

calculated values from the I-V curve.
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Fig. 4.3 I-V curves obtained with SS-P, SS-W, SS/PANI-P, SS/PANi-W, SS/PPy-P and SS/PPy-

W anodes used to determine maximum current.

Table 4.1 Applied resistance to the MFCs for evaluation of kinetics under various conditions

Electrode Mode of operation Rext (Ohm) Electrode Mode of operation Rext (Ohm)
SS-P Without resistance NA SS-W Without resistance NA

SS-P Rext=Rint 800 SS-w Rext=Rint 100

SS-P Rexi=very low 90 SS-W Rexc=very low 10
SS/PANI-P Without resistance NA SS/PANI-W  Without resistance NA
SS/PANI-P Rext=Rint 60 SS/IPANI-W  Rex=Rint 10
SS/PANI-P Rexc=very low 10 SS/IPANI-W  Rex=very low 5

SS/PPy-P Without resistance NA SS/PPy-W Without resistance NA
SS/PPy-P Rex=Rint 200 SS/PPy-W Rex=Rint 20
SS/PPy-P Rexi=very low 20 SS/PPy-W Rexc=very low 5

4.3.2. Bioelectroperformance of anode materials during incubation

4.3.2.1 Exchange current densities of anode materials

All the anode materials were enriched under activation zone (#Rext), external load with Rext=Rint
and very low load under mass transfer mode. The jo values obtained under the various operating

resistors are given in Table 2. The jo values obtained for SS-P system under OCV and mass transfer

120



conditions were similar, whereas relatively higher jo values were obtained when enriched under
Rext=Rint. The jo values obtained for MFC with SS-P anodes enriched without load were almost
stable for 1-5 days before deteriorating. The system enriched under Rex:=Rint reached a maximum
jo on the 4™ day, as shown in Fig. 4.4(a). The changes in jo values for all system is given in Fig.
4.4. It is important to note here that the jo_apparent referred to in this Fig. 4.4 is the exchange current
density normalised by the actual surface area of the electrode instead of the electrochemical or
BET surface area. A high electrogenic activity was observed when enriched at Rext=Rint. All
systems demonstrated a short lag phase followed by a transient exponential phase. Long stationary

phase was observed without much increment upon enrichment in all SS-P systems.
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Fig. 4.4 Variation of jo values obtained for all SS based MFC systems with time. (a) MFCs with
SS-P anodes, and (b) MFCs with SS-W anodes.

In contrast, the jo values obtained for SS-W system under OCV and mass transfer conditions, as
given in Table 4.2, were distinctly different with the latter giving lower value, but the jo values
obtained when enriched under Rex:=Rint Was also slightly higher. Fig. 4.4(b) shows that the data
obtained from Tafel plot for SS-W anodes enriched in the activation zone (#Rext), and in the mass
transfer region (>>Rex) followed the same jo trend with a 24-hr lag phase. Both systems
demonstrated a slow exponential phase with transient stationary phase, followed by a logarithmic
decline. On the other hand, the MFCs with the SS-W anode enriched in the Ohmic region
(Rex=Rint) behaved differently with a jo value of 0.015 + 0.001 mA cm™. The variation of the jo of
the MFC with the SS-W anode with time is shown in Fig. 4.4(b). The sudden increase in the jo
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observed on the 1% day for the SS-W anode enriched under Rex: =Rint Signified a transient lag phase
where the bacteria on the surface has adjusted to the new environment. From day 1 to 3, an
exponential phase was observed followed by a stationary phase for one day.

Table 4.2 shows that when coated with PANI, the jo values obtained for SS/PANI-P increased
considerably for all conditions. Notably, the jo values obtained for the SS/PANI-P system under
OCV and Ohmic region (Rexc=Rint) were similar, whereas the jo values obtained under mass transfer
condition was evidently lower. From the Tafel plot, the variation of jo values for MFCs with
SS/PANI-P anodes is shown in Fig. 4.5(a). The lag phase in jo obtained for all conditions showed
similar trend on the first day of the enrichment. Upon further enrichment, the lag phase of jo was
observed in the MFC enriched under OCV mode and Rex:=Rint. The stationary phase was observed
for 2-4 days, 2-3 days and 3-4 days in the MFC systems enriched without (#Rext), Rext=Rint and
very low resistance (>>Rext), respectively. The death phase is followed by a stationary phase in all

SS/PANI-P systems due to nutrient deficiency in the reactor.
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Fig. 4. 5 Variation of jo values obtained for all PANi anodes with time. (a) MFCs with SS/PANi-
P anodes, and (b) MFCs with SS/PANi-W anodes.

Similarly, Table 4.2 shows that when coated with PANI, the jo values obtained for SS/PANi-W
also increased considerably for all conditions. However, in this case, the jo values obtained for the
SS/PANI-P system in the Ohmic region (Rext=Rint) were higher than those obtained under OCV
condition, but the jo values obtained under mass transfer condition was again evidently lower. Fig.
4.5(b) shows the variation of jo values obtained with the SS/PANi-W anodes under different
conditions. Compared with the SS-W anodes, the SS/PANi-W anodes enriched under activation
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zone (#Rext) and Rext=Rint demonstrated a transient lag phase followed by an exponential phase. A
reasonably stable jo phase was observed between the 3 and 4" day. On the other hand, the anodes
enriched under very low resistance demonstrated a lag phase for only one day, followed by a slow
exponential phase. Under all conditions, the jomax Was observed on the 4" day, and a logarithmic
decline was observed after that.

Table 4.2 shows that the SS-P anodes coated with PPy resulted in a considerably less increase in
the jo values than obtained with SS/PANI-P anodes for all conditions by a factor of 7-13. More
importantly, the jo values obtained for the SS/PPy-P system in the Ohmic region (Rext=Rint), under
OCV condition, and under mass transfer condition were only slightly different, with the highest jo
values obtained in the Ohmic region. The variation of jomax for SS/PPy-P anodes is shown in Fig.

4.5(a) and, notably, the highest jo was obtained under all conditions on the 4™ day of enrichment.
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Fig. 4.6 Variation of jo values obtained for all PPy anodes with time. (a) MFCs with SS/PPy-P
anodes, and (b) MFCs with SS/PPy-W anodes.

In contrast, Table 4.2 shows that the SS-W anodes coated with PPy resulted in a considerably more
increase in the jo values than obtained for SS/PPy-P anodes for all conditions by a factor of 7-10.
This was due to the larger surface area provided by the SS-W anode. However, the jo values
obtained for the SS/PPy-W anodes in the Ohmic region (Rex=Rint), under OCV condition, and
under mass transfer condition were again only slightly different, with little difference between the
highest jo values obtained in the Ohmic region and those obtained under OCV condition. Fig.
4.6(b) shows the variation of jo values obtained with the SS/PPy-W anodes. Again, the jomax values
of the SS/PPy-W anodes were obtained on the 4™ day of enrichment under all conditions.
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All the SS/PPy-W anodes behave differently to the SS/PPy-P anodes under the different conditions
with a transient lag phase. After enrichment for 24 hrs, all systems showed an exponential phase
of jo values, followed by an extended stable phase from day 1 to day 4. Upon further enrichment,
a slight logarithmic decline was observed in all cases after day 4. The results demonstrate that
reasonably short start-up time is achieved by coating with a conducting polymer and this is
attributed to the 3D surface in the MFC chamber. The lower and more stable jo values obtained
with the SS/PPy-W anodes suggest that the anodes have relatively lower compatibility compared
to the SS/PANI-W anodes. However, the SS/PPy-P anodes enriched under Rex:=Rint followed a
classical bacterial growth curve and, thus, suggests that the anodes required enrichment under
optimised external resistance to avoid delay in the start-up phase. The anodes enriched under OCV
and with very low resistance demonstrated an extended lag phase or start-up time, as well as
indistinguishable exponential phase, stationary phase, and logarithmic decline even after
enrichment for seven days. This indicates that long start-up time is required if the MFC is operated

under OCV conditions or with very low external resistance.

Table 4.2 Changes in exchange current densities after incubation of MFCs with applied external

resistance

Plate-based Anode jomax after incubation Wool-based Anode jomax after

mate_rials a_nd (MA Cm-z) mate_rials a_nd incubation (MA

applied resistance applied resistance Cm'z)

SS-P SS-wW

NA  (#Rex) 0.0008 + 0.0004 NA  (#Rex) 0.011 + 0.003

800 Q (Rex=Rin)  0.0021 £ 0.0004 100 Q (Rex=Rim)  0.015 + 0.001
N0 Q  (>>Rex) 0.0007 + 0.0003 10Q  (>>Rex) 0.007 £ 0.001

SS/PANI-P SS/PANi-W

NA  (#Rex) 0.052 + 0.005 NA  (#Rex) 0.066 + 0.003

60 Q  (Rext=Rin) 0.057 £ 0.004 10Q  (Rex=Rim)  0.088 + 0.003

10Q  (>>Rex) 0.021 £ 0.005 5Q  (>>Rex) 0.047 + 0.005

SS/PPy-P SS/PPy-W

NA  (#Rex) 0.004 + 0.003 NA  (#Rex) 0.034 + 0.002

200Q (Rex=Rin)  0.005 £ 0.003 20Q  (Rex=Rin) 0.035 + 0.003
20Q  (>>Rex) 0.003 + 0.004 5Q (>>Rex) 0.030 = 0.002
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4.3.2.2 Charge transfer resistance of anode materials

The changes in the charge transfer resistance (Rct) values for all the SS anodes used under (a)
OCV mode (#Rext), (b) the Ohmic region (Rext=Rint) and (c) the mass transfer region (>>Rex) are
given in Table 4.3. In all cases, the Rt decreased considerably after enrichment for 2-4 days.
Furthermore, as indicated by the data in Table 4.3, the Rt was lowest for all SS-P and SS-W anodes
after enrichment when operated in the Ohmic region (Rext=Rint). Also, the coating of the SS-P and
SS-W anodes with PANi and PPy resulted in considerable reduction of the Rct, with the lowest
reduction achieved with PANi coating. Thus, indicating that both the operation in the Ohmic
region and the coating with conducting polymer considerably improved conductivity and supports

improved electrokinetic behaviour of the anodes.
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Fig. 4.7 EIS plots for stainless steel-based anodes. (a) the system operated under OCV mode, (b)

system operated under Rext=Rint, and (c) system operated under very low Rex:.
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Fig. 4.8 EIS plots of SS wool-based anode system. (a) the system operated under OCV mode, (b)
system operated under 100 €, and (c) system operated under 10 Q.
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For the SS-P anodes used under various conditions, the Rct was lowest on the second and third day
of operation. The low R indicates that maximum electrokinetic activity was observed. The
Nyquist plots obtained for the SS-P and SS-W systems enriched under the different conditions are
shown in Fig. 4.7a-c, and Fig. 4.8a-c, respectively. The Nyquist plots of the SS-P systems revealed
the dominance of mass transfer control, i.e., diffusion inactive electrode and an electrolyte which
indicate a poor reaction kinetics. Changes in impedance were observed for the anodes enriched
under activation region (#Rext), and those enriched under the Ohmic region showed significant
changes. However, a minuscule change in impedance was observed for those enriched under mass
transfer zone. The change in Rct as a function of time is given in Table 4.3, and 4.4 provides the

observed changes in the R for all plate-based and wool based anode as a function of time.

Table 4.3 Variation of charge transfer resistance (Rct) in plate based anode system

Days SS SS PANi PANi PANi PPy PPy PPy

(#Rext)  (Rext=Rext) (>>Rext) (#Rext) (Rext=Rext) (>>Rext) (#Rext) (Rext=Rext) (#Rext)
0 536 614 553 29.03 24.65 27.18 76.39 90.37 96.31
1 159 70.1 271 8.53 7.67 12.22 59.69 55.80 68.99
2 143 68.6 208 2.87 2.36 7.85 52.38 28.84 57.29
3 146 70.1 166 2.78 2.24 6.17 47.53 27.48 51.33
4 153 60.5 276 3.45 3.73 6.20 33.25 26.51 45.19
5 158 73.8 258 4.48 8.37 12.98 39.85 32.91 48.61
6 295 74.6 414 21.25 17.02 23.76 36.35 34.22 58.07
7 283 76.8 371 40.61 20.15 48.61 38.42 37.86 61.11

Plate based anode. (R¢:/ © em™)

(#Rext) - Operated at open circuit voltage (NO Rext)
(Rext=Rext) - Operated at optimum resistance (Rext=Rint)
(>>Rext) - Operated at very low resistance (very low Rext)

The Nyquist plots obtained for the SS/PANI-P and SS/PANi-W systems enriched in the activation
zone (#Rext), Ohmic region (Rext=Rint) and the mass transfer region (>>Rext) are shown in Fig. 4.9(a-
c), and Fig. 4.10(a-c), respectively. When compared with the SS/PANi-P systems, the Nyquist
plots obtained for the SS/PANI-W systems demonstrated similar characteristics with significantly
lower impedance values. The change in the Rs for all MFCs with the SS/PANi-W anodes upon
incubation is indicative of the high bacterial growth in the cells which altered the pH of the M9

media. Since the cells were in a single chamber, no proton was consumed at the cathode.
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Fig. 4.9 EIS plots of PANi based anode system. (a) the system operated under OCV mode, (b)
system operated under 60 Q, and (c) system operated under 10 Q.

@ 0.020 = 0.020
0.025|- () (c)
L
- .
0.020 - 7 i P 0015} 0.015|
Ll b4 !
| . ’ : 5 g
2 oo1s ; . £ £ 2o § g
= X - ]
g * —=Dayo| S 0010 - I . )
x » o Day1| = ——— i ¢ ¢ m e Dayt
< 0.010 R & Day1| x "E oGy
E o 4 Day2 T —— Day 2 N % PR | Day 2
E v Day3| = —v—Day3| g 0.005} o ] v Day3
T 0.005f <« Day4 0.005 - —+—Day4| = Y g + Day4
» Day5s —<—Day5 v 2 —<—Day 5
0.000 ¢ Dayé —»—Day 6 » DayG
R N S Sl ST I il ST .. i | N y o D7
002 004 006 008 010 042 014 ’ 002 004 006 008 040 012 0.4 0.02 0.04 0.06 0.08 0.10
Re(Z)/KOhm.cm? Re(Z)/KOhm.cm® Re(Z)/KOhm.cm?

Fig. 4.10 EIS plots of SS-PANI-W based anode system. (a) the system operated under OCV mode,
(b) system operated under 10 €, and (c) system operated under 5 Q.

The Nyquist plots obtained for the SS/PANI-P anodes, when compared with the SS-P anodes,
revealed faster charge transfer kinetics and the processes were under kinetic control with recessive
mass transfer control. Also, the observed semi-circle under the high-frequency regions indicates
the capacitive behaviour of the electrodes in all conditions. Changes in impedance were observed
in all systems to a different degree and, thus, indicate that biofilm was grown on the anode surfaces.

Table 4.5 provides the observed changes in the Rt for all SS/PANI-P anodes as a function of time.
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Table 4.4 Variation of charge transfer resistance (Rct) in SS-wool based anode system

Days ss ss PANi  PANi PANi PPy PPy PPy

(#Rext)  (Rext=Rext) (>>Rext) (#Rext) (Rext=Rext) (>>Rext) (#Rext) (Rext=Rext) (#Rext)
0 41.3 39.3 51.8 4.54 4.26 4.23 8.16 6.52 7.89
1 38.3 9.5 43.8 2.69 2.37 3.93 4.75 4.29 4.57
2 21.1 8.7 239 2.20 1.56 3.46 4.36 4.00 4.21
3 18.0 8.3 19.8 1.93 1.52 3.24 4.22 3.95 4.25
4 11.4 8.3 17.6 1.93 1.46 2.74 3.72 3.63 4.27
5 22.1 14.4 27.8 2.49 1.85 3.40 4.06 3.73 4.65
6 21.7 16.0 27.5 3.19 2.00 3.40 4.19 4.35 5.53
7 25.4 21.1 30.9 3.47 2.06 4.29 4.30 4.46 5.33

Wool based anode. (Rt /  em?)

(#Rext) - Operated at open circuit voltage (N0 Rext)
(Rext=Rext) - Operated at optimum resistance (Rext = Rint)
(>>Rext) - Operated at very low resistance (very low Rext)

The Nyquist plots obtained for the SS/PPy-P anodes enriched in the activation zone (#Rext), Ohmic
region (Rext=Rint) and in the mass transfer region (>>Rext) are shown in Fig. 4.11(a-c) and Fig.
4.12(a-c), respectively. The Nyquist plots obtained for the SS/PPy-W anodes demonstrated similar
behaviour to those of the SS/PPy-P anodes, but with significantly lower impedance values.
Interestingly, the Rs also changed considerably upon enrichment for all SS/PPy-W anodes as for
the SS/PANI-W anodes.
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Fig. 4.11 EIS plots of PPy based anode system. (a) system operated under OCV mode, (b) system
operated under 200 Q, and (c¢) system operated under 20 Q.
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Fig. 4.12 EIS plots of SS/PPy-W based anode system. (a) system operated under OCV mode, (b)

system operated under 20 €, and (c) system operated under 10 Q.

When compared with the SS-P systems, the Nyquist plots obtained for the SS/PPy-P anodes

showed lower impedance values which can be attributed to faster charge transfer kinetics due to

the presence of PPy. The large semi-circle in the high-frequency regions indicates the capacitive

behaviour of all anodes enriched under various conditions. The decrease in the R¢t values is also

attributed to the charge generated by the biofilm [42,43].

Table 4.5 Changes in charge transfer resistance after incubation of MFCs with applied external
resistance

Plate-based Anode Initial Retafter Wool-based Anode Initial R Rcrafter
materials and Rt incubation materials and applied (2 em?)  incubation
applied resistance  (Q ecm?) (Q cm?) resistance (Q cm?)
SS-P SS-W
NA (#Rext) 536 146 NA (#Rext) 41.3 114
800 @ (Rext=Rint) 614 68.6 100 Q (Rexi=Rint) 39.3 8.3
90 Q (>>Rex) 553 166 10Q (>>Rex) 51.8 17.6
SS/PANI-P SS/PANI-W
NA (#Rext) 29.03 2.78 NA (#Rext) 4.54 1.93
60 Q (Rex=Rint) 24.65 2.24 10Q  (Rex=Rint) 4.26 1.46
10Q (>>Rext) 27.18 6.17 50 (>>Re) 4.23 2.74
SS/PPy-P SS/PPy-W
NA (#Rext) 76.39 33.25 NA (#Rext) 8.16 3.72
200 @ (Rext=Rint) 90.37 33.25 20 Q  (Rex=Rint) 6.52 3.63
20Q (>>Rex) 96.31 45.19 5Q (>>Rex) 7.89 4.25

4.4 Fourier Transform Infrared (FTIR) Spectroscopic Studies
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FITR) is a classical

tool for analysing biofilm complexity based on the evaluation of macromolecular fingerprints,
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such as proteins, nucleic acids, and polysaccharides that related to the accumulated biomass
[44,45]. This technique was used in this study to identify changes associated with the use of the
SS-P, SS/PANI-P, and SS/PPy-P anodes under different operating conditions. As previously
indicated, all anodes used in the MFCs were enriched under the OCV mode, the Ohmic region
(Rext=Rint) and the mass transfer region (Low Rext).

The FTIR spectra [Fig. 6(a)] obtained for the SS-P anodes used for MFCs under all conditions
showed a peak for heteropolysaccharides at 1740 cm™ [46]. The peaks obtained near 1660 cm™
(amide 1) were mainly due to C=0 stretch; at 1530 cm™ was for amide I1; at 1432 cm™ was due in
part to C-H deformation; the 1,100- to 900 cm™ region is referred to as the PS band (P=0O
symmetric stretch, C-C and C-O stretch ring stretching vibrations of polysaccharides and the P=0
stretch of phosphodiesters) [47]. The major groups of biomolecules associated with these bands
are protein (amide 1 and II), nucleic acids (the region around 1240 and 1008 cm™), and
polysaccharides (the region from 1,100 to 850 cm™) [47]. The polysaccharides are reflective of the
bacterial growth on the surfaces of the anodes.

The FTIR spectra [Fig. 4.13(b)] obtained for SS/PANi-P anodes under variable enrichment
conditions showed a peak for heteropolysaccharide at 1596 cm™ [46]. The peaks at 1505 and 1430
cm* were assigned to aromatic ring C=C [48]. The peak at 1,235 cm™ was due to P=0 asymmetric
stretch, C-O-C stretch, and amide 111 [C-N bend and N-H stretch]. The peak at 1,165 cm™ to 830
cm regions was below the PS band (P=0 symmetric stretch, C-C and C-O stretch). Presence of
nucleic acids was evident in regions around 1,248 and 988 cm; the peak at 1,505 cm™ was due to
amide I1; N-H bend and C-N stretch; at 1,459 cm™ was due to C-H bend; at 1,295 cm™ was due to
P=0 asymmetric stretch, C-O-C stretch, and amide 111 [C-N bend and N-H stretch] [47].

Fig. 4.13(c) shows the FTIR spectra obtained for SS/PPy-P anodes enriched in the OCV mode,
Ohmic region, and mass transfer mode, respectively. The peaks were poorly developed in the
SS/PPy-P anode compared to those of SS-P and SS/PANI-P anodes as shown in Fig. 4.13(a,b).
The peak at 1539 cm™ was due to amide I1; at 1432 cm™ was due in part to C-H deformation; at
the region from 1150 to 870 cm™ was due in part to C-O-C, C-O, ring stretching vibrations of
polysaccharides and the P=0O stretch of phosphodiesters); and presence of nucleic acids was

evident in regions around 1098 and 984 cm™™.
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Fig. 4.13 ATR-FTIR spectra obtained for SS anodes enriched under three different conditions. An
electrode harvested at the end of the 7" day of the experiment; (a) SS-P anode, (b) SS/PANi-P
anode, and (c) SS/PPy-P anode.

Polysaccharides are the principal component of extracellular polymeric substances (EPSs) secreted
by microbes [49]. The SS-P and PANI-P anodes used in the MFCs showed many similar FTIR
peaks. In both cases, prominent peaks of polysaccharides, nucleic acid, and proteins were
observed. However, for the SS-PPy anode, the heteropolysaccharide peak was poorly developed,
possibly due to lower microbial growth. Li et al. [50] have demonstrated that anode biofilm
enrichment from the same inoculum on different anode materials results in various bacterial

diversity. A large number of bacteria and diversity was found on modified anodes than on
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unmodified anodes [50]. Interestingly, the SS-PANI anode showed various signatures of complex
biomolecules and complex biofilm. Even the SS-PANi anode shows excellent compatibility from
anode enriched under very low resistance with the poor intensities of the biomolecules bands.
However, the SS-PPy anode gave slightly better jo compared with that obtained with the SS plate

anode due to the low Rct and greater hydrophilicity for bacterial attachment.

4.5 Conclusion

This study has demonstrated that the performance of SS can be significantly improved by
modification with conducting polymers. The PANi and PPy modified SS electrodes acquired
higher compatibility, charge transferability and low activation overpotential. The electrokinetics
of the SS-P, SS/PANI-P, SS/PPy-P, SS-W, SS/PANi-W and SS/PPy-W anodes investigated in
M9+4% landfill leachate with 2.5% acetate demonstrate considerable improvement with both the
conducting polymer modification of SS and the imposition of external resistance. The jo achieved
with the use of the SS/PANI-W anode was 121% higher than with pristine SS-W anode on the
fourth day of operation under the Ohmic region (Rext=Rint). Pristine SS-W and SS/PANi-W anodes
exhibited similar activity upon application of external resistance. The lower R obtained for
SS/PANI-P and SS/PANI-W anodes compared with SS-P, SS-W, SS/PPy-P and SS/PPy-W anodes
are indicative of their higher electron transfer kinetics.

The study also demonstrated that the application of Rext was useful for lowering the start-up time
of the MFCs. However, the application of very low resistance has the tendency to increase the
start-up time. The FTIR analysis identified the signature biomolecules (heteropolysaccharide,
proteins, nucleic acids and polysaccharides) associated with the bacterial growth with the
identified order of biofilm formation being greater for PANi>SS>PPy. The PANi modified SS-W
anode proved to be a more efficient and cheap anode material for MFCs and is a very promising
anode for microbial fuel cell development. However, further investigations are required to more
clearly elucidate its actual performance in MFCs, and this aspect will be considered in the future

study.
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Abstract

A conducting polymer coated stainless-steel wool (SS-W) is proposed for use as a low-cost anode
for microbial fuel cells (MFCs). When coated with polyaniline (PANi) and polypyrrole (PPy), the
pristine SS-W, SS/PANi-W, and SS/PPy-W anodes produced maximum current densities of 0.30 +
0.04, 0.67 +0.05, 0.56 + 0.07 mA cm™, respectively, in air-cathode MFCs. Also, based on achieved
power density, both SS/PANi-W, and SS/PPy-W achieved 0.288 + 0.036 mW cm and 0.187 +
0.017 mW cm?, respectively, which were superior to 0.127 + 0.011 mW cm obtained with pristine
SS-W. Further, in comparison with SS-P based anodes, all SS-W based anodes gave improved
power densities under similar experimental conditions by at least 70%. Moreover, the charge
transfer resistance of the SS-W was much lower (240 + 25 Q ¢cm™?) than for the SS-P (3192 + 239
Q cm®). The determined jogpparenty Values obtained for SS/PANi-W (0.098 + 0.007 mA cm) and
SS/PPy-W (0.036 + 0.004 mA cm) anodes were also much higher than that obtained for the
pristine SS-W (0.020 + 0.005 mA cm™), as well as than those of all SS-P based anodes. The
observed enhancement of the bioelectrocatalytic performances were well supported by

physicochemical and electrochemical characterisation.
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Abbreviations:

CPHs/CNTs
EET
MWCNTSs
NT-MPMs
PANi

PANI/ GF
PANI/CC
PANI/CNT/CP
PANI/CP
PANIche/SSFF
PANIele/SSFF
PPy
PPy/AQDS
PPy/MnO2
PPy/RVC
PPy-CNTs

Double layer capacitor

Faraday’s constant [96,485 C mol™]
Exchange current [mA]

Exchange current density [mA cm™]
Constant phase element

Ideal gas constant [8.31 J mol™ K[
Resistor [Q]

Charge transfer resistance [Q]
Solution resistance [Q]

Absolute temperature [K]

Warburg diffusion element [Q]
Overpotential [mV]

Conductive polypyrrole hydrogels/carbon nanotubes
Extracellular electron transfer

Multiwall carbon nanotubes

Multi-walled MnO2/polypyrrole/MnO. nanotubes
Polyaniline

Polyaniline graphite felt

Polyaniline carbon cloth

Polyaniline carbon nanotubes

Polyaniline carbon paper

Polyaniline synthesised by chemical polymerisation
Polyaniline synthesised by electrochemical polymerisation
Polypyrrole

Polypyrrole/anthraquinone-2,6-disulphonic disodium salt
Polypyrrole Manganese dioxide composite
Polypyrrole-Coated Reticulated Vitreous Carbon

Polypyrrole carbon nanotubes
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SS
SS/PANi-P
SS/PANi-W
SS/PPy-P
SS/PPy-W
SSFF
SS-FO
SS-P

SS-W

Stainless steel

Stainless steel modified polyaniline plate
Stainless steel modified polyaniline wool
Stainless steel modified polypyrrole plate
Stainless steel modified polypyrrole wool
Stainless steel fibre felt

Flame oxidised stainless steel

Stainless steel plate

Stainless steel wool
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5.1 Introduction

Despite the considerable scientific and technological advancements that have been made in
microbial fuel cell (MFC) research over the years, several issues, such as high material costs and
low power outputs have limited their wider adoption and applications [1]. The performance of
MFC is affected by many intrinsic (such as microorganisms and chosen construction materials)
and operational factors [2—7]. The microorganisms-anode interaction is amongst the most
important factors that determine the bioelectrocatalytic performance of these systems [8,9].
Exploration of different materials and approaches to find the most suitable anode material has thus
been a major area of challenge in MFC research [1].

The required qualities for an ideal anode material include possession of properties such as
biocompatibility, high electrical conductivity [10], large surface area for wide coverage by
exoelectrogenic bacteria [11], corrosion resistance [12], suitable mechanical strength and
toughness [13,14], and, in addition, the chosen material must be relatively cheap to achieve low-
cost scalability for practical applications [15]. A number of two and three-dimensional (2D and
3D) materials have been investigated for use as anodes for MFCs. The most widely used 2D
carbon-based anode materials, such as graphite plates and rods, carbon cloth [16] have
considerable limitations in relation to their low accessible surface area for microbial biofilm
colonisation, high charge transfer resistance, high activation, and mass transfer overpotential [17].
To overcome some of the aforementioned limitations, surface modification of materials and the
use of 3D carbon-based materials as anodes have gained widespread consideration. Different 3D
materials, such as electrospun carbon fibre mats [18], carbon fibre veil [19], graphite fibre brush
[20] and rotating spiral carbon brush have recently been used as anodes [21]. In order to reduce
the precursor costs, attempts have been made successfully to construct 3D anodes from natural
materials, such as king mushroom, wild mushroom and corn stem [22]. Composite anodes, such
as carbon scaffold from polyacrylonitrile [23], carbon nanofibers modified graphite [24], activated
carbon nanofibers nonwoven [25], nitrogen-doped graphene aerogels [26], and carbon-metal
composites, such as carbon yarn with stainless steel [27], have also been investigated. These
research efforts, in particular on 3D materials, have resulted in remarkable improvement in the
current or power densities achieved in MFCs. The enhanced performance with 3D and composite
electrodes is attributed primarily to their high surface area for efficient colonisation of bacterial

communities, enhanced biocompatibility and electrical conductivity [27-31]. By increasing the
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surface area and controlling the pore size of these materials the substrate access for electrogenic
bacteria can be enhanced, which in turn results in relatively low mass transfer limitations [32,33].
However, major limitations of 3D carbon materials include their brittle structure which has less
strength and low conductivity leading to high Ohmic resistance. Metal-based electrodes are able
to address these issues as recently demonstrated by Baudler et al. [34].

Pocaznoi et al. [35] reported that stainless steel is the most commonly used metal-based anode
material for MFCs due to its excellent mechanical strength, good conductivity, high rigidity and
stability [1,36]. Major issues with the use of low-grade SS anodes include its relatively poor
biocompatibility due to the hydrophobic nature and proneness to corrosion. The biocompatibility
issue can be addressed by heat treatment or flame oxidation as proposed by Guo et al. [37].
Recently, various methods have been reported for modification of SS based anode materials, such
as flame-oxidation, flame deposition, binder and binder-free nanocarbon coating [37-42]. The
flame oxidation of SS results into node like sites, which mainly consisted of hematite (Fe2O3) on
the surface of SS. The resulting anode produced a maximum power density of 0.106 mW cm
[38]. In the other study, flame oxidation of SS generated iron oxide nanoparticles on the surface
and a current density of 1.92 mA cm™ [37]. In another approach, carbon nanostructures were
formed on SS using flame synthesis and a maximum power density of 0.0187 mW cm was
achieved [39]. Carbon nanofibers were also coated onto SS by chemical vapour deposition, and
the modified anode generated a maximum current density of 1.28 mA cm 2 [40]. All of the above
studies were investigated under controlled potentiostatic testing conditions. A carbon black-
stainless steel mesh composite anode was prepared by using a binder-free dipping method, and
when employed in a continuous magnetic stirring batch-mode MFC, it gave maximum power
density of 0.321 mW cm [41]. Graphene with polytetrafluoroethylene (binder) coating on a SS
mesh was also used, and it gave a maximum power density of 0.2668 mW cm [42].

In comparison with routinely used SS plate (SS-P) and mesh materials, SS wool (SS-W) offers
compelling advantages, such as very high surface area, low cost, and malleability, which allows it
to be moulded into any shape according to the system architecture. To the best of our knowledge
SS-W has never been employed as an anode material in MFCs and also never previously coated
with conducting polymers, but its high surface area and relatively low-cost warrant consideration
as an alternative cheap anode. Furthermore, conducting polymer coatings, such as polyaniline

(PANI) and polypyrrole (PPy), have been shown to be effective for corrosion reduction for carbon
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and composite based MFC anodes [43]. These polymers possess high electron mobility, stability,
biocompatibility, anticorrosion nature, excellent electrokinetics and can be produced by facile
chemical or electrochemical synthesis. In particular, PANi modified anodes were found to enhance
microbial adhesion to the surface and, consequently, improve the bioelectrocatalytic performance
[44,45]. It is anticipated that the coating of the SS-W with conducting polymers will minimise
corrosion and improve performance through enhanced microbial adhesion.

In this study, we explore the very high surface area and malleability offered by SS-W, for the first
time, as a basis for developing high performance and low-cost MFC anode. To further improve
the anode performance via enhanced microbial adhesion, we investigate the use of galvanostatic
polymerisation of aniline (ANi) and pyrrole (Py) for coating the SS-W with PANi and PPy. The
suitability of the uncoated and coated SS-W as MFC anodes were investigated by thorough
physicochemical and electrochemical characterisation by scanning electron microscopy,
profilometry, contact angle measurements, electrochemical impedance spectroscopy and Tafel
curve analysis. Also, to gain an in-depth understanding of the performances of the uncoated and
coated anodes, a comparison was made between the pristine SS-W, SS/PANi-W, and SS/PPy-W.
The performances of the SS/PANI-W and SS/PPy-W anodes were further compared with those of
the most commonly used pristine SS-P anodes. Furthermore, the bioelectrocatalytic performances
of the SS-W, SS/PANi-W, and SS/PPy-W anodes were investigated for the first time in MFCs by
monitoring the achieved current densities and polarisation behaviour in air-cathode MFCs.

5.2 Materials and methods

5.2.1 Electrode materials

SS plate (SS-304; Metline Industries, Mumbai) and SS wool (domestic use; Scotch-Brite, India)
were used as base anode materials (projected surface area of 3.5 cm). The measured thickness of
the single fibre of SS-W was 126.6 + 3.34 micron, and the density was 2.39 gm cm. The thickness
of the overall anode was 0.8 cm. The SS-P was used as a reference anode material to compare with
the performance of SS-W anodes. All SS-Ps were polished progressively by using metallographic
abrasive paper of grit sizes of 320, 400, 600, 800 and 1200. Polished SS-Ps and SS-Ws were
subjected to ultrasonication for 15 minutes in acetone to degrease the SS samples before

electropolymerisation. A miniature saturated Ag/AgCl (sat. KCI) was used as a reference electrode
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(RRPEAGCL, Pine Research Instrumentation, Durham, USA). The counter electrode used for the

electrochemical experiment was a titanium mesh (Amac, Croydon, Australia).

5.2.2 Polyaniline (PANI) and polypyrrole (PPy) anode modification

All electrochemical experiments were performed with the Biologic SP-150 potentiostat (BioLogic,
Claix, France) equipped with an EC-Lab 10.44 software. All solutions were purged with nitrogen
for 15 minutes to remove oxygen before the commencement of polymerisation. For
electropolymerisation of aniline on SS-P and SS-W, reagent grade aniline and nitric acid (Sigma-
Aldrich, Mumbai, India) were used. PANi was synthesised by applying a constant current of 2.5
mA cm2in 0.4 M ANi in 0.7 M nitric acid (previously optimised) for 15 minutes. Polypyrrole was
electropolymerised in 0.4 M pyrrole in 0.7 L-(+)-Tartaric acid using the same conditions. Fig.
5.1(a, b, c) shows the pristine SS-W, SS-W coated with polyaniline (SS/PANi-W), and SS-W
coated with polypyrrole (SS/PPy-W), respectively.

5.2.3 Cathode fabrication

The air cathodes were fabricated by following a previously reported method [27]. Briefly, fine
platinised (Vulcan XC-72) carbon powder, Pt content 20% wt. (Sigma-Aldrich, Australia) was
coated onto a 12 x 10 cm commercial carbon paper (GDS 210, CeTech, Taichung, Taiwan). The
Pt loading was maintained at 0.5 mg cm using 5% Nafion solution as a binder (Sigma-Aldrich,
Australia). All coated electrodes were incubated in a hot air oven for 6 hours at 60 °C to ensure
complete drying. Subsequently, the dried electrodes were hot pressed on one side using Nafion
NRE-212 (Sigma-Aldrich, Australia) under 10 kg cm at 140 °C for 3 minutes using a Carver hot
press (Carver, Inc, Indiana, USA). Fabricated membrane electrode assemblies (MEA) were cut
into 3 x 2.5 cm (projected surface area of 7.5 cm2). The cathode was sandwiched into an acrylic

mesh and aluminium mesh (which act as a current collector) in the MFC reactor.

5.2.4 Characterisation of anode materials

Alicona microscopy was used to characterise the topography of all SS plate electrode, SS/PANi-P
and SS/PPy-P with 20x, 50x and 10x magnifications. Multiple three-dimensional scans, for
triplicates of the samples, were obtained. Utmost care was taken to avoid surface contamination of
electrodes. Scanning electron microscopy (SEM) images were obtained with a JSM - 760F FEG

Scanning Electron Microscope (SEM) at a 1-micrometre resolution at 100,00X magnification. It
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was difficult to characterise the SS wool electrodes correctly by these methods due to its structure
and entanglement of the wool mesh. Therefore, photographs of SS wool anodes were taken to
ensure uniform coating with the conducting polymer, as shown in Fig. 5.1 (a, b. ¢). Evidently, the
use of galvanostatic polymerisation was effective for achieving a uniform coating of SS-W with
PANI and PPy.

5.2.5 MFC reactor configuration

The design of the air-cathode MFC is shown in Fig. 5.1(d). Acrylic sheets were cut by using laser
technology and then used to construct MFCs. The base of the MFC was made up of three sheets
stacked together with the dimensions of 6.8 x 6.8 cm?. The top and bottom sheets consist of a mesh
structure of dimensions 3 x 2.5 cm?. A rectangular void of same dimensions as that of the mesh
was made in the bottom sheet. The coated cathode was placed in this void to help in the circulation
of current. Above these sheets, a cube with inner dimension 3 x 3 x 3 cm was fixed. This assembly
acted as an anode chamber with a working volume of 27 cm?®. This cubical box was equipped with
two circular voids for the effluent inflow and outflow. The experimental setup is shown in Fig.
5.1(e).

5.2.6 Operation of MFCs

MFCs were fed with synthetic wastewater (M9 medium) containing sodium acetate (25 mM) as a
sole carbon source. The composition of the M9 medium per L of distilled water is as follows -
NH4Cl: 0.31 g, KCI: 0.13 g, NaH2P0O4.H20: 2.69 g, Na2HPO4: 4.33 g, and 12.5 mL of each trace
metal and vitamin solutions [46,47]. The landfill leachate (4%; collected from the landfill site,
Turbhe, Mumbai) was inoculated as a source of bacteria in M9 media. It was demonstrated in a
recent study that landfill leachate is a most promising substrate for MFCs [48] and, hence, we
employed the leachate as a source of bacterial inoculum in this study. All experiments were
conducted at an average ambient temperature of 27 °C. The media was sparged with N> for 30 min
before inoculation, and the MFCs were sparged for 10 minutes after inoculation to increase the
primary activity of obligate anaerobes and minimise aerobic oxidation of organic matter. The
experiments were conducted in a fed-batch mode (by replenishing 90% of the spent medium by
fresh M9 medium after every batch cycle). The MFCs operated initially in an open circuit mode

and then in a closed-circuit mode with a 100 Q external resistor. All experiments were conducted
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in triplicates. Control experiments were carried out with each anode material only in M9 media

without landfill leachate inoculum.

collector

Anode -
chamber

Fig. 5.1 Anode materials and MFC systems used in this study. Stainless steel wool (SS-W) anodes:
(@) pristine SS-W, (b) SS-W coated with polyaniline, (c) SS-W coated with polypyrrole, (d) the
system architecture of the MFC, and (e) the experimental setup for MFCs along with a data logger.

5.2.7 Analytics and calculations

Initially, both MFCs with SS-P and SS-W based anodes were operated under an open circuit
voltage (OCV) mode for two cycles (each cycle = 6 d) to establish biofilm on the anodes without
any external load [27]. OCV was measured at 30 min intervals using a data logger (Graphtec GL-
820). After two successive cycles, a 100 Q resistor was connected to each MFC set-up, and the
voltage was recorded. Current (I) was calculated by Ohm’s law: 1=V/R; where R is external
resistance, and V is the voltage across the anode and cathode. The current and power generation
data are normalised by the projected surface area of the cathode (7.5 cm2). MFCs with high surface
anodes were normalised to the cathode surface area for performance assessment [49,50].

All electrochemical experiments were conducted with a Biologic SP-150 potentiostat-galvanostat
(BioLogic, Claix, France) fitted with EC-Lab V 10.44 software. Current and power density curves
were obtained using linear sweep voltammetry (LSV) recorded at a scan rate of 1 mV s within a

potential window from OCV to 0 V. These were measured during the 9" batch cycle when a stable
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and maximum current was observed. Tafel plots of anodes in all systems were recorded using LSV
(scanning from OCV to 150 mV at a scan rate of 1 mV s) before the inoculation of MFCs and
during the 9" batch cycle of the MFC experiments. After application of | (overpotential), positive
deviation from OCV to 150 mV shows an initial lag of n and subsequent Tafel lines become linear.
With the application of the Tafel equation, the X-axis intercept was determined as the log of the
current exchange densities (In jo). Similar control experiments were performed in sterile M9 media.
The slight variation of coatings in M9 media could be traced. All the experimental Tafel values
were subtracted from the control sets.

Anodic Tafel plot, as derived from the equation below, was employed to measure the reaction
Kinetics [51].

o))

where io is exchanged current, i is the electrode current density (mA cm2), 4 is the electron transfer
coefficient, R is the ideal gas constant (8.31 J mol™ K1), F is the Faraday’s constant (96485 C mol"
1, T is the absolute temperature, K (303 K) and 7 is the activation overpotential. The purpose of
using a Tafel plot is to calculate the ip value. The io is a fundamental parameter in the rate of
electro-oxidation or electro-reduction of a chemical species on an electrode at equilibrium. The
charge transfer resistance (R¢t) was calculated from the following equation [51].

_RT

R, =
nFi,

et
where n is the number of electrons and other parameters as described above.

The charge transfer resistance of the anodes was determined by electrochemical impedance
spectroscopy (EIS). The measurement was conducted immediately after the addition of microbial
inoculum and during the 9™ cycle when the maximum current was achieved with each system. All
measurements were carried out at OCV conditions by removing Rex, and the systems were allowed
to stabilise to attain the maximum OCV. These measurements on the working electrode were
performed at a frequency of 100 MHz to 10 mHz with a sinusoidal perturbation amplitude of 10
mV at 6 points per decade. For EIS data analysis, two different equivalent circuits were used [Fig.
5.2(a, b)].
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cdl (a) Q (b)

Rct Rct

Fig. 5.2 The electrical equivalent circuit used to analyse the EIS data: a) for uncoated SS
electrodes, and b) for PANi and PPy coated SS electrodes.

For control, double layer capacitance (Cdl) of SS electrodes was considered, while for SS coated
with PANi and PPy electrodes, constant phase element (Q) was considered. Rs and Rt represent
the solution resistance and the charge transfer resistance, respectively. A Warburg element (W)
was employed to evaluate the diffusion resistance. Both types of the equivalent circuits composed
of a solution element (solution resistance, Rs) in series with a charge transfer element (charge
transfer resistance Rct in parallel with a double layer capacitance Cdl or constant phase element Q)

followed by a Warburg diffusion element (diffusion resistance W in parallel with Cdl or Q).

5.3. Results and discussion

5.3.1 Morphological features, surface area and hydrophilicity of polymer coated SS-P anodes
The SEM images shows that the SS/PANI-P [Figure 5.3(b)] coating has a fibrous and porous
structure, while the SS/PPy-P [Figure 5.3(c)] has a cauliflower-like structure. The differences in
the structure of the polymer coatings may account for the differences in the average surface
roughness observed in the profilometric images for PANi and PPy coated SS-P surfaces.
Nevertheless, the observations from the SEM images clearly indicate that the polymer coatings

resulted in the increased surface area for the anodes and, consequently, provided more area for the

biofilm growth and adhesion of bacteria than with the uncoated SS-P.

151



Fig. 5.3 Scanning electron microscopy images of (a) SS-P, (b) SS/PANI-P, and (c) SS/PPy-P anode

materials.

Figure 5.4A provides the profilometric images for SS-P, SS/PANI-P, and SS/PPy-P. The images
show the difference in the surface profiles of these anode materials at mm/pum scale. From these
results, the average roughness of SS-P, SS/PANI-P and SS/PPy-P were 505 + 37, 604 + 52, and
438 *+ 28 nm, respectively. Evidently, the surface profile for the SS/PANI-P was the roughest due
to the increased roughness of the PANI coating. In contrast, the PPy coating resulted in a decreased
roughness due to the more uniform nature of the PPy coating.

The polymer coated SS-P also showed a decrease in the contact angles from 86° for uncoated SS-
P to 38° for SS/PANI-P and to 47° for SS/PPy-P (Figure 5.4B). These significant decreases in
contact angles indicate that the nature of the polymer coatings changed from being hydrophobic
to hydrophilic SS surfaces. An increase in the hydrophilicity of electrodes is known to improve
the growth of electroactive biofilm [9]. The polymer modification of SS-W anodes would also
result in similar improved morphological features observed with SS-P and, thus, make them

similarly conducive to biofilm growth.
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Fig. 5.4 (A) Profilometer images, and (B) Contact angles of (a) SS-P, (b) SS/PANI-P, and (c)
SS/PPy-P anode materials.

5.3.2 Bioelectrocatalytic performances of SS-W and SS-P anodes

During the first cycle of the OCV mode of operation, the observed initial high OCVs with all
anodes were most likely due to the aerobic conditions in the reactors. Figure 5.5 (a and b) shows
that the initial potentials observed for both SS-P and SS-W based anodes slowly decreased with
time. This is due to a lag phase during which the bacteria adjusted or become acclimatised to a
new environment. After this lag phase and with the addition of 25 mM acetate, the OCVs increased
exponentially for the next three days followed by a short stationary phase for all polymer coated
SS anodes during the second cycle. For example, the average OCV obtained for the SS/PANI-P
anode increased from 520 + 42 mV to 737 £ 27 mV in the second cycle. Similarly, the OCV
obtained for the SS/PANI-W anode increased from 260 £ 13 mV to 595 + 09 mV. Among the
conducting polymers, the PANI coated anodes developed a higher OCV for both SS-P and SS-W
anodes. However, the OCV for uncoated SS-P and SS-W anodes deteriorated from 757 = 36 mV
to 664 + 42 mV and 985 £ 43 mV to 927 + 38 mV, respectively, during both cycles. These results
clearly indicate that the initial biofilm attachment is better with the polymer coated SS anodes than
with the uncoated anodes. The higher OCV in SS/PANi-W could be due to corrosion, and it can
also be seen from Tafel plot. The deterioration of the OCVs of the SS-P and SS-W MFC anodes
may be due to corrosion of SS in the M9 media.

After the two OCV batch cycles, all MFCs were then operated in a closed-circuit mode with an
application of a Rext of 100 Q for eight batch cycles, with each cycle lasting for ~5 days [(Figure
5.5 (c and d)]. In general, both uncoated and polymer coated SS-W based anodes gave higher

current densities than their counterpart SS-P based anodes. In particular, PANi coated anodes gave
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higher current densities than the PPy coated anodes. Notably, the SS-P anodes produced less
current compared to the SS/PANI-P and SS/PPy-P anodes [Figure 5.5(c)]. Both the SS/PANI-P
and SS/PPy-P anodes produced their maximum current densities during the 9" and 10™ batch
cycles (0.4 mA cm?2and 0.1 mA cm, respectively). However, the start-up time for the current
generation was faster with the SS/PANI-P anodes than with the SS/PPy-P anodes (3™ vs. the 71"
cycle). This is most likely due to comparatively more biocompatible nature of PANi than with PPy
and its faster biofilm formation during the OCV cycles. All the SS-W based anodes exhibited an
instant current generation from the 3™ cycle, indicating that there was no delay in the start-up of
the bioelectrocatalysis. This can be attributed to their 3D accessible areas that provided more
anchoring points to the microbial cells and, thus, enabling more biofilm growth. The maximum
current densities generated by SS-W, SS/PANi-W, and SS/PPy-W anodes were 0.30 £ 0.04, 0.67
+ 0.05 and 0.56 = 0.07 mA cm, respectively. After the 6" cycle, no further increment in current
generation was observed in all SS-W based anodes. In addition to providing more surface area
(within a similar geometrical area compared to that of SS-P anode) for biofilm coverage, the higher
current generation by all SS-W anodes can also be attributed to their macroporous and fibrous
nature [Figure 5.1(a, b, c)] that promotes efficient mass transfer. The SS-P anodes perform poorly
on these accounts due to their 2D nature. The control experiments ran in parallel with all anodes
without microbial inoculum did not generate any current (data not shown).

The stable maximum current densities from day 35 of both PANi and PPy systems suggests that
there is no influence of coating deterioration (if any) on the bioanode performance. Long-term
MFCs tests are, however, needed to check the stability of such coatings on the anodes and to
validate their applicability by running MFCs for a long time. The PANi and PPy coating method
used in this work was precisely developed after extensive optimisation steps and subjected to
durability testing in corrosive solution. The coatings on the metal surfaces with exopolysaccharides
are reported to protect the surfaces from corrosion or fouling by lowering ionic diffusion rates
[52]. Also, exopolysaccharides slime maintains a hydrophobic environment at the coating
interface, where they act as an adhesive which protects PANi and PPy [52,53]. The
exopolysaccharide secretion from exoelectrogens on the anode in MFC systems may render

protection for PANI and PPy coatings, and, thus, prevent their degradation.
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Fig. 5.5 Variation of open circuit voltages of (a) SS-P and (b) SS-W anode based MFCs monitored
for two cycles. Bioelectrocatalytic performances presented in terms of current densities for (c) SS-
P and (d) SS-W anode-based air-cathode MFCs operated under constant resistance mode (100 Q).

5.3.3 Charge transfer resistance of SS-W and SS-P anodes

Nyquist plots obtained from the EIS measurements of all anodes conducted at the start of the
experiments and during the 9" and the 10" batch cycles are shown in Fig. 5.6. The charge transfer
resistance (Rct) data for the SS-P and SS-W based anodes derived from the Nyquist plots are given
in Table 5.1. EIS fitting was carried out using EC-Lab 10.44 software. The fitted data for the
experimental data (dotted lines) has a deviation of 1 or less than 1, indicating a good fit. The
Nyquist plots obtained for the SS-P anode on day zero and after the 9™ batch cycle showed a
semicircle at high frequencies, which resembles charge transfer processes on the anode surface
[Fig. 5.6(a)]. After the semicircle, mainly a capacitive linear segment is observed in medium and
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low-frequency regions. The Ret value decreased from 3192 + 239 to 1438 + 143 Q cm™ after 45
days of MFC operation. The SS-W anode showed similar behaviour at relatively low impedance,
which is due to a better charge transfer on the 3D surface [Fig. 5.6(b)]. Rt value for this anode
changed from 240 + 25 Q cm™to 162 + 18 Q cm™. From both Nyquist plots, it was evident that

the Warburg diffusion is predominantly present even after 45 days of MFC operation. It can be

correlated to the relatively low jo value obtained for the uncoated SS anodes and strong

hydrophobicity of SS, which limits the bacterial colonisation on the anodes and, consequently,

leading to slower bioelectrocatalytic process. This, in turn, exhibited high impedance in mid-to-

low frequency regions. It has been shown that the Rt of SS anode can be decreased by acid

treatment from 10.7 Q to 2.2 Q [36]. Low Rct favours the electron transfer process from

electroactive biofilm to the external circuit, resulting in a higher current generation.
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Fig. 5.6 Nyquist plots of EIS spectra for all SS based anodes: (a) SS-P, (b) SS-W, (c) SS/PANI-P,
(d) SS/IPANI-W, (e) SS/PPy-P, and (f) SS/PPy-W.

Table 5.1 Charge transfer resistance (Rct) obtained for the bare anodes (without biofilm) and

bioanodes (with biofilms).

Anode material R bare anode Rc bioanode*
(Q ecm?) (Q ecm?)
SS-P 3192 £ 239 1438 + 143
SS-W 240 + 25 162 + 18
SS/PANI-P 252 + 32 99+ 13
SS/PANi-W 67 £ 16 22+4
SS/PPy-P 400 + 36 132+ 17
SS/IPPy-W 142 + 17 57 +13

*measured after 45 days of MFC operation

In the case of SS/PANI-P, the Rt value (252 = 32 Q cm™) on day 0 was much less compared to
that obtained for the SS-P anode. It decreased further to 099 + 13 Q cm™ at the end of MFC
experiments. For SS/PANi-W anode the initial Ret value (67 = 16 Q cm™) was even lower, which
decreased further to 22 = 04 Q cm™. The lower Re values obtained for the PANi coated anodes
strongly support the higher current densities achieved with these anodes. It has been reported that
the larger reactive surface area of PANi coated anodes leads to higher electron transfer efficiency,
which results in the higher power density of MFCs [31]. For SS/PPy-P the initial R¢t value of 400
+36 Q cm™ decreased to 132 + 17 Q cm?, whereas for SS/PPy-W anode it decreased from 142 +
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17 Q em?to 57 + 13 Q cm after 45 days of MFC operation. Initially, the charge transfer process
of the substrate oxidation is the rate-limiting step since a few bacteria are involved in the process.
The successive biofilm formation on the anode decreases the activation losses due to biocatalytic
activity on its surface. It is clear that the lower impedance enhanced the performance of the anodic

bioelectrocatalytic activity after incubation for a longer period.

5.3.4 Electrokinetic behaviour of PANiI coated SS-W based anodes

From the Tafel-type linear equation obtained from the LSV in Figures 5.7a and 5.7b, the slope is
F/RT, and the y-axis intercept is the logarithm of the exchange current. For each MFC, Tafel plot
was recorded at the start of the experiment. The exchange current density (jo) was determined by
extrapolation to 1 = 0 of a linear regression (R2 > 0.99) between 1 = 150 mV. By application of
150 mV overpotential, the jo values depend on the charge limited electrochemical process where
mass transfer is limited during measurements. The jo value signifies the rate of electron exchange
from the biofilm to the electrode at equilibrium. A higher value of jo means faster electron
exchange rate. The jopparenty Value also predicts the lower activation energy barrier for the forward
reaction. The average jo values based on triplicate measurements are used to plot the Tafel curves.
The Tafel plots for SS-P and SS-W based anodes are shown in Fig. 5.7a and 5.7b, respectively.
The jopparenty Values for these anode systems calculated from Tafel plots are shown in Fig. 5.7¢
and 5.7d, respectively.

The initial jopparent) Values for the SS-P, SS/PANI-P and SS/PPy-P were 0.0006 + 0.0001, 0.002 +
0.001, and 0.0008 + 0.0001 mA cm, respectively. After 45 days of MFC operation, these values
increased to 0.002 + 0.002, 0.050 + 0.002 and 0.006 + 0.004 mA c¢m2, respectively. There was no
significant change in the initial joepparenty Value after the MFC incubation for the SS-P anode. The
electrokinetic value and hydrophilic nature of the SS-P anode clearly suggest that these are
unfavourable conditions for biofilm development. The SS/PANI-P shows remarkable increment in
Joapparenty IN comparison to the SS/PPy-P system indicating its excellent electrokinetic properties.
The initial jogpparenty for SS-W, SS/PANi-W and SS/PPy-W were 0.0007 £ 0.0010, 0.040 + 0.009,
0.020 + 0.009 mA cm, respectively. They increased to 0.020 + 0.005, 0.098 + 0.007 and 0.036 +
0.003 mA cm after 45 days of MFC operation, respectively. In contrast to the SS-P plate-based

anodes, the jopparent) Values obtained for the SS-W based anodes increased significantly after MFC
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operations due to the unpolished morphological nature of SS-W and the 3D accessible surface area

for microbes to grow on their surfaces.
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Fig. 5.7 Electrokinetics behaviour of SS-P based and SS-W based anodes. Tafel plots of SS-P
based (a) and SS-W based (b) anodes. The joapparent) Values of SS-P based (c) and SS-W based (d)
anodes. All figures include data for anodes without and with biofilm (suffixed by ‘+’).

As expected, SS/PANi-W anode showed an increment in jogpparenty Value. The initial joapparenty Of
SS/PANI-W anode was also high because of its highly conductive nature. In the case of SS/PPy-
W, the jopparenty doubled from the initial value. The enhanced electrokinetics polymer coated
anodes can be directly correlated with the biocompatibility of these electrodes for electroactive
microbes. The achieved enhanced electrokinetics can be expressed in the following order:

SS/PANI anodes > SS/PPy anodes > uncoated SS anodes.
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5.3.5 Polarisation behaviour of all SS based anodes

The polarisation curves of all anodes are shown in Fig. 5.8. The MFC with the SS-P anode
experienced doubling back (power overshoot) due to exceeding anodic electron depletion of the
cathodic overpotential. The doubling back is generated by the kinetic limitation at the anode [54].
The SS-P faces the doubling back at a current density of around 0.1189 mA cm leading to a
maximum power density of 0.036 mW cm [Fig. 5.8(a)]. The polarisation of SS/PANi-P anode
exhibits distinct activation; Ohmic and mass transport limited zones [Fig. 5.8(b)]. The maximum
OCV obtained, in this case, was 749 mV. The activation region roughly falls from OCV to 600
mV. After activation, the system goes in the Ohmic region followed by mass transfer limit zone
from 300 mV. It was observed that the maximum power density lies in the Ohmic region for
SS/PANI-P system (0.187 mW cm2at 0.51 mA cm). This behaviour suggests that high bacterial
kinetic activity is involved compared to the use of the uncoated SS-P anode. The SS/PPy-P anode
also experienced a power overshoot immediately after reaching a maximum power density of
0.071 mW cm2at 0.25 mA cm, but it further led to the non-generation of doubling back [(Fig.
5.8(c)]. This observation indicates that the anode and cathodic kinetics remain at similar levels
[54]. Hence, the SS/PPy-P anode can produce a significant current. However, it may also indicate

that the anode was rate-limiting [55], and this led to the non-generation of doubling back.
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Fig. 5.8 Polarisation curves for the SS-P (a), SS/PANI-P (b), SS/PPy-P (c), SS-W (d), SS/PANi-
W (e), and SS/PPy-W (f) anode based systems. The maximum power outputs expressed in terms
of mW cmare 0.036 + 0.004, 0.180 + 0.019, 0.071 + 0.012, 0.127 + 0.011, 0.288 + 0.036 and

0.187 £ 0.017 for the respective anode systems.
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The polarisation in all SS-W based anode systems exhibits distinct activation, Ohmic, and mass
transfer zones. In all MFC systems, the maximum power densities were controlled by the Ohmic
limitations. The SS-W system displayed a maximum power density of 0.127 mW cm at 0.406
mA cm [Fig. 5.8(d)]. The SS/PANi-W system produces a maximum power density of 0.288 mw
cm?at 1.115 mA cm [Fig. 5.8(€)]. In the case of SS/PPy-W system the maximum power density
achieved was 0.187 mW cm2at 0.714 mA cm [Fig. 5.8(f)].

5.3.6 Comparison with previous work

Tables 5.2 summarises the maximum bioelectrocatalytic performances reported in terms of current
and power densities for different SS based anodes in MFCs. Anode materials such as silver [34],
copper [34], SS-P [35] and SS foam [56] were explored in the tri-electrode systems. Higher current
densities (one order of magnitude higher than achieved with the SS-W in this study) were achieved
with these materials. It should be noted here that all those studies were conducted under controlled
potential polarisation conditions.

Tables 5.3 and 5.4 further provide a comparative overview of the bioelectrocatalytic performance
of PANi and PPy modified anodes in different MFCs reported by other researchers. The pristine
SS-wool represents the highest performing anode in conventional two-chambered and single-
chambered air cathode MFCs (Table 5.2). Amongst different PANi modified composite materials,
the SS/PANI-W, tested in this study, exhibits the highest power density. This comparative analysis
shows that the unmodified or PANi modified SS wool based anodes outperform their counterparts
in acetate-fed MFCs. This high bioelectrocatalytic performance, coupled with its low-cost clearly

demonstrates the effectiveness of SS-W as a promising cheap anode material for MFCs.
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Table 5. 2 Comparison of bioelectrocatalytic performance of different SS based and some other

metallic anodes used for MFCs

Type of MFC Vol.of Anode Anode Max. Current Max. Reference

reactor material area density (mA cm?)  power

(mL) (cm?) density

(mW cm??)

Tri-electrode 250 Silver 15 1.1 NA [34]
Tri-electrode 250 Copper 15 15 NA [34]
Tri-electrode 150 SS-P 25 2.060 NA [35]
Tri-electrode 500 SS foam 2 8.2 NA [56]
Marine NA AusteniticSS 1200  0.014 0.0023 [57]
H-shaped 90 SSFF 3.24 0.003 0.0008 [31]
Single chamber 125 SS-FO 25 0.392 0.1060 [38]
Single chamber 125 SS foil 13 0.100 NA [58]
H-shaped 90 SSFF 3.24 0.115 0.0347 [45]
Single chamber 27 SS-P 35 0.118* 0.036* This study**
Single chamber 27 SS-W 7.5 0.400* 0.127* This study**

* Values obtained from polarisation curves

** Normalised by cathode area

Table 5.3 Comparison of bioelectrocatalytic performance of PANi modified anodes in MFCs.

Type of MFC Vol. of Anode material Anode Max. Max. Reference

reactor area Current power

(mL) (cm?)  density (mA  density

cm?) (MW cm?)
H-shaped 90 PANIche/SSFF 3.24 0.149 0.0360 [45]
H-shaped 90 PANIele/SSFF 3.24 0.0035 0.0800 [45]
H-shaped NA Inkjet-printed NA 0.0396 0.0693 [44]
PANI/CP

Tri-electrode NA PANI/CNT 1 NA 0.0042 [59]
Dual chamber 100 PANI/CNT/CP 80 NA 0.157 [60]
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Dual chamber 110 PANI/ CC 25 0.0944 0.516° [61]
Single chamber 83 PANI/GF 125 NA 0.400" [62]
Single chamber 27 PANI/SS-P 35 0.507* 0.180* This study**
Single chamber 27 PANI/SS-W 75 1.108* 0.288* This study**

* Values obtained from polarisation curves

** Normalised by cathode area

T Volumetric power density (mW m)

Table 5.4 Comparison of bioelectrocatalytic performance of PPy modified anodes in MFCs.

Type of MFC Vol. of  Anode Anode Max. Current Max. power  Reference
reactor material area density (mA density (mW
(mL) (cm?)  cm?) cm?)
Dual chamber 0.5 PPy/RVC 0.0154 NA 1.200 [63]
Dual chamber 75 PPy/AQDS 47.5 0.2742 0.1303 [64]
Benthic NA PPy/MnO, 9 0.060 0.0562 [65]
H-shaped 10 PPy/CNTs 1225  0.1278 0.0228 [66]
Single chamber 20 NT-MPMs 7 NA 32700+ [67]
Dual chamber 32 CPHS/CNTs  36.8 0.1600 0.1898 [68]
Single chamber 27 PPy/SS-P 35 0.288* 0.071* This study**
Single chamber 27 PPy/SS-W 7.5 0.713* 0.187* This study**

* Values obtained from polarisation curves

** Normalised by cathode area

T Volumetric current density (mwW m-3)
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5.4 Conclusions

We have demonstrated, for the first time, the potential use of low-cost SS-W scrubber as a cheap
and efficient anode in air-cathode MFCs. The performance of the SS-W anode was far superior to
that of the most commonly used SS-P anode on as the basis of achieved current density, power
density, charge transfer resistance and electrokinetic behaviour. The PANi and PPy coatings of the
SS-W improved their performances as anodes for MFCs considerably. In particular, the SS-W
coated with PANI gave the best performance with 54% more power density than achieved with
the SS/PPy-W anode. The SS-W is by far the cheapest anode reported in the literature in its class
[37]. Considering the many advantages, such as tunable shape, size, design, high surface area and
mechanical properties along with the commercial availability of SS-W, it is a most suited material
for relatively cheap MFC anode. As the SS/PANI-W anode exhibited the highest power generation
in this study, further study of its long-term stability is necessary prior to its adoption for the
construction of a pilot scale MFC stack in an endeavour to achieve a high-performance MFC

system with the potential capability for treating landfill leachate.
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Abstract

Platinum has been used extensively in low-temperature fuel cells (LTFCs), but its possible
replacement with low-cost alternatives has been a matter of considerable conjecture for some time.
This study explores the use of a carbon paper/polyaniline-Cu composite (CP/PANi-Cu) as a
potential low-cost replacement for the conventional Pt cathode. The incorporation of copper,
through the addition of CuSO4 to the monomer and deposition of the metal from this solution,
enhanced the catalytic activity of CP/PANi-Cu cathode for oxygen reduction reaction, yielding a
170% higher joapparent Of 0.088 + 0.003 mA cm than with a conventional Pt cathode (0.0325 +
0.0031 mA cm) made up with 0.5 mg cm™ Pt loading. Even with a Pt loading of 1.5 mg cm?, the
joapparent Of the Pt cathode (0.086 *+ 0.004 mA cm) was still slightly lower. Also, the optimum
CP/PANi-Cu cathode gave a much lower Rc: of 7.456 Q cm™ compared to the Ret of 3.95 Q cm™
obtained with the conventional Pt cathode, but the Pt cathode with the higher Pt loading gave a
closer Ret of 1.485 Q cm™. Furthermore, the maximum oxygen reduction current of -6.73 + 0.62
mA cm2 obtained with the CP/PANi-Cu cathode was higher than the -5.47 + 0.60 mA cm obtained
with the conventional Pt cathode but was close to the value of -7.21 + 0.79 mA cm™ obtained with
the Pt cathode with higher Pt loading. The presence of Cu in the CP/PANi-Cu composite was
confirmed by XPS, and the observed enhancement of the ORR activity by the CP/PANi-Cu
composite was not detected in the absence of copper (as CP/PANi composite). The morphology
and structure of the CP/PANI-Cu coating and the CP/Pt cathode was also investigated by SEM
and 4D X-ray microscopy to gain a better understanding of the performances of the cathodes. A
uniform nano-fibrous structure was observed for the CP/PANi-Cu composite, while the CP/Pt
revealed a non-uniform agglomeration. The results of this study demonstrate that the proposed

CP/PANI-Cu cathode can be adopted as a suitable low-cost replacement for Pt cathode.

176



6.1 Introduction

Low-temperature fuel cells (LTFCs) have attracted considerable interest due to their unique
advantages, such as high power density, low weight, and volume compared to other fuel cells[1].
However, a notable limitation to the wider application of these fuel cells is the cathode [2—4] which
depends on the electrokinetics of the chosen catalyst for its established oxidation-reduction
potential (ORP). For this reason, platinum (Pt) is often used as the catalyst to achieve maximum
LTFC performance, but its rather high cost is a hindrance for commercial-scale application,
especially when employed for microbial fuel cells (MFCs) for wastewater treatment [5,6].
Consequently, various attempts have been made in several studies to minimise the Pt content of
the cathode, including the use of a wide range of Pt alloys [7,8].

Some of the Pt-based alloys that have been investigated for improving oxygen reduction reaction
(ORR) activity in LTFCs include PtAg, PtNi, PtCo, PtPd, PtFe, PtW, PtCu, and PtAu [9-15].
Attempts have also been made to replace conventional Pt catalyst used for LTFCs with Pt-free
catalyst based on the development of non-precious metal catalysts (NPMCs) [16-18]. Cheaper
metal catalyst, such as silver [19,20], and ruthenium [21,22] based catalyst have also been
investigated as an alternative to Pt. Furthermore, several metal-free catalysts for LTFCs have been
reported based on the use of various materials [23-26], such as graphene-based nanostructured
materials [27-30], carbon nanotubes [27], conductive polymers [31,32] and conductive polymer
composites [33].

The use of heterocyclic conjugated polymers, such as polyaniline [34,35] and polypyrrole [36,37],
has also gained considerable interest due to their catalytic and electrochemical properties, stability,
conductivity, and ease of synthesis. In one case, nitrogen-doped carbon electrocatalyst was used
with polyaniline to provide a superior electrocatalytic activity and stability than with Pt/C [38]. It
was demonstrated in another study [39] that the incorporation of Pt into a PANI nanotube electrode
exhibited improved catalytic activity than with Pt supported on carbon and the conventional
electrode. In general, the catalytic activity and morphology of PANi or its composite depend on
the adopted synthesis steps, heat treatment temperature and binder [40,41]. Although PANI has
high specific capacitance and low synthesis cost, it also has poor stability [42] and a negligible
stand-alone ORR catalytic activity. However, its stability and activity can be greatly enhanced by
employing synergistic activity with metals and other polymers [42]. The catalytic activity of PANI

on its own strongly depends on the carbon and nitrogen sources, as well as the adopted synthesis
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conditions [43]. It has been demonstrated that the presence of cupric ions (Cu?*) in the monomer
solution accelerates PANi formation and also improves its conductivity [44]. Davis et al. [45]
demonstrated that the Cu?* ions enhanced the oxygen reduction kinetics, but the exact role of Cu?*
ions on the ORR catalysis remains unknown.

PANI possesses an excellent electrocatalytic activity for ORR due to its involvement in a highly-
selective four electron reaction pathway and a positive onset potential [46]. However, the higher
exchange current results in lower overpotential barrier. The major issue with a two-electron
reaction of associated oxygen reduction is attributed to lower electrode potential [46] which also
generates H>O> which may damage the electrode material. Hence, a catalyst with a four-electron
reaction is ideal for achieving better cathode performance.

In situ synthesised PANi-Fe-Co complex on the surface of carbon black nanoparticles, followed
by heat treatment in the presence of iron and cobalt has been reported [47]. A study of a PANi
coating which incorporated iron and carbon (PANi-Fe-C) has shown that heat treatment plays a
major role in inducing the catalytic activity of PANi derived catalyst [48]. Another PANI
composite which incorporated iron and nitrogen-doped carbon (PANi-Fe-N-C) was synthesised
by ultrasonicating a mixture containing an iron precursor followed by heat treatment [49]. In
another study, PANi cobalt-carbon (PANi-Co-C) composite was synthesised by a reduction
method without the need for heat treatment [50]. The use of PANi as a precursor to a carbon-
nitrogen template for high-temperature synthesis of catalyst incorporating iron and cobalt has also
been reported [51]. The wuse of one-dimensional nanofibers which contained iron—
polyaniline/polyacrylonitrile (Fe—-PANi-PAN) composite also gave improved ORR activity than
with a Fe-PANi composite which did not contain PAN [52].

The use of PANI has also been explored for preparation of cathodes for MFCs. Most of the studies
were based on the formation of composites such as manganese ferrite (MnFe2Oas)/polyaniline
(PANI) cathode for ORR reaction [53]. Also, the use of a PANi-MWCNT cathode for power
generation has also been reported [54]. In another study, PANi-Fegoo and PANi-Fezoo Were prepared
by treatment at 900 °C and 700 °C, respectively, and subsequently used as cathodes [43]. A
PANinf/carbon black composite (PANInf/C) has also been used for MFC cathode [35]. All of these
PANI cathodes were prepared by chemical synthesis based on using multi-step cathode ink and
then applied by manual coating on the gas diffusion layer (GDL). Their performances were

evaluated in a proton exchange membrane or with a rotating disk electrode [47,48]. However, this
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is not an ideal approach for producing a PANi cathode. Although both chemical and
electrochemical polymerisation of ANi can be used for the formation of PANi and PANI
composites [42,55,56], the use of electrochemical polymerisation is more advantageous due to its
ease and reproducibility of synthesis. The electropolymerisation can be achieved by either
galvanostatic (with a constant applied current density) [57], potentiostatic (with constant applied
potential) [58,59] or potentiodynamic (with a variable applied potentials) [60,61] modes. The
galvanostatic approach has been recognised as being most useful for producing more uniform and
controlled PANI film on working electrodes of different dimensions and shapes [62]. Furthermore,
chemically synthesised PANI have the tendency to incorporate additional contact resistance to the
cathode [62]. In contrast, electropolymerisation minimises the microscopic contact resistance and
allow for compact binding of nanofibers on the surface [62]. For these reasons, it is highly likely
that the use of electropolymerised PANi would produce a more superior cathode for achieving a
more efficient interfacial electron transfer.

In this study, we investigate the use of CP/PANIi-Cu coating deposited galvanostatically on a
commercial grade carbon paper as a way of producing a low-cost cathode for LTFCs. The
electrochemical evaluation of the resulting PANI cathode will be carried out by using Tafel plots
performed in an aqueous proton conductor by using a three-electrode cell arrangement. The PANI
cathode will also be compared with Pt cathodes made with varying Pt/C loadings from 0.25to 1.5
mg c¢cm?, on the basis of achievable exchange current density (joapparent), maximum oxygen
reduction current and charge transfer resistance (Rct). Furthermore, detailed microscopic studies
will be conducted on the PANI cathode by 4D X-ray microscopy, profilometry, scanning electron
microscopy and FTIR to gain a good understanding of the structural composition underlying its

performance.

6.2 Materials and methods

6.2.1 Electrochemical cell setup and PANI synthesis

PANi film was synthesised by galvanostatic electrodeposition using a three-electrode cell
assembly. The working electrode was a commercial carbon paper of 210 um thickness (GDS 210,
CeTech, Taichung, Taiwan) of 3 x 2.5 cm (7.5 cm?) in dimensions. The carbon papers were
degreased by ultrasonication in acetone before electrodeposition. The counter electrode used for

CP/PANI-Cu fabrication was a copper foil (Sigma-Aldrich, Mumbai, India), whereas, for
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fabrication of CP/PANI, a titanium mesh (Sigma-Aldrich, Mumbai, India) counter electrode was
used. The reference electrode was a miniature Ag/AgCl reference electrode (RRPEAGCL, Pine
Research Instrumentation, Durham, USA). All electrochemical experiments were performed with
a Biologic SP-150 potentiostat (BioLogic, Claix, France) fitted with EC-Lab V-10.44 software for

data processing.

6.2.2 Electropolymerisation of polyaniline (PANiI)

Reagent grade aniline (Sigma-Aldrich, Mumbai, India) and nitric acid (Sigma-Aldrich, Mumbai,
India) were used for electropolymerisation of aniline on CP. PANi was synthesised by
galvanostatic polymerisation with an applied current density of 2.5 mA cm (constant current) in
a monomer solution which contained 0.4 M aniline, 0.7 M nitric acid and 0.6 M copper (1) sulfate.
Copper was then deposited with an applied potential of -0.1 V for 60 secs to form the CP/PAN:i-
Cu. In contrast, CP/PANi was formed by galvanostatic polymerisation with an applied current
density of 2.5 mA cm in a monomer solution which contained only 0.4 M aniline and 0.7 M nitric
acid. The effect of PANI coating thickness on the electrokinetics was investigated by varying the
polymerisation times from 5 - 30 mins. The monomer solutions were purged with nitrogen for 10
minutes to remove oxygen before the commencement of electropolymerisation. Scheme 1 outlines

the overall process of fabrication of the catalyst and air cathode.

0.4 M aniline+0.7M nltrlc acid + 0.6 M copper sulfate

.— W«‘

Carbon paper  Electropolymerisation PANi-Cu on Carbon Membrane electrode assembly (MEA)
paper

S .— Nafion NRE-212

" Hot-press _ . <
% £ «— PANi layer

*——Carbon paper

Electrode preparation

Ag/AgClreference
electrode
Phosphate buffer

(0.1M, 6.8 pH) Working electrode (CP/PANi-Cu, CP/PANi and CP/Pt MEA)

counter electrode (Stainless steel)

Electrochemical testing

Scheme 6.1 Electropolymerisation of CP/PANI-Cu on carbon paper, preparation of membrane
electrode assembly (MEA) and electrochemical testing of the cathodes in an aqueous proton

conductor with a three- electrode assembly.
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6.2.3 Platinum coating on carbon paper

Vulcan XC-72 platinised carbon powder was coated on carbon paper by using an air spray gun.
The platinum loading in the electrodes was varied from 0.25 - 1.0 mg cm? by using
perfluorosulphonic acid (Nafion solution, 5%) solution as a binder. All coated electrodes were kept
in a hot air oven at 60 °C for 6 hours to complete drying. The electrodes were then hot pressed, as
shown in Scheme 1, on one side of a solid polymer electrolyte membrane (50 um, Nafion NRE-

212) under 1-ton pressure at 140 °C for 2 min.

6.2.4 Electrochemical Characterisation
Fabricated air cathodes were tested in an aqueous proton conductor in 0.1 M phosphate buffer
solution at pH 6.8. The reference electrode and potentiostat used were the same as previously

described in 2.1. Titanium mesh (Sigma-Aldrich, Mumbai, India) was used as the anode.

6.2.4.1 Linear Sweep Voltammetry

The electrokinetics of the PANI coated carbon paper was evaluated by linear sweep voltammetry
(LSV) used for plotting Tafel plots and current density versus applied potential plots.
Electrochemical measurements were performed with a Biologic SP-150 potentiostat at room
temperature (24-27 °C), using a three-electrode system. The working electrodes (cathodes) were
fitted in the grid in the three-electrode cell. The LSV was performed at a sweep rate of 1 mVs™.

Each experiment was performed three times, and the standard deviation was calculated.

6.2.4.2 Tafel Plot

Tafel plot, as derived from equation 1 below [63], was employed to measure the reaction kinetics
for working electrode (cathode) and an Ag/AgCI (3 M KCI) was used as the reference electrode.

In[,i] :ﬁ[ﬂ]
i RT) (1)

where io is exchange current density, i is the electrode current density (mA m2), B is the electron
transfer coefficient, R is the ideal gas constant (8.31 J mol? K), F is the Faraday’s constant
(96,485 C mol™?), T is the absolute temperature, K and 7 is the activation overpotential. The
reference electrode was placed in the cathode chamber (near the working electrode) during the

measurements.
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The purpose of using a Tafel plot is to calculate the exchange current density io. The ig is a
fundamental parameter in the rate of electrooxidation or electroreduction of a chemical species at
an electrode when in equilibrium. The charge transfer resistance (R¢t) was calculated from the
following equation [64]:

_ AT
- nFi,

ct

where n is the number of electrons.

Based on the Tafel-type, linear equation obtained from the plots [Fig. 6.3(a) and 6.4(a)], the
corresponding slope is F/RT, and the y-axis intercept is the logarithm of the exchange current [63].
For the anodic reaction at 25 °C, the slope of Tafel plot is b =0.059 /1 — a, while at the same time,

the slope for cathodic reaction is b =0.059 / a.

6.2.5 Morphological study of the cathodes

The morphologies of pristine carbon cathode, CP/Pt cathode, and CP/PANIi-Cu cathode were
obtained with a JSM - 760F FEG scanning electron microscope (SEM) at a 1-micrometer
resolution with a 10,000X magnification. Alicona microscope was used to examine the topography
of CP/Pt cathode and CP/PANI-Cu cathode with magnifications of 10x, 20x, and 50x. Multiple
scans, including triplicates of the carbon, CP/PANIi-Cu, and CP/Pt cathode materials were
visualised by full three-dimensional scans. Care was taken to avoid surface contamination of
electrodes. The quantity of Pt particles embedded in a carbon paper and the growth of CP/PANI-
Cu was analysed with a Four-Dimensional X-ray Microscopy, (Versa XRM-520, Xradia,
Pleasanton, CA).

6.2.6 X-ray Photoelectron Spectroscopy (XPS)

The XPS spectra of samples were obtained using Thermo Scientific K-Alpha. Survey and core
elemental composition were obtained with non-monochromatized Al Ka X rays operated at 25.0
eV with 0.100 eV resolution. The scanned area was 400 pm for 1 mins 55.5 secs acquisition time.
To recompense surface charging effect, the lowest binding energy of C(1s) of the sample was set
at 284.5 eV. The XPS peaks were analysed using a Gaussian line shape with Lorentzian broadening

function into different components, and quantitative interpretation was made after baseline
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correction. High-resolution scans were obtained in the C(1s), N(1s), O(1s), S(2p), Cu(2p) and
Pt(4f) regions of the spectrum. The elemental quantitative determination was based on the integral

intensity of signals measured for the different elemental states.

6.2.7 Fourier Transform Infrared Spectroscopy (FTIR)

A Vertex 80 (Bruker Corporation, Massachusetts, United States) FTIR spectrometer was used to
record FTIR of CP/Pt, and CP/PANi-Cu. FTIR spectra were obtained by attenuated total
reflectance (ATR) method with a resolution of 4 cm™. The wavenumbers were in the range of
4000-550 cm™ for both CP/Pt and CP/PANI-Cu cathodes. The baseline corrections were made
carefully, and peaks were determined with the aid of an Opus software (Bruker Corporation,
Massachusetts, United States).

6.3 Results

6.3.1 Electrochemical deposition of PANi-Cu on CP

Although the use of chemical polymerisation for coating PANi-Cu on carbon paper has been
reported in some studies for the development of supercapacitor electrodes [65,66], there is, to our
knowledge, no previous report on the use of electropolymerisation of aniline (ANi) for coating
PANI-Cu on carbon paper for MFCs or proton exchange membrane fuel cells. A study which
considered the use of a PANi-Cu catalyst for a fuel cell [47] also utilised chemical polymerisation
and was subsequently deposited on a carbon paper. However, the PANi-Cu coating produced by
such an approach was not as robust, conductive and stable as that produced by
electropolymerisation in this study.

The deposition of PANi-Cu catalyst on carbon paper by galvanostatic polymerisation was
investigated at varying polymerisation times from 5 to 30 mins to determine the influence of
coating thickness on the joapparent and jred Values of the resulting CP/PANI-Cu cathode. The PANI-
Cu coating was formed on one side of the carbon paper. Fig. 6.1 shows a chronopotentiogram
obtained for the formation of the PANi-Cu coating on the carbon paper. Evidently, the conductivity
of the coating increases with increasing polymerisation time, as reflected by the declining

stabilisation potential (Es) with time.
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Fig. 6.1 Chronopotentiogram of (a) electrodeposition of CP/PANi-Cu on carbon paper as a
function of time and (b) (the representative figure for PANi-Cu deposition) 5 min PANI coating

using chronopotentiometry followed by Cu deposition for 1 min using chronoamperometry.

Fig. 6.2(a) shows the morphology of the pristine carbon paper obtained by SEM, where the carbon
fibres can be seen without any external particles. In contrast, the micrograph obtained for carbon
coated with 0.5 mg cm Pt/C and 5% Nafion solution shows in Fig. 6.2(b) that the distribution of
Pt is not uniform. Fig. 6.2(c) and 6.2(d) show the morphological changes obtained for CP coated
with PANi-Cu at two different magnifications (10,000 X and 50,000 X, respectively). The
presence of well-ordered PANI-Cu nanofibers with an average diameter of 112 + 11 nm is clearly
obvious. It is important to note that prior acid treatment [65] is normally required when carbon
paper is coated with PANi-Cu by chemical polymerisation, but such treatment is not required for
the deposition of the composite by electropolymerisation of ANi. Furthermore, after acid treatment
of the carbon paper, the average diameter of the PANi-Cu nanofibers was 43 nm, and some PAN:i-
Cu nanofibers aggregated during the chemical polymerisation. In another study of the chemical
synthesis of PANi-Cu, the fibres were more variable with diameters ranging between 50 and 120
nm [66]. In contrast, the PANi-Cu nanofibers formed by electropolymerisation without any pre-

treatment of the carbon paper in this study were more uniform.

6.3.2 Electrochemical characterisation
Electrochemical measurements, including polarisation behaviour (Tafel plots) of the CP/PANi-Cu
and CP/Pt cathodes, were carried out to evaluate the electrochemical performance of the air

cathode in phosphate buffer (pH 6.8). The exchange current density, jo, was calculated by
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extrapolation to »# = 0 of a linear regression (R? > 0.99) between » = 150 mV. By applying a 150
mV overpotential, the resulting io values depended on charge limited electrochemical process
where mass transfer is limited during the measurement. As the jo signifies the rate of electron
exchange between the working electrode and the counter electrode at equilibrium, a higher jo value
is indicative of a faster electron exchange rate. It also demonstrates a lower activation energy

barrier for the forward reaction.

Fig. 6.2 SEM images of (a) Pristine carbon paper, (b) carbon coated with 0.5 mg cm Pt, (c)
CP/PANI-Cu (20 mins) electrodeposited on carbon paper and (d) measured CP/PANI-Cu nanofibers
from SEM image.
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6.3.2.1 Electrochemical activity of CP/PANi-Cu and CP/PANI

In the initial experiment, the carbon papers were coated with PANi and PANI-Cu for 20 mins. An
air cathode (CP/Pt) with 0.5 mg cm™ Pt loading was employed for the initial comparison.
Typically, the platinum loading used in air cathodes for LTFC ranges from 0.5-0.6 mg cm2[67],
so the chosen load is within this range.

Tafel plots were recorded for CP/PANi-Cu, CP/PANiI and CP/Ptos mg cm-2) cathodes , and the
exchange current densities, joapparent, Were determined by extrapolation to # = 0 of a linear
regression (R? > 0.99) at = 150 mV. The Tafel curves are shown in Fig. 6.3(a). As expected and
shown in Fig. 6.3(b), the pristine cathode exhibited very low joapparent O 0.0032 + 0.0012 mA cm”
2, whereas the cathode which contained 0.5 mg cm™ CP/Pt gave a joapparent Of 0.0325 + 0.0031 mA
cm2. In contrast, the optimum CP/PANI-Cu cathode exhibited a relatively high joapparent f 0.088 +
0.003 mA cm2 which was 170% higher than the joapparent Obtained with 0.5 mg cm2 CP/Pt cathode.
Interestingly CP/PANi gave a negligible exchange current density of 0.006 + 0.002 mA cm™. Even
if higher platinum loaded cathode which contained 1.5 mg cm Pt was used, the achieved joapparent
was 0.086 + 0.004 mA cm™ which was still slightly lower than obtained with the optimum
CP/PANI-Cu cathode. The considerable improvement observed clearly demonstrates that the
CP/PANI-Cu cathode exhibits a faster electron exchange rate than the CP/Pt cathode.

The maximum reduction current obtained with the pristine CP, CP/Pt, CP/PANi-Cu and CP/PANi
cathodes were also measured by LSV with an aqueous proton conductor. The pristine cathode
(control) only generated a maximum reduction current of -0.048 + 0.006 mA cm, but, in contrast,
the CP/Pt cathode achieved a maximum reduction current of -5.36 + 0.79 mA c¢m. On the other
hand, the CP/PANI-Cu cathode gave a much higher maximum reduction current of -6.56 + 0.34
mA cm?which was 22% higher than obtained with the CP/Pt cathode. However, in the absence of
Cu, the CP/PANI only gave very low reduction current of -0.261 + 0.064 mA cm2. Consequently,
the CP/PANI-Cu cathode was used for further investigations and for comparison with the CP/Pt

cathode.
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Fig. 6.3 Electrochemical characterisation of the cathodes and effect of PANI electrosynthesis using
Cu and SS counter electrode. (a) Tafel plots of pristine CP, CP/PANi-Cu, CP/PANI and CP/Pt
cathode, (b) Exchange current densitieSgpparenty Of the CP, CP/PANI-Cu, CP/PANi and CP/Pt
cathode, (c) Cathodic linear sweep polarisation of CP, CP/PANi-Cu, CP/PANi and CP/Pt cathode,
(d) Maximum reduction current of CP, CP/PANI-Cu, CP/PANi and CP/Pt cathode.

6.3.2.2 Influence of Pt loading on electrochemical performance

Figure 6.4(a) shows the Tafel plots obtained for the CP/Pt cathode with increasing Pt loading from
0.25 to 1.5 mg cm. The Tafel plots indicate that the Log (j/mA cm) values shifted towards the
positive direction with increasing Pt loading due to the presence of an excess catalyst for the ORR
reaction. Figure 6.4(b) shows that the reduction current increases with Pt loading and the ORR
kinetics were almost equal from 0.5 mg cm™ to 1.5 mg cm Pt loading. The exchange current

density was calculated from the Tafel plots and Fig. 6.4(c) illustrates that jo values increased
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linearly with Pt loading. The maximum jo of 0.086 mA c¢m was observed with 1.5 mg cm™ Pt
loading. Images obtained by 4D microscopy and SEM revealed an agglomeration structure due to
the mixing of Nafion solution with the Pt/C and its spread over the surface of the electrode. The
structure allowed oxygen to pass through the surface to reach the reaction centres. Typically, in
MFC or PEFC, 0.5 mg cm™ Pt loading is commonly used. The 0.5 mg cm™ loading gave a Rt of
3.953 Q cm, while the 1.5 mg cm™ loading gave the least Rt of 1.485 Q cm™. Figure 6.4(d) shows
the Re variation as a function of Pt loading. Evidently, the Rct decreased dramatically with

increasing Pt loading.
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Fig. 6.4 Dependence of electrochemical performance of cathode on Pt loading. (a) Tafel plots, (b)

LSVs, (c) exchange current densities and reduction current densities as a function of platinum
loading on carbon paper, and (d) Pt on carbon paper and its associated charge transfer resistance
(Rct) as a function of loading. Pt loadings: (i) pristine, (ii) 0.25, (iii) 0.5, (iv) 0.75, (v) 1.0, (vii)
1.25 and (vii) 1.5 mg.
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6.3.2.3 Electrochemical performance of CP/PANIi-Cu coating

Figure 6.5(a) shows the Tafel plots obtained with the CP/PANi-Cu cathode prepared with
increasing polymerisation time from 5 to 30 min. A shift in the log (j/mA cm) value towards the
positive direction is obvious with increasing polymerisation time, and it is indicative of the
increasing conductivity of the coating. Figure 6.5(b) shows the LSV curves obtained for the
CP/PANI-Cu cathodes prepared with the different polymerisation times. The exchange current
densities (jo) were calculated from the Tafel slopes, and the maximum oxygen reduction currents
are shown in Fig. 6.5(c) as a function of polymerisation time. The jo and ireq Of the CP/PANI-Cu
cathode increased linearly with increasing polymerisation time from 5 to 25 min. The exchange
current density decreased to 0.073 mA cm with the use of a polymerisation time of 30 min. Thus,
indicating that the maximum achievable jo of 0.088 mA cmwas obtained with a polymerisation
time of 25 min. The decline in jo with polymerisation of 30 min is attributed to the increased
thickness of the PANI-Cu coating which increased diffusion barrier and limited oxygen diffusion
to the electrode. Also, the lowest charge transfer resistance Ret of 1.456 Q cm™ was obtained with
the CP/PANI-Cu cathode obtained with a polymerisation time of 25 min. Figure 6.5(d) shows the
Ret variation as a function of polymerisation time, with the significant decline observed at
polymerisation times longer than 5 min.

The ORR typically follows first-order kinetics with respect to the oxygen concentration at the
electrode surface [68]. The exchange current density of an electrode and its efficiency depends on
the available oxygen on the surface of the electrode. Thus, the thickness of the dense network of
polyaniline nanofibers is a critical parameter influencing the ORR reaction. Consequently, as the
coating becomes thicker, it reduces the accessibility of oxygen to the reaction sites due to increased
diffusion barrier. Based on the results obtained in this study, the use of a polymerisation time up
to 25 min produced PANi-Cu coatings which gave increasing jo values. Therefore, it was obvious
that the decline in jo observed with the use of a polymerisation time of 30 min was due, as
previously indicated, to increased PANi-Cu coating thickness and the associated reduction in
oxygen reaching the reaction sites.

Also, in terms of thickness, the Pt layer thickness for the CP/Pt cathode produced with 0.5 mg cm”
2 loading was determined to be 44 + 6 um, while PANi-Cu coating thickness obtained with 20
mins polymerisation was determined to be 24 + 2 um. Although the PANI-Cu coating thickness is

about half the thickness of Pt in the CP/Pt cathode, it is obviously denser and more compact. As a
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result, the CP/PANI-Cu cathode will limit oxygen penetration as it becomes thicker. In contrast,

the loaded Pt is more porous and will, thus, enable easier passage for oxygen.
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Fig. 6.5 Dependence of electrochemical performance of CP/PANi-Cu cathode with polymerisation
time. (a) Tafel plots, (b) LSVs, and (c) exchange current densities and reduction current densities
as a function of CP/PANI-Cu. Polymerisation time: (i) - pristine, (ii) 5, (iii) 10, (iv) 15, (v) 20, (vii)
25 and (vii) 30 min. (d) CP/PANI-Cu polymerisation on carbon paper and its associated charge

transfer resistance (Rct) as a function of polymerisation time.

6.3.3 X-ray Photoelectron Spectroscopy (XPS)

The analysis of the elemental composition of CP/PANI-Cu and CP-Pt electrodes were carried by
XPS. The spectra obtained for CP/PANIi-Cu are shown in Fig. 6.6(a) — 6.6(c). The survey of the
sample revealed the presence of oxygen Ols - 531.63 eV, sulfur S2p — 168.28 eV, carbon C1s
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284.6 eV, and nitrogen N1s 399.30 eV. By using high-resolution XPS analysis, the PANi-Cu
coating gave a peak at 934.49 eV, designated as Cu2p3, as shown in Fig. 6.6(a) and 6.6(b). The
details element composition is given in supplementary information. The presence of a signal for
O1s 531.63 eV indicates that pure Cu metal was not formed during deposition [69]. Also, due to
other elements present (S2p) may contribute oxygen adsorption. The spectra in Fig. 6.6(c) shows
a clear indication of the presence of monovalent copper. The peaks at 934.52 eV and 944.19 eV
were attributed to Cu2p 3/2 (Cu2p3A) and Cu 2p 1/2 (Cu2p3D) which are mainly present as Cu
(1) oxide. Also, the Cu2p has a satellite line at 937.18 — 940.99 eV which is attributed to the
presence of a minute Cu (Il) oxide. The Cu2p3 peak represents 0.52% of the total chemical
composition of the CP/PANI-Cu cathode. Table 6.1 presents the elemental identification (ID) and
quantification of the CP/PANi-Cu. The XPS spectra of CP/Pt cathode are shown in Fig. 6.6(a’)-
6.6(c’) and the survey of Cls, N1s, Ols, S2p and Pt4f gave binding energies of 284.47, 400.97,
531.95, 168.96 and 72.54 eV, respectively. Fluorine from 5% Nafion is present in the CP-Pt but
was not shown in XPS data. Pt4F5 attributed to Pt(0) is from metallic Pt present in Vulcan XC-
72. Table 6.2 presents the elemental 1D and quantification of the CP/Pt cathode. Interestingly,
0.52% of Cu and 1.16 % of Pt were present in CP/PANi-Cu and CP-Pt cathodes, respectively. The
elemental quantification is given in Tables 6.1 and 6.2 for CP/PANi-Cu and CP-Pt cathodes,
respectively. Although the Pt catalyst present was more than doubled that of the Cu catalyst, the jo
values obtained were almost the same for the PANi-Cu coating and CP/Pt cathode with 1.5 gm
cm Pt loading.
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Fig. 6.6 XPS pattern of CP/Cu-PANI cathode and CP/Pt cathode, a, b, ¢ survey, Cu2p presence

and various states of the presence of Cu respectively. a’, b’ and c,” survey, Pt presence and different
states of Pt presence respectively.

Table 6.1 Elemental ID and quantification of CP/PANi-Cu

Name Peak BE FWHMeV  Atomic% : Name Peak BE FWHMeV  Atomic %
S2p 168.28 2.39 1.70 Cu2p3 931.65 2.68 5.11

Cls 284.63 2.20 73.56 i Cu2p3A 93452 2.68 51.31
N1s 399.30 1.77 12.93 i Cu2p3B  937.18 2.68 8.30

O1s 531.63 2.48 11.28 i Cu2p3C  940.99 3.37 16.26
Cu2p3  934.49 2.73 0.52 Cu2p3D  944.19 3.37 19.03

Table 6.2 Elemental ID and quantification of CP-Pt

Name PeakBE FWHMeV Atomic % ! Name Peak BE FWHMeV  Atomic %
Cls 284.47 0.97 91.21 | Ptaf7 71.43 1.49 100.00
N1s 400.97 2.52 1.70 i Ptaf5 74.76 1.49 0.00

Ols 53195 294 5.07 '

S2p 168.96 2.38 0.87

6.3.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to characterise the CP/Pt and CP/PANI-Cu cathodes. The CP/Pt cathode composed
of 40% Pt/C and 5% Nafion solution as a binder. The CP/PANI-Cu cathode was synthesised with
0.4 M aniline in 0.7 M nitric acid for 25 min with an applied current density of 2.5 mA cm?,
followed by deposition of copper from 0.6 M copper sulfate solution. The respective spectral

obtained for each of the cathode are discussed below.

6.3.4.1 FTIR of CP/Pt cathode

Figure 6.7(a) shows the FTIR spectra obtained for Pt/C on the carbon paper. The carbonyl acid
C=0 stretch and the N-H deformation are evident at 1695 and 1549 cm™, respectively. The

absorption bands at 1148 and 1210 cm™* correspond to the symmetric and asymmetric vibrations

192



of —CF groups in the hydrophobic fluorocarbon backbone. Symmetric stretching of the sulfonate
group is observed at 1059 cm™. The twin peak at 972 cm™ is due to the presence of two ether
linkages (-C—O-C-) in Nafion solution side chain [70]. The peaks at 846 cm™* and 702 cm™* are

associated with SO3™? group from the Nafion solution [71].
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Fig. 6.7 Fourier transform infrared (FTIR) spectra of (a) CP/Pt cathode with 0.5 Pt loading on
carbon paper and (b) CP/PANI-Cu cathode electrodeposited for 20 min.

6.3.4.2 FTIR of CP/PANI-Cu cathode

Figure 6.7(b) shows the FTIR spectra obtained for the CP/PANi-Cu-coated carbon paper cathode
with the obvious characteristic bands of the secondary amine (N-H) at 3230 cm™ [72], and the
C=C stretching deformation of the quinoid at 1560 and 1374cm™. The band at 1482 cm™ is
attributed to a benzenoid ring system in polyaniline [73]. The band at 1289 cm™ is characteristic
of the C—N stretching of the secondary aromatic amine and the one at 1238 cm™ is due to C—H
bending of the benzenoid. The absorption peak at 1104 cm™ is assigned to the N=Q=N. All of
these peaks are characteristics of the formation of the emeraldine form of PANi. The bands at 614
cm ™ are assigned to the symmetric and antisymmetric stretching of the sulfonate groups [74]. A small
peak at 1006 cm™ is due to the sulphonic group from Nafion solution [71]. Out-of-plane bends of

C—H on substituted aromatic rings are evident at 874 cm™.
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The FTIR measurements adequately distinguished between the CP/Pt and CP/PANi-Cu cathodes
based on the identification of the principal functional groups that are distinctly reflective of the

composition of the different cathodes.

6.3.5 3D Profilometry and 4D X-ray microscopy

The 3D profilometric images obtained for the pristine and coated carbon papers are shown in Fig.
6.8. The image obtained from the pristine carbon clearly shows the interlinked carbon fibres. The
average roughness was 8.39 um, 0.70 pum and 4.35 um for pristine CP, CP/PANi-Cu and CP/Pt
cathodes, respectively. From the profilometry data, it was obvious that the CP/PANi-Cu cathode
displayed very high surface uniformity compared to CP and CP/Pt. The cracks observed in
CP/PANI-Cu, as shown in Fig. 6.8(c) were due to the drying out of the Nafion solution during the
drying process in a hot air oven.

The four-dimensional (4D) X-ray microscopy revealed that the Pt/C and PANi-Cu were deposited
on the surface and inside the carbon paper. Fig. 6.9(a) shows Pt/C coating with granular deposition
of Pt and carbon particles. At 4X magnification, the thickness of the coating was determined to be
44 *+ 6 um with non-uniform deposition. The Pt/C was deposited with an air gun and, due to its
pressure, the Pt/C particles also reached the slight core of the carbon paper. In the core, the compact
layer can be seen. In contrast, Fig. 6.9(b) shows that the CP/PANI-Cu deposition was very
uniformly grown on the surface. The average thickness of the CP/PANi-Cu coating was
determined to be 24 £+ 2 um. Its thickness can be tuned by varying the applied current density and

electropolymerisation time.

(c)
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Fig. 6.8 3D profilometry of (a) pristine carbon paper, (b) carbon paper coated with 0.5 mg cm
CP/Pt/C, and (c) CP/PANI-Cu. CP/PANI-Cu coating was obtained by electrodeposition for 20

mins.
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Fig. 6.9 4D X-ray microscopy of (a) carbon coated with 0.5 mg cm and (b) CP/PANI-Cu (20 mins)
electrodeposited on carbon paper.

6.4. Conclusion

This study has successfully demonstrated the feasibility, effectiveness, and usefulness of
fabricating and utilising a low-cost CP/PANi-Cu cathode for potential replacement of Pt cathode
in MFCs and LTFCs. Uniform PANI-Cu coating was obtained on the CP and, due to its nano-
fibrous structure, it performed effectively as a cathode. The incorporation of copper, through the
addition of CuSO4 to the monomer and deposition of the metal from this solution, resulted in
enhanced ORR activity. The optimum PANI cathode gave a much higher joapparent 0f 0.088 £ 0.003
mA cm2 which was 170% higher than the joapparent Obtained with 0.5 mg cm? CP/Pt cathode and
was still slightly higher even when a platinum loading of 1.5 mg cm2 Pt was used. The Rc; of 1.456
Q cmobtained for the optimum CP/PANi-Cu cathode was much lower than the 3.95 Q cm™
obtained for the CP/Pt cathode with 0.5 mg Pt cm loading but close to the Ret of 1.485 Q cm™
obtained with a platinum loading of 1.5 mg cm CP/Pt. Both of these results demonstrate that the
Pt cathode needed 3 times the Pt loading (1.5 mg cm™2 Pt) of the commonly used cathode to perform
as good as the optimum CP-PANIi-Cu cathode. The SEM revealed that unlike the nanofiber mat
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formed by the PANI-Cu coating on the CP, the Pt formed agglomeration on CP when deposited
with an air gun. The 4D X-ray microscopy also revealed that a uniform PANI-Cu coating was
formed over the surface of the carbon paper (thickness) and also on the core of the carbon paper
matrix. In contrast, the deposited Pt/C particles on the carbon paper were not uniform, with some
particles getting into the core of the matrix possibly due to the pressure of the airgun. Further
studies are still required to gain a good understanding of the longevity of the CP/PANI-Cu coated
cathode in aqueous proton conductor and measure its real performances in PEM fuel cells and
MFCs. We are conducting further studies into these two important aspects.

At present, the cost of 1 g Pt/C (40%) is $334 (X 22402) [75]. In contrast, based on a rough estimate,
the cost of 1 g PANI deposition is approximate $3.5. Evidently, if the CP-PANi-Cu cathode can
demonstrate good longevity and performance in fuel cells, it will enable a substantial reduction in
the current cost of Pt-based cathodes for MFCs and LTFCs. This is highly important as the use of
Pt/C catalyst currently contributes almost half of the current construction costs of MFC reactors,

which has hindered the wider commercial applications of MFC technology to date [43].
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Exploration of a carbon paper/polyaniline-copper hybrid as an air cathode

for microbial fuel cells
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Nomenclature:

F
I
i0

Abbreviations:

EPS
FePc
GDL
LSV
MEAs
MFC
MnFe204
MWNT
oCVv
ORR
PANIi
PANI/C
PB/PANI
PtC

SPG

Faraday’s constant [96,485 C mol™]
Current [mA]

Exchange current [mA]

Exchange current density [mA cm™]
Ideal gas constant [8.31 J mol™ K[
External Resistor [Q]

Absolute temperature, [298.15 K]
Voltage [mV]

Overpotential [mV]

Exopolysaccharide

Iron phthalocyanine

Gas diffusion layer

Linear sweep voltammetry
Membrane electrode assemblies
Microbial fuel cells
Manganese ferrite
Multi-walled carbon nanotube
Open circuit voltage

Oxygen reduction reaction
Polyaniline
Polyaniline/carbon black
Prussian Blue/polyaniline
Platinum cathode

Spectrographic pure graphite

206



Abstract

In search of a cheaper alternative to the expensive platinum-copper (Pt-Cu) catalysts used in air
cathode for microbial fuel cells (MFCs), this study explores the use of a carbon paper/copper-
polyaniline (CP/PANI-Cu) hybrid as a cheap and efficient air cathode. The resulting CP/PANi-Cu
cathode is characterised by a uniform layer and relatively strong adhesion of PANi-Cu which
enabled a significant oxygen reduction reaction (ORR). The maximum current generated by the
CP/PANi-Cu cathode was 0.50 + 0.02 mW cm which was significantly higher than 0.35 + 0.03
mA cm2 obtained with a traditional Pt cathode. The power densities obtained for MFCs with these
cathodes were 2.44 + 0.14 mW cm under a current density of 0.85 + 0.08 mA cm for Pt cathode,
and 1.01 + 0.01 mW cm2 at 0.37 + 0.04 mA cmfor CP/PANi-Cu cathode. Despite showing a loss
of cathodic activity of 33%, the CP/PANI-Cu cathode experienced much less biofouling of the
associated Nafion membrane than with the membrane used with the Pt cathode, and, thus,
indicated that on the basis of overall performance, usage and stability, the CP/PANi-Cu cathode
was better than the Pt cathode. Furthermore, a detailed characterisation of the Nafion membranes
by Fourier transforms infrared spectroscopy, and 3D profilometry revealed a more complex and
thicker biofouling of the membrane attached to the Pt cathode than with the CP/PANi-Cu cathode.
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7.1. Introduction

A typical microbial fuel cell (MFC) comprises of a cathode, an anode, and a proton exchange
membrane (PEM). It is now well recognised that the cathode is the limiting electrode which defines
MFC performance and this has led in recent years to an increasing interest in developing new
cathodes [1-5]. Air cathodes have proven in this regard to be the most efficient cathode to date [1].
Often, platinum (Pt) is used for the construction of air cathodes, with loadings ranging from 0.3 —
0.7 mg Pt cm? on carbon papers [2-4]. Thus, the use of Pt in these cathodes contributes
significantly to the cost of MFCs and has often limited their wider adoption.

In looking for cheaper alternatives, several different types of cathode catalyst (non-precious metal)
have been explored on carbon paper or cloth for various MFCs. These include the use of non-
activated and activated biochars prepared from banana [5], iron aminoantipyrine (Fe-AAPyr) [6],
cobalt-aminoantipyrine (Co-AAPyr) [6], nickel aminoantipyrine (Ni-AAPyr) [6], manganese-
aminoantipyrine (Mn-AAPyr) [6], manganese oxides with a cryptomelane-type octahedral
molecular sieve [7], flower-like cobalt(ll,111) oxide (CosO4) [8]; iron-based catalysts [9] and
platinum-iron-titanium dioxide (Pt—Fe/TiO2) [10]. Each of these materials has its own merits and
demerits.

The methods for depositing catalyst on a gas diffusion layer (GDL) include brush coating [11],
inkjet printing [12], ultrasonic spray coating [13], doctor blade coating [14], and sputtering [15].
There has been no direct method for binding the catalyst onto GDL. However, the aforementioned
methods have their own merits and demerits. A major demerit of these coating methods is the often
inadequate and ineffective adhesion of the substrate catalyst to the carbon supports which are more
commonly employed for this purpose [16].

The use of conductive polymers as composites, including with graphene as catalysts in MFC
cathodes for ORR reaction has been widely reported [17—-19]. One of these air cathodes used iron-
containing polyaniline prepared by heat treatment and coated with graphite felt [20].
Polyaniline/carbon black (PANi/C) composite-supported iron phthalocyanine (FePc), collectively
termed PANI/C/FePc, was also coated on carbon cloth [21]. A Prussian Blue/polyaniline
(PB/PANI)-modified electrode was developed by using a three-step method involving both
electropolymerisation and chemical polymerisation on spectrographic pure graphite (SPG) rod
[22]. In another study, fibrous PANi—MnO2 nanocomposites were prepared by using a chemical

oxidative polymerisation method on carbon paper [23]. Polyaniline (PANI)/multi-walled carbon
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nanotube (MWCNT) composites synthesised chemically were also explored as a catalyst in air
cathodes [24]. A manganese ferrite (MnFe20a)/polyaniline (PANI)-based cathode catalyst has also
been developed by electroplymerisation [25]. In addition, a polyaniline nanofiber/carbon black
composite has also been synthesised by interfacial polymerisation [17].

To date, most of the PANi cathodes that have been explored for MFCs are based on PANi
composites, such as manganese ferrite (MnFe2O4)/polyaniline (PANi) cathode [25]. In one study,
heat treated PANi-Fegoo and PANI-Fezoo Were synthesised at 900 °C and 700 °C, respectively, and
subsequently used as MFC cathodes [20]. A PANInf/carbon black composite was also explored
for MFCs[17]. These PANI based cathodes were mostly prepared by chemical polymerisation
which involves various steps. Furthermore, the resulting catalyst inks are often applied manually
or mechanically onto the cathode surface. These often lead to uneven catalyst distribution and
surface poor adhesion.

The use of electrochemical polymerisation for the formation of PANI is advantageous in its ability
to be grown directly on any substrate of different size and dimension, and thus effective for
minimising contact resistant. The lower contact resistance is also attributed to the in-situ synthesis
of compact PANi nanofibers on the chosen substrate. It is therefore anticipated that the adoption
of electrochemical synthesis of PANi or PANi composites would produce a more superior cathode
capable of accomplishing a more efficient interfacial electron transfer on the triple phase boundary
of the membrane electrode assembly (MEA) than those reported by other approaches to date. It
has been reported that the interfacial contact resistance between the membrane and the electrodes
can influence the performance of MFCs [26]. The microscopic contact resistance of the deposited
catalyst and sublayers of the catalyst on carbon paper/ cloth has also been reported to influence the
MEA performance [11].

In this study, we explore the use of a PANi-Copper composite coated directly on carbon paper by
galvanostatic polymerisation of aniline (ANi) as a direct method for binding the catalyst onto the
GDL and overcoming inadequate adhesion and interfacial contact resistance. The deliberate use
of a copper counter electrode in the monomer which contained nitric acid is explored as a means
of introducing copper ions. The presence of cupric ions (Cu(ll)) during the electropolymerisation
of ANi on the carbon paper is intended to produce a Cu doped PANi which may be useful in further
enhancing the oxygen reduction kinetics. The presence of Cu in the resulting CP/PANi-Cu

composite will be verified by time-of-flight secondary ion mass spectrometry (ToF-SIMS). The
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resulting carbon paper/polyaniline-copper (CP/PANI-Cu) hybrid will be subsequently hot-pressed
with a Nafion membrane to form the half MEA and subsequently explored for use in MFCs to
compare its electrochemical performance with that of a Pt cathode. Also, the biofouling of the
Nafion membrane and the loss of catalytic activity of both types of cathodes will be evaluated by
using 4D X-ray Microscopy and 3D profilometry. Time-dependent Tafel plots (linear sweep
voltammetry) will also be used to assess the dependent loss of cathodic activity. Furthermore,
FTIR analysis of Nafion will be used to evaluate the nature and composition of the deposited

macromolecules on the fouled membrane.

7.2 Materials and method

7.2.1 Electrode preparation

7.2.1.1 Anode fabrication

The stainless-steel wool (Scotch-Brite, India) with polyaniline anode fabricated by previously
described in the report [27,28]. In brief, SS/PANi-W was explored as an anode material with an
apparent surface area of 50 cm. Before coating with PANI, the SS wool (SS-W) was degreased
by ultrasonication for 15 mins in 100% acetone. Reagent grade aniline (Sigma-Aldrich, Mumbai,
India) and nitric acid (Sigma-Aldrich, Mumbai, India) were used for electropolymerisation of
aniline on SS-W. The polymerisation of ANi was carried in 0.4 M aniline in 0.7 M nitric acid with
an applied current density of 2.5 mA cm for 15 mins in a 3-electrode cell. The monomer solution
was purged with nitrogen for 10 mins to remove oxygen before the beginning of polymerisation.
The coated electrodes were rinsed with distilled water several times to ensure complete removal

of untreated aniline and nitric acid.

7.2.1.2 Preparation of CP/PANi-Cu cathode

The deposition of PANi on carbon paper was achieved in a three-electrode cell assembly by
galvanostatic polymerisation of ANi. The electrodeposition was performed with a Biologic SP-
150 potentiostat (BioLogic, Claix, France) equipped with an EC-Lab V-10.44 software for data
processing. Reagent grade aniline (Sigma-Aldrich, Mumbai, India) and nitric acid (Sigma-Aldrich,
Mumbai, India) were used for this purpose. The monomer solution consists of 0.4 M aniline in 0.7
M nitric acid and copper (Il) sulfate. The PANi was synthesised by applying a constant current

density of 2.5 mA cm for 25 mins. The solution was purged with nitrogen gas to remove oxygen
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before the commencement of electropolymerisation. The working electrode was a commercial
carbon paper of 210 um thickness (GDS 210, CeTech, Taichung, Taiwan) with a dimension of 3
x 2.5 cm (7.5 cm?). The carbon paper was degreased in an ultrasonication bath, as described for
the SS-W. Copper felt was used as a counter electrode. The copper electrode also acts as a source
of copper ions during PANi electrodeposition in the acid medium to form a PANi-Cu composite.
The presence of a PANi-Cu composite was verified by time-of-flight secondary ion mass
spectrometry (ToF-SIMS).

7.2.1.3 Fabrication of Pt cathode

Pt air cathodes with 0.5 mg cm loading were fabricated by following the previously described
method [29]. Briefly, Vulcan XC-72 (Sigma-Aldrich, Australia), 20 % w/w Pt content was coated
onto 12 x 10 cm commercial carbon paper (GDS 210, CeTech, Taichung, Taiwan). PtC ink was
prepared in 5% Nafion solution as a binder in isopropyl alcohol (Sigma-Aldrich, Australia) and

was coated with a spray paint gun.

7.2.1.4 Hotpressing of Pt and PANi-Cu electrodes

All fabricated electrodes were dried at 60 °C for 6 hrs to confirm complete drying. Resulted
electrodes were again coated with 5% Nafion solution subsequently placed for drying for 30 mins.
Coated electrode hot pressed on one side using Nafion NRE-212 (Sigma-Aldrich, Australia) under
10 kg cm at 140 °C for 3 mins using a Carver hot press (Carver, Inc, Indiana, USA). The
fabricated CP/Pt and CP/PANI-Cu MEAS were cut into a size of 3 x 2.5 cm (apparent surface area
7.5 cm?).

7.2.2 Configuration of MFC reactor

The MFC reactors were made of a transparent acrylic sheet of 5 mm thickness. The sheets were
cut using a laser to ensure identical sizes in all reactors. Three sheets with a dimension of 6.8 x 6.8
cm were fixed together to form the base of the MFC reactor. The dimension of the top and bottom
sheets were 3 x 2.5 cm. The inner dimension of 3 x 3 x 3 cm was formed as an anode compartment.
The empty bed volume of the anode was 27 cm?. The resulting one-sided MEAs were sandwiched
in an acrylic mesh, with an aluminum mesh of similar dimension acting as a current collector in
the MFC reactors. This was kept in place with nuts and bolts to ensure leakproof assembly. A
miniature Ag/AgCI (sat. KCI) electrode was used (RRPEAGCL, Pine Research Instrumentation,
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Durham, USA) as a reference electrode for the electrochemical measurements. The SS-W anode

modified with PANi was connected with tantalum wire which acted as an anode connection.

7.2.3 Characterisation of Pt and PANi-Cu cathodes

7.2.3.1 Microscopy

The membranes were carefully harvested after the completion of the experiments to identify the
extent of fouling experienced during the study. Extreme care was taken to evade surface
contamination of membranes. The topography of both Nafion membranes attached to the CP/
PANI-Cu and CP/Pt cathodes were examined in triplicates with the Alicona microscope with
magnifications of 10x, 20x, and 50x, visualised by full 3D scans. Same samples were further
subjected to the phase contrast tomography using a Four-Dimensional X-ray Microscopy, (Versa
XRM-520, Xradia, Pleasanton, CA).

7.2.3.2 Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

The atomic and molecular species concentration of CP/Pt and CP/Cu-PANi cathodes were
investigated using TRIFT V NANO TOF, (Physical Electronics, Inc. (Phi), Chanhassen,
Minnesota, USA). The data were recorded by a focused ion beam. The primary ions were 30 KV
Ga* by10 min Spectra acquisition using liquid metal ion gun (LMIG) in 500 p x 500 u sg. area.
The subsequent secondary ions were augmented into the mass spectrometer, and the ions were
then separated by determining time-of-flight. A 2D image was made by focussed ion beam on the

specimen surface.

7.2.3.3 Attenuated Total Reflectance -Fourier Transform Infrared Spectroscopy

A Vertex 80 FTIR spectrometer (Bruker Corporation, Massachusetts, United States) was used to
analyse the FTIR properties of the biofouled Nafion membranes attached to the cathodes at the
completion of the experiments. FTIR bands were obtained with the attenuated total reflectance
(ATR) method with a resolution of 4 cm. The wavenumbers were in the range of 4000-550 cm~
! for Nafion attached to the CP/Pt and CP/ PANi-Cu cathodes. The baseline rectifications were
thru carefully, and the peaks were resolute with an Opus software (Bruker Corporation,

Massachusetts, United States).

212



7.2.4 Operation of the MFCs

MFCs were fed in triplicate with M9 media to which 4% landfill leachate was added as a bacterial
inoculum. We have previously proposed the use of landfill leachate as a promising substrate for
MFCs[30] and, thus, serve as our basis for selecting it as a bacterial source in this study. The
ingredients of the M9 media per L of deionised water is as follows - NH4CIl: 0.31 g, KCI: 0.13 g,
NaH2PO4.H20: 2.69 g, Na2HPO4: 4.33 g, and 12.5 mL of each trace metal and vitamin solutions
[31,32]. Additionally, 2% sodium acetate was added as the sole carbon source in the M9 media.
The landfill leachate was sampled from a landfill site in Turbhe, Mumbai. The feed and reactor
was sparged with nitrogen gas to remove oxygen and minimise aerobic oxidation during
electrogenesis. All experimentations were carried at an ambient temperature of 27 £ 3 °C. The
experiments were conducted in a fed-batch mode. First two cycles at open circuit voltage (OCV)
mode for 6 days per batch and subsequently with an applied constant external resistant for 5 days
per batch. After each successive batch, 90% of the spent medium was replaced with fresh medium.
In the first phase, the MFCs ran initially in an OCV mode for two cycles to enrich biofilm on the
anode. In the second phase, a 100 Q external resistor was applied to evaluate the magnitude of the
current generation and continued until a stable performance was achieved. The control set of each

cathode materials were run only in sterile M9 media.

7.2.5 Analytics and calculations

MFCs equipped separately with CP/Pt cathode, and CP/ PANI-Cu cathode were run initially in an
OCV mode to establish biofilm formation without any external load. After two succeeding cycles,
a 100 Q resistor was coupled to each MFC set-up to evaluate current generation. Each reading was
taken at 30 min intervals using a data logger (Graphtec GL820, Graphtec corporation, Shinanocho,
Japan). From the recorded voltage (V), the corresponding current (1) was calculated by Ohm's law:
I=V/R; where R represents Rext and V is the voltage between the electrodes. The electrochemical
performance and data were standardised with the apparent surface area (7.5 cm) of the cathode.
All electrochemical experiments and Tafel plot analysis were conducted with a Biologic SP-150
potentiostat (BioLogic, Claix, France) equipped with EC-Lab V 11.10 software. The polarisation
curves were obtained using linear sweep voltammetry (LSV) recorded at a scan rate of 1 mV s in

a potential window from OCV to 0 V. These were carried out during the 6™ batch cycle running
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across constant resistance mode when the observed current was at stationary phase. The cathodic
Tafel plots were carried out in both systems in the middle of every batch cycles using LSV
(scanning from OCV to 150 mV, at a scan rate of 1 mV s?)

After the application of overpotential (1)), positive deviation from OCV to 150 mV shows an initial
log of 1 and further Tafel lines become linear. With the Tafel equation, the X-axis intercept gives
us the log of the current exchange densities (In jo). Cathodic Tafel plot, as derived from the

equation below, was employed to measure the reaction kinetics.

o))

where io is exchanged current, i is the electrode current density (mA cm2), 4 is the electron transfer
coefficient, R is the ideal gas constant (8.31 J mol™ K1), F is the Faraday’s constant (96485 C mol”
1, T is the absolute temperature, K (298.15 K) and 7 is the activation overpotential. The purpose
of using the Tafel plot is to calculate the io value, an essential parameter in the rate of electro-

oxidation or electro-reduction of a chemical species at an electrode in equilibrium.

7.3 Results and discussion

7.3.1 Morphology of Pt and CP/PANI-Cu cathodes

The topographies of the uncoated, PANi-Cu coated, and Ptps mg cm) coated carbon papers were
obtained with an Alicona profilometer, as shown in Figure 7.1. The pictures show the variance in
the surface profiles of the cathode materials at mm/um scale. The mean roughness of pristine CP,
CP/ PANI-Cu, and Pt-coated carbon papers were 8.4, 1.2, and 6.0 um, respectively. The surface
of the CP/Pt cathode was obviously the roughest due to the variation of coating layers (than CP/
PANI-Cu cathode) caused by pressure from spray coating. In comparison, the CP/ PANi-Cu
cathode showed a more uniform surface with electrodeposition on the CP. Also, the
electrodeposition was much better controlled and uniform than with spray coating. During the
electropolymerisation, the growth of PANI-Cu starts on the core of the GDL and results in the
formation of PANI-Cu nanofibers of 40.8 + 7.2 nm diameter [(Figure 7.1(d)]. Due to the in-situ
polymerisation, the bonding of PANi-Cu nanofiber network to the surface of the carbon paper

lowers the interfacial contact resistance through strong adhesion.
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Fig. 7.1 Micrographs of the different cathodes explored in the study. Profilometer image of (a)
pristine CP, (b) CP/ PANI-Cu cathode and (c) CP/Pt cathode; and (d) scanning electron micrograph
of the CP/ PANI-Cu cathode (magnification 100,000X).

7.3.2 Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

The composition of atoms in the coating was evaluated by ToF-SIMS. The 2D images in Fig. 7.2
show the total ion counts and densities of CP/Pt and CP/ PANi-Cu cathodes, respectively. The
carbon ion count obtained for the CP/Pt cathode was almost four times greater than obtained for
the CP/ PANI-Cu cathode. This was due to the pure carbon content relative to the minuscule
amount of Pt nanoparticles present. The images obtained for the CP/PANI-Cu cathode revealed
the presence Cu in the sample. The distribution of Cu ions in 500 p x 500 p sq. area is shown in
Fig. 7.2(b). Interestingly, the counts for hydrogen and nitrogen ions are significantly higher in the
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PANI cathode than in Pt cathode. The high oxygen and nitrogen contents in the PANI coating are

known to be responsible for the excellent electrocatalytic effect with Cu on ORR [33].

(@)

Total ions “arbon Copper Total ions Carbon Copper

(b)

Counts - 324655 Counts - 69061 Counts — 0 Counts - 441575 Counts - 18819 Counts — 146
Oxygen Hydrogen Nitrogen Oxygen Hydrogen Nitrogen
Count - 184 Counts - 12469 Counts - 1926 Count - 1490 Counts - 102368 Counts - 21461

Fig. 7.2 2D image of ion counts obtained by ToF SIMS. (a) CP/Pt cathode and (b) CP/PANi-Cu

cathode.

7.3.3 Bioelectrocatalytic performance of Pt and CP/PANI-Cu cathodes

The reactors were operated in batch modes; the first cycle was OCV mode operation without any
external load. The high OCVs recorded for MFCs with CP/Pt, and CP/PANi-Cu cathodes may be
due to aerobic degradation of the organic substrate. Figure 7.3(a) shows the initial OCVs observed
for both CP/Pt and CP/PANI-Cu based MFC systems. In the first cycle of both cathodes, the OCV
declined slightly over time. This phenomenon is attributed to a log phase due to the adjustment of
the bacterial consortia at the electrode surface. After the first cycle and with the incorporation of
25 mM acetate, the OCVs obtained for both cathodes increased exponentially with time. This
represents the lag phase of both MFCs, and the highest OCV was observed on the 6" day and 4™
day of the second cycle of the operation of CP/PANI-Cu cathode and CP/Pt cathode, respectively.
The MFC with the CP/PANi-Cu cathode gave stable readings from the 4™ to 6" day of operation,
followed by a decline in the OCV. The average OCV obtained for the CP/Pt cathode system
increased from 137 + 22 mV to 477 + 43 mV in the second cycle. Likewise, the OCV recorded for
the CP/PANI-Cu cathode rose from 107 £ 18 mV to 290 £ 29 mV. In both cases, the MFC with
the CP/Pt cathode gave a high OCV than that with the CP/PANI-Cu cathode. However, the MFC
with CP/PANi-Cu cathode gave a maximum OCV on the 9" day of the operation and remained

stable for the next three days, followed by a decline in OCV. In contrast, the MFC with Pt cathode
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was still in the exponential phase up to the 12™" day of operation. These results indicate that the fall

in the OCVs in both systems may be due to their high start-up times in the M9 media.
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Fig. 7.3 Performance of CP/Pt and CP/PANI-Cu cathodes in MFCs. (a) Open circuit voltage as a

0

function of time, and (b) current generation as a function of time.

Both MFCs subsequently ran in a constant resistance (CR) with a Rext of 100 Q for seven batch
cycles, each cycle with around 5 days [(Fig. 7.3(b)]. Overall, the MFC with the Pt cathode gave
higher current density than with the CP/PANI-Cu cathode. Also, the startup time for the current
generation was quick with the CP/Pt cathode than with the CP/PANI-Cu cathode. Both CP/Pt and
CP/PANI-Cu cathodes produced jmax during the 8" and 9™" batch cycles (based on the two OCV
cycles). The jmax Were 0.50 + 0.02 and 0.35 + 0.03 mA cm for the CP/Pt and CP/PANi-Cu
cathodes, respectively. The difference in the achieved jmax may be accredited to the higher oxygen
reduction Kkinetics of the CP/Pt cathode than that with the CP/PANi-Cu cathode. Both systems
showed immediate current generation from the 3 cycle, signifying that there was no delay in the
startup of the bioelectrocatalyst due to the operation of the two prior OCV cycles to establish the
growth of electroactive biofilm on the anode. This phenomenon can be ascribed to their 3D

available areas that offer more surface area to the anode respiring bacterial communities.

7.3.4 Current-voltage characteristics

The polarisation behaviour was studied by using linear sweep voltammetry, as shown in Fig. 7.4.
The scan rate was kept at 1 mV s™. The area-specific power densities for the CP/Pt and CP/PAN:i-
Cu cathodes were 2.44 + 0.14 mW cm2 under a current density of 0.85 + 0.08 mA cm™, and 1.01
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+0.01mW cm2at 0.37 + 0.04 mA cm, respectively. It has been described that the Pt loading on
the Pt cathode significantly affects the power generation [34]. In comparison, the air cathode
reportedly generated a maximum power density (Pmax) of 0.054 mW cm2 in a MFC [24]. It has
also been observed that the Pmax Obtained for unlike cathodes are proportional to the voltage output
of the system. Similarly, the attainment of higher OCVs has been related to the achievement of
higher Pmax [24].

Apart from being conductive, the CP/PANI-Cu composite has also been shown to serve as a
catalyst with high redox activity [35]. The catalytic activity of the CP/PANIi-Cu cathode was
enhanced by the presence of the cupric ions generated from the exposure of the copper counter
electrode to nitric acid during CP/PANI-Cu deposition. The cupric ions formed in the acidic aniline
monomer were reduced to form a CP/PANi-Cu composite. Also, the synergistic ORR activity from
oxygen transport from the cathode interphase to the triple phase boundary was facilitated by the
resulting CP/PANI-Cu nanofiber network [(40.8 £ 7.2 nm, Fig. 7.1(d)].
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Fig. 7.4 Polarisation curves of the MFCs operated with CP/Pt and CP/PANI-Cu. (a) CP/Pt cathode,
and (b) CP/PANI-Cu cathode.

7.3.5 Longevity of cathodic activity

After completion of the experiment, both cathodes were removed from the aluminium current
collectors. Interestingly, deposition of aluminum oxide (Al203) was found on the interface of the
cathodes, but, notably, more Al.Oz deposition was observed on the CP/Pt cathode current collector
than on that of the CP/PANI-Cu cathode, as shown in Figure 7.5. This observation indicates that
the CP/Pt cathode current collector corroded more significantly with the passage of current through

it. This may be due to the much higher potential difference between the CP/Pt cathode and the Al
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current collector. It suggests that the use of a more stable current collector is preferred when

running the MFCs for extended periods.

Al O, deposition++ No AL,O,deposition Al,O; deposition++

Current collector from Pt cathode Unused current collector Current collector from PANi cathode

Fig. 7.5 Evidence of the formation of Al>Os on current collectors used with the CP/Pt and
CP/PANI-Cu cathodes after exposure to the M9 media.

The longevity of the cathodic activity of the cathodes was evaluated electrochemically by linear
sweep voltammetry (LSV) after each successful batch cycle. The Tafel plots were derived from
the LSV to gain an understanding of the kinetics of the cathodes. From the Tafel-type linear
equation obtained from the LSV plots, the corresponding slope is F/RT, and the y-axis intercept is
the logarithm of the exchange current. For both MFCs, the Tafel plots were recorded at the
beginning of the experiments. The exchange current density (jo) was calculated by extrapolation
to n = 0 with a linear regression (R?> 0.99) between 1 = 150 mV. By application of 150 mV
overpotential, the jo values depend on the charge limited electrochemical process where mass
transfer is limited during the measurements. The jo value signifies the rate of electron exchange
from the anodic biofilm to the cathode at equilibrium. The average jo values based on triplicate
measurements were used to plot the Tafel curves. The Tafel plots obtained for CP/Pt and CP/PANi-
Cu cathodes are shown in Fig. 7.6(a,b). Also, the jowpparenty Values obtained for these cathodes
(calculated from the Tafel plots) are shown in Fig. 7.6(c,d).

The initial jogpparenty Values obtained for CP/Pt and CP/PANI-Cu cathodes were 0.0199 + 0.0019
and 0.0193 + 0.0004 mA cm, respectively. Although slightly lower, the values obtained with the
CP/PANI-Cu cathodes were more reproducible. The jopparenty Values obtained after the first OCV
cycle for both MFCs decreased to 0.0181 + 0.0013, and 0.0154 + 0.0005 mA cm2, respectively.
The changes in the jogapparenty Were 2.6 % and 20.2 % for the CP/Pt and CP/PANI-Cu cathodes,

respectively. When operated under a constant current mode, the joapparenty at the end of the first
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current cycle were 0.0164 + 0.0007 mA cm and 0.0114 + 0.0006 mA cm for the CP/Pt and
CP/PANI-Cu cathodes, respectively. In this case, the cathodic loss observed in both MFCs were
11.8% and 41% for CP/Pt and CP/PANI-Cu cathodes, respectively. The cathodic loss is the sum
of the catalyst deterioration and the current collector corrosion which ultimately increases contact
resistant of the MFC. The joepparenty OF the CP/Pt and CP/PANI-Cu cathodes at the end of the
experiment were 0.0100 + 0.0001 mA cm and 0.0056 + 0.0003 mA cm, respectively.
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Fig. 7.6 Electrochemical analysis of the longevity of the cathodes. (a) Tafel plots of CP/Pt cathode,
(b) Tafel plots of CP/PANI-Cu cathode. (C) jo_apparent 0f CP/Pt cathode after every successive cycle.
(1) is for the initial cycle, (ii) for cycle 2, (iii) for cycle 3, and so on to cycle 6 (vi) for cycle 6 and
(d) jo_apparent of CP/PANI-Cu cathode after every successive cycle.(i) is for the initial cycle, (ii) for

cycle 2, (iii) for cycle 3, and so on to cycle 6.
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The percent change of electrokinetics in both MFCs from the initial to the end of the experiment
was 46% for the CP/Pt cathode and 71% for CP/PANI-Cu cathode. The large change in the
electrokinetics of the cathodes suggests that the CP/PANI-Cu cathode deteriorated faster compared
to the CP/Pt cathode. However, the deposition of aluminum oxide was more pronounced on the Pt
cathode which may have contributed significantly to the cathodic activity loss because aluminum
oxide is a poor conductor of electricity and, thus, directly increases the contact resistance of the
cathode. The deterioration of the aluminium current collector in this study was due to the M9
media permeation from the Nafion membrane[36—-38] through the carbon paper. However, it is
also possible to protect the aluminium current collector by coating with CP/PANI, as previously
reported [39].

7.3.6 Biofouling of Nafion membrane

Bacterial communities tend to grow on hydrophilic surfaces [40]. The biofilm slowly forms on the
membrane surface when one of its sides is exposed to the liquid organic material on the anode
side. It has been reported that the biofouling of membranes leads to an unwanted distortion of its
function and structure [41,42]. It is recognised as a major obstacle to the long-term operation of
MFCs [41,42]. It has also been observed that the formation of slime on Nafion leads to resistance
to mass transfer from the anode chamber to Nafion [43]. The electrogenic bacterial communities
produced extrapolymeric substance consisting of proteins, nucleic acids, lipids, and
polysaccharides. These macromolecules promote mechanical adhesion to the Nafion surface to
form a three-dimensional polymeric network which immobilises the biofilm communities [43].
The changes due to biofilm formation on the Nafion membrane exposed to M9 media for nine
batch cycles was examined. The membrane was carefully harvested and detached from the carbon
paper. The photographs were taken before and after the experiment. As obvious in Fig. 7.7(a), the
Nafion membrane before the experiment was black from the platinised carbon coated on the carbon
paper, whereas, after the exposure to the M9 media, the membrane revealed a significant
deposition of bacterial debris and exopolysaccharides (EPS) and a biofouled wrinkled surface. In
Fig. 7.7(b), the Nafion membrane before the experiment was slightly green from the PANi-Cu
deposition, but after the experiment, evidence of slight bacterial debris and EPS deposition was

obvious. Table — 7.1 gives surface profile measurement of CP/Pt and CP/PANi-Cu cathodes
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Fig. 7.7 Observed changes in Nafion membranes before and after exposure to M9 media. (a)

membrane attached to the CP/Pt cathode before and after the experiment, and (b) membrane

attached to the CP/PANI-Cu cathode before and after the experiments. 3D-profilogram of the used
Nafion membrane attached to (c) CP/Pt and (d) CP/PANI-Cu cathodes (50X).

Table 7.1 Surface profile of CP/Pt and CP/PANI-Cu cathodes

Name Unit Pt cathode Cu-PANi Description
cathode
Ra pum 5.9955 1.2306 Average roughness of profile
Rq um 8.1917 1.6416 Root-Mean-Square roughness of profile
Rt pm 53.7711 12.6996 Maximum peak to valley height of roughness profile
Rz pm 29.0302 7.3990 Mean peak to valley height of roughness profile
Rmax pm 44.4310 11.6705 Maximum peak to valley height of roughness profile within
a sampling length
Rp pm 24.7106 4.1984 Maximum peak height of roughness profile
Rv pum 29.0605 8.5012 Maximum valley height of roughness profile
Rc pum 28.9865 7.0898 Mean height of profile irregularities of roughness profile
Rsm pm 197.9616 187.2283 Mean spacing of profile irregularities of roughness profile
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7.3.7 Four-dimensional X-ray microscopy

The 4D X-ray microscopy was performed by scanning both fouled membranes at 360 degrees.
Triplicate scans were carried out at 4x and 20x magnifications. Fig. 7.8(a) shows the membrane
attached to the CP/Pt cathode and, from the lateral view, the presence of bacterial debris along
with macromolecule deposition can be seen. The front view shows the uneven deposition of
bacterial debris and EPS. The clear black embossed impressions are from current collector material
that did not encounter M9 media. Fig. 7.8(b) shows the Nafion membrane attached to the
CP/PANI-Cu cathode and, in this case, the lateral view shows a smoother deposition in comparison
to the Nafion attached to the CP/Pt cathode. The smooth deposition was also observed in the front
view. In the auxiliary view, the EPS deposition was denser than observed for the Nafion membrane
of the CP/Pt cathode. These observations clearly demonstrate that membrane fouling is more
pronounced in the MFC which employed the CP/Pt cathode than the one with CP/PANi-Cu
cathode. However, the current generation was higher with the CP/Pt cathode and, thus, suggests
that the proton transfer across the membrane is not the rate limiting process in the energy

conversion.
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Fig. 7.8 4D X-Ray micrograph of Nafion membrane attached to CP/Pt and CP/Cu-PAN:i cathodes.

7.3.8 Attenuated Total Reflectance Fourier Transformed Infrared Spectroscopy

Attenuated total reflectance Fourier transformed infrared spectroscopy (ATR-FITR) is a non-
destructive tool for analysis of biofilm formation based on the fingerprints of biomolecules, such
as proteins, nucleic acids, and polysaccharides. The FTIR spectra for CP/Pt and CP/PANI-Cu
cathodes are shown in Fig. 7.9(a) and (b), respectively. This approach is therefore useful for the
detection of accumulated biomass [44-46]. The FTIR spectra of both membranes from the CP/Pt
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and CP/PANI-Cu cathodes revealed the presence of polysaccharides. The peaks at 2961 cm™
assigned to CHs, 2925 cm™ to CHy, 2897 cm™* to CH tertiary, 2874 cm™ to CHgs, and 2854 cm™ to
CH_ are all principal compounds of cell membranes’ fatty chains [45]. The peak at 1631 cm™ in
the spectrum for the Pt membrane and 1638 cm™ for the PANi-Cu membrane are assigned to
Amide | (vC=0 coupled with 6N-H), 6H20. These are markers of proteins and water molecules
which is the major component of the membrane, flagella, pili, and cytoplasm [45]. The peak at
1545 cm* for the Pt membrane and at1535 cm for the PANi-Cu membrane are assigned to Amide
Il (\N—H_coupled with vC—-N) which is a principal compound of proteins. The peak at 1401 cm™
for both membranes are assigned to vsCOO™ which is a signature of Amino acids, fatty acid chains
and mostly composed of peptidoglycan. The peaks at 1232 and 1260 cm™ are assigned to
phosphodiester, phospholipids, lipopolysaccharides (LPS), and nucleic acids which are the major
component of membranes and nucleoid [45].

FTIR spectra of the membranes attached to CP/Pt and CP/PANi-Cu cathodes revealed the presence
of polysaccharides and nucleic acids (1,600 to 900 cm ™), as well as the presence of proteins, lipids,
and polysaccharides (3700 to 3000 cm™). The spectra have variances both in shape and in
absorbance intensity, indicating that there was variation in the composition and quantity of each
component. The peaks obtained for both protein and polysaccharides are substantially higher for
membranes attached to the CP/Pt cathode than with the CP/PANi-Cu cathode. These were
deposited from the organic substrate as well as the bacterial biomass. Interestingly, a low level of
lipids was also observed in the CP/Pt cathode Nafion membrane, whereas the lipid peaks were
slightly intense in the CP/PANI-Cu cathode membrane. Water permeation and water intake in the
Nafion membrane have been reported in previous studies [36-38].

It has been elucidated that the Nafion NRE - 212 has water membrane permeabilities (kw) of 4.09
at room temperature (23 °C used in the experiment) [47]. Moreover, the water flux was higher in
the NRE - 212 than, N - 1035, N - 115, and N - 1110 [47]. However, another study suggested that
the permeation coefficients may not be dependent on membrane thickness as long as the feed side
is in contact with liquid water [38]. In MFCs where proton transfer from the anode to cathode is
facilitated via PEM (Nafion), it was observed that the interfacial proton transport enhances the
water permeation through the hydrophilic phase of the Nafion membrane [38]. The M9 media
interacted readily with the interface of the Nafion membrane, and PtC nanoparticles from the Pt

cathode since one side of the GDL is exposed to the anode. In contrast, the MFC with the CP/Cu-
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CP/PANI-Cu cathode does not react with a metal catalyst. It is clear from the 3D profilometric
images, and FTIR of the Nafion attached to both cathodes that they show variable biofouling. The
CP/Pt cathode exhibited higher biofouling than the CP/PANI-Cu cathode. Reith et al. [48]
elucidated that a biofilm which contained abundant platinum group elements nanoparticles was
mostly dominated by Proteobacteria. Intestinal electrogenic bacterial communities predominantly
belong to a-, B-, y- or 6-proteobacteria [49]. From the FTIR data, it was clear that the CP/Pt cathode
displayed higher and more complex macromolecule signatures than the CP/PANI-Cu cathode. The
lower degree of biofouling on the CP/PANI-Cu cathode suggests that the use of the Pt air cathode
enhances the membrane biofouling. Ultimately, biofouling deteriorates the performance of the
MFC by increasing the mass transfer resistance to the system over time [50,51]. Therefore, our
study suggests that the Pt catalyst may not be suitable for long-term and practical MFC operation
if used with an Al current collector. It is possible that the use of a more robust, but cheap current

collector may give a different outcome, and this will be considered in future studies.
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Fig. 7.9 ATR-FTIR spectra of Nafion membrane attached to CP/Pt and CP/PANi-Cu cathodes.
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7.4 Conclusion

The use of an electro synthesised PANi-Cu composite on a carbon paper has demonstrated to be a
cost-effective substitute for the use of expensive Pt-based cathodes for MFCs. The CP/PANI-Cu
cathode is relatively cheap and easy to prepare for about 1 % of the cost of a Pt catalyst. The loss
of cathodic activity with both cathodes after nine cycles of the MFC operation by 46 % and 71 %
for CP/Pt and CP/PANI-Cu cathode, respectively. Most of the cathodic performance loss is
contributed by an aluminum oxide layer on the aluminum current collector which hiders the
interfacial charge transfer from the cathode to an external circuit. The loss of cathodic activity can
be suppressed by a coating of PANi-Cu on the current collector. The CP/Pt cathode was
surprisingly found to be more prone to the biofouling of the Nafion membrane and may lead to the
deterioration of performance in long-term MFC operations. The FTIR analysis of fouled
membranes revealed that there are more complex macromolecules on the membrane attached to
the CP/Pt cathodes supporting the biofouling of the Nafion membrane over a period. Biofouling
may hinder the proton transfer from the anode compartment to the triple phase boundary of MEA
for the cathodic reaction. Further studies are vital to improve the efficacy of the CP/PANIi-Cu
cathode and gain a solid understanding of the membrane biofouling. We are conducting additional

investigations into these two critical aspects.
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Abstract

One of the major challenges in achieving large-scale energy generation from microbial fuel cells
(MFCs) is the need to develop suitable high-performance anode materials and implementable
system architecture. In this study, we have demonstrated that this can be accomplished by
designing a modified system architecture to improve the performance of a MFC based on the use
of stainless steel wool coated with polyaniline (SS/PANi-W) and a half membrane electrode
assembly air cathode. The stack composed of eighteen separate cells, each supported by three air-
cathodes to reduce the internal resistance of the system. The stack was tested with landfill leachate
for 85 days by operation in four phases at ambient condition. The first two batch cycles involved
the operation of the reactor in an open circuit voltage mode (OCV) and, thus, permit measurement
of the OCV of an individual cell. The starting average OCV ranged from 210 £ 30 mV to 695 * 25
mV with a significant lag phase. Transient lag, log phase was observed in the OCV cycle, and an
average of 665 + 5 mV stable voltage was obtained for each cell, lasting for ten days followed by
a decline phase. In the second phase of the investigation, a 10-ohm resistor was applied to each
cell and then operated for three cycles. The average current obtained for the first, second and
third cycle were 2.6 + 0.4, 3.1 + 0.5, 3.2 + 0.5 mA cm™, respectively. In third and fourth phases,
all cells were connected in series and tested for overall OCV and current generation. The achieved
maximum OCV was 12.8 V, and the total current generated were 78 and 83 mA for the first and
second parallel current cycles, respectively. Furthermore, a chemical oxygen demand (COD)
removal from the leachate during the OCV mode was 79.7%, whereas COD removal of 87.0% and
86.3% were accomplished in the current generation mode from the first and second cycle,
respectively. An average Coulombic efficiency () of 28.9 £1.8, 23.4 £ 0.9 and 22.7 + 0.4 from
the first, second and third cycles, respectively. Furthermore, 35.3 and 36.9% operated in series
connection from the first and second cycle, respectively. This study demonstrates that the
developed stack can be deployed in wastewater treatment train for real-time energy production

from wastewater treatment.
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8.1 Introduction

With the growing global population, a massive volume of wastewater is being generated by
industries and households. The cost of treating the wastewaters are increasing, while at the same
time more and more areas are experiencing a shortage of water. Furthermore, the treatment of
wastewaters is often cost-intensive due to the energy requirements [1]. A solution to the emerging
problems with the growing volumes of wastewaters and the energy requirements for wastewater
treatment can be realised by deployment of effective microbial fuel cell (MFC) technology [2—4].
Although this technology has been under consideration for wastewater treatment for about two
decades, its wider use and commercialisation has been hindered by high material costs [5,6] and
low efficiencies [7,8]. To be more acceptable, necessary improvements must be made to enable
MFCs to produce sufficient electricity to cater for the power requirements of the wastewater
treatment facility itself to make the process self-sustainable [9,10]. Unless such self-sustainability
is possible, it is difficult to attract more extensive use and commercial interest in MFCs. Some
researchers have recently reported improvements in the power generation by MFCs and their
capabilities for accomplishing wastewater treatment, but there is still a rather large gap between
these laboratory scale demonstrations and the expectations to achieve commercial viability
[11,12].

To bridge this gap, different system architecture and MFC configurations have been explored,
including single chamber MFC [13], dual chamber MFC [14], benthic MFC [15], tubular type
MFC [16,17], upflow MFC [18,19], flat-plate MFC [20] and stack MFC [21-23]. However, to
generate adequate power, the development of efficient MFC stack by multiple connections of
MFCs in series or parallel is highly desirable for achieving a high voltage and high current. To
achieve this goal, various MFC stacks have recently been developed to treat wastewaters and
generate improved power [22,24-28]. Two of these studies [22,24] employed synthetic
wastewaters with MFC stacks to develop strategies for improving power generation. In one study
[24], a 45 L MFC stack system was developed to achieve continuous production of energy from a
glass fiber-reinforced plastic and ceramic separator with a multielectrode assembly. The maximum
power generated was 14.28 mW, while also removing 84% COD from the synthetic wastewater
and using sucrose as a carbon source [24]. In the other study, a four-cell MFC stack was employed
with pure glucose as carbon source and Saccharomyces cerevisiae as a biocatalyst. The current

and power densities generated were 6447 mA mand 2003 mW m, respectively, with a 22%
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Coulombic efficiency (CE) [22]. Only a few MFC [25] stacks have been explored with real
wastewater, such as distillery wastewater [21], ethanolamine wastewater [25], domestic
wastewater [20,29], kitchen wastewater [23], and swine wastewater [30]. Among these, a multi-
electrode microbial fuel cell (MEMFC) was developed, based on the anaerobic baffled reactor, to
treat distillery wastewater, achieving a power density of 0.059 mW cm with 43% COD removal,
and 23% CE [21]. In another study [25], a dual anode/cathode MFC stack was developed to treat
ethanolamine wastewater and continuously generate electricity. In a stack of eight MFCs in series,
the maximum power density produced was 0.086 mW cm? and 96.05% COD removal was
achieved. Another MFC stack design based on the use of an ionic liquid-type membrane-cathode
assembly achieved a maximum power density of 12.3 W m2 and 60% COD removal, with a lower
feed flow rate [26]. It was noted that the parallel electrode connection provides a stable ORP. The
highest power density of 420 mW m2 (12.8 W m™®) was accomplished in series flow and parallel
connection mode at an organic loading rate of 25.6 g COD L* d! (HRT of 0.33 h), with a COD
removal efficiency of 44% [27].

Among the various MFC designs, one was crafted with a dual gas diffusion cathode design for the
treatment of dark fermentation effluent [28]. The stack achieved 2.12 V and 3.16 W m= with a CE
of 9.85% and about 82% COD removal [28]. In another study [23], five chambers MFCs were
hydraulically connected for integration into a sink drainage-pipe for kitchen wastewater treatment.
An average OCV of 3.44 V and a maximum power density of 809 mW m-2 was achieved with a
CE of 78.2%. A tubular air-cathode MFC stack was also used for the treatment of swine wastewater
[30]. The reactor was tested with 1.2 kg and 4.9 kg COD/m?d loading. This stack design produced
a maximum power density of 17.5 mW cm and achieved 83 % COD removal with a CE of 0.3%.
[30].

In an effort to achieve a considerable improvement in performance, we propose, in this study, the
use of an MFC stack with eighteen independent cells stacked together to a volume of ~7.5 L in a
batch mode operation. The anode employed in the is polyaniline modified stainless steel wool
which we recently reported [31,32] and the half-cell membrane electrode assembly is an air
cathode. Landfill leachate will be used to investigate the electrochemical performance of the MFC

stack system by recording current generation, COD removal, and Coulombic efficiency.
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8.2 Materials and Methods

8.2.1 Construction of MFC stack
The stacked MFC system considered in this study consisted of 18 individual MFCs stacked in
series. The MFCs are fabricated by using transparent acrylic sheets of 6 mm thickness. The inner
dimensions of the individual cell are 16 cm x 1.5 cm x 17 cm. Each cell is fitted with a pair of
nozzles on opposite walls to allow inlet and outlet of the batch. The three adjacent walls of the cell
(excluding the top) are accompanied by slits with dimensions of 13.3 cm x 1 cm x 3 sides (39.9
cm). These slots are provided to allow the Nafion coated carbon cathode to be in contact with air.
The cavity of the cell is filled with polyaniline coated stainless steel wool, acting as the anode. The
free bed volume of the stacked MFC is 408 mL. Total empty bed volume of the cell is 7.34 L. The
outer dimensions of the assembly was 38 cm x 17.4 cm x 18.5 cm. After making electrical
connections, the three adjacent walls were sandwiched by acrylic sheets with similar slots to
provide support for the structure and was secured with screws. 3 cm acrylic legs were placed to
raises the base by offering aid to ensure air contact with the base air-cathode. Experimental setup
of the 18 unit MFC stack is shown in Fig. 8.1.

FAEY 25 5. \
Membrane electrode I
glssemgl\ﬁ {Air -cathode)

\ K
F\ W NN

Anode Wires

Fig. 8.1 Experimental setup of the 18 unit MFC stack. (a) top view of air cathode, (b) air cathode
sandwiched in PANi-coated wool, (c) top view of anode wool in each cell, and (d) complete
assembly of MFC stack.
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8.2.2 Polyaniline (PANi) anode preparation

SS wool (domestic grade, Scotch-Brite, India) was used as base anode material (projected surface
area of 700 cm2). The measured thickness of SS wool (SS-W) was 26.66 *+ 3.34 pum, and the
density was 2.39 gm cm. The SS-W was subjected to ultrasonication for 15 minutes in acetone
to degrease before electropolymerisation. A miniature saturated Ag/AgCl (sat. KCI) was used as
the reference electrode (RRPEAGCL, Pine Research Instrumentation, USA). The counter
electrode used for electrochemical experiments was a titanium mesh (Amac, Australia). The
electropolymerisation was performed as previously described [31,32] with a potentiostat (SP150,
BioLogic, France) equipped with an EC-Lab 10.44 software. For electropolymerisation of aniline
on SS wool, reagent grade aniline and nitric acid (Sigma-Aldrich, India) were used. PANi was
synthesised by application of a constant current of 2.5 mA cm2in 0.4 M ANi in 0.7 M nitric acid
for 15 min. All solutions were purged with nitrogen for 15 min to remove oxygen before the

commencement of polymerisation.

8.2.3 Cathode fabrication

The air cathodes were prepared by following a previously reported method [33]. Briefly, fine
platinised (Vulcan XC-72) carbon powder, Pt content of 20% w/w (Sigma-Aldrich, Australia), was
coated on a 15 cm x 10 cm commercial carbon paper (GDS 210, CeTech, Taiwan). The Pt loading
was kept at 0.5 mg cm by using 5% Nafion solution as a binder (Sigma-Aldrich, Australia). All
coated electrodes were dried in a hot air oven at 60 °C for 6 h to ensure complete dryness.
Subsequently, the dry cathodes were hot pressed on one side using Nafion NRE-212 (Sigma-
Aldrich, Australia) under 10 kg cm at 140 °C for 3 min using a hot press (Model no., Carver Inc.,
USA). Prepared membrane electrode assemblies (MEA) were cut into 15 cm x 1 cm (projected
surface area 15 cm?, but the actual exposed surface was 13 cm?). The cathode was connected with

a wire by using a silver paste, which forms the cathodic connection.

8.2.4 Operation

MFCs were fed with landfill leachate, collected from the landfill site at Turbhe (Navi Mumbai,
India) and the initial pH, conductivity and COD were 7.6, 11.36 mS, 2273 mg L, respectively.
All experiments were conducted at ambient temperature: 26 + 3 °C. The landfill leachate was

purged with N2 for 30 min before inoculation, and the individual cells were purged with N for 10
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min after inoculation to promote the growth of the primary activity of obligate anaerobes and
minimise aerobic degradation of organic matter. The present MFC were operated for 85 days in a
fed-batch mode (by refilling 90 % of the spent landfill leachate with fresh after every batch cycle)
in four distinct stages. In the first stage, each of the 18 cells were operated under open circuit
conditions for two batch cycles of 13 days each [OCV(1) & OCV(2)], i.e., a total of 26 days. This
was done to establish a biofilm on the anodes without any external load [33]. In the second stage,
from the 27" day, a 10 Q external resistor was connected to each of the cells, individually and
operated in three batch cycles of 7 days each [CR(1), CR(2) & CR(3)], i.e., a total of 21 days. The
individual current generation from each of the cells was thus determined. In the third stage, from
the 49" day, all the cells were connected in series and operated under open circuit conditions for
16 days [ZOCV] to ascertain the maximum voltage generation capability of the MFC stack. In the
fourth stage, from the 65" day, a 10 Q external resistor was connected to all the cells connected in
series to investigate the total current generation from the system, for two batch cycles of 10 days
each [XCR(1) & ZCR(2)], i.e., a total of 20 days.

8.2.5 Analytics and Calculations

Open circuit voltage (OCV) measurements were done at 30-minute intervals using a data logger
(GL820, Graphtec Instruments, USA) in the OCV(1), OCV(2) and ZOCV batch cycles. In the
CR(1), CR(2), CR(3), ZCR(1) & ZCR(2) batch cycles, the voltage was recorded across the 10 Q
external resistor by the same data logger. The current was calculated by Ohm's law, and the current
and power generation data were normalised by the projected surface area of the cathode (39.9
cm?).

All electrochemical experiments and further data processing were conducted using the same
potentiostat (SP150, BioLogic, France) fitted with EC-Lab V 10.44 software. Current and power
density curves were obtained using linear sweep voltammetry (LSV) recorded at a scan rate of 1
mV st in a potential window from OCV to short circuit. These were measured after completion of
the OCV/(2) batch cycle when a stable voltage was observed. For quality control of MFC stack,
the cell resistances were calculated using current interrupt resistance to ensure each has similar

cathodic resistance.
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8.2.6 Physicochemical characterisation of leachate

The pH and conductivity of the leachate before and after being fed into the MFC were measured
using a pH meter (111, PCI Analytics, India) and a conductivity meter (EQ660A, Equip-Tronics,
India), respectively. Chemical Oxygen Demand (COD) measurement was carried out as per the
standard closed reflux titrimetric method — 5220C [34], using a COD Incubator (DRB200, Hach,
India). The elemental composition of the leachate was measured using Inductively Coupled Plasma
- Atomic Emission Spectrometry (ICP- AES) The pH and conductivity of the leachate before and
after being fed into the MFC were measured using a pH meter (111, PCI Analytics, India) and a
conductivity meter (EQ660A, Equip-Tronics, India), respectively. Chemical Oxygen Demand
(COD) measurement was carried out as per the standard closed reflux titrimetric method — 5220C
[34], using a COD Incubator (DRB200, Hach, India). The elemental composition of the leachate
was measured using Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP- AES)
(ARCOS, Simultaneous ICP Spectrometer, SPECTRO Analytical Instruments GmbH, Germany).
The measurements were done before and after being fed into the MFC.

(ARCOQOS, Simultaneous ICP Spectrometer, SPECTRO Analytical Instruments GmbH, Germany).
The measurements were done before and after being fed into the MFC.

8.2.6.1 Chemical Oxygen Demand & Coulombic Efficiency

Chemical Oxygen Demand (COD) was carried out as per the standard closed titrimetric reflux
method — 5220C [34], using a COD Incubator (DRB200, Hach, India). The subsequent equations,
2.1 and 2.2 [21,33], are used to calculate collective COD removal efficiency in percentage and the

Coulombic efficiency (ncor) respectively:

COD(0)—COD(t)

ACOD o, (t) = COD(0)

X 100 [2.1]

where,

ACODcu%(t) is cumulative COD removal efficiency (%) after time t
COD(0) is initial COD (mg L) at the time of feeding the reactor
and, COD(t) is the COD (mg L) at the time of sampling.

M f, i-dt

Neol = Fnvacoba(® 100 [2.2]

where,

Neol IS the Coulombic efficiency
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M is the molecular weight (gm) of oxygen

F is Faraday’s constant

n represents the number of electrons exchanged per mole of oxygen
V is the volume of the anode chamber (L)

ACODcy(t) is the cumulative COD removal in time t

8.3 Results and Discussions

8.3.1 Bioelectrocatalytic performance

The first two OCV cycles ensure the formation of electrogenic biofilm on the anode [35]. It has
been suggested that the biofilm formed under OCV condition, increased COD removal [35]. It is
well known that the transfer of enriched electroactive culture to the new MFC shorten start-up time
(less than ten days) and accelerate power generation [36]. Nevertheless, start-up time can be
decreased polyaniline based anode materials, and high bacterial load fed [37,38].

The proposed MFC stack in this study was operated under ambient condition. Throughout the
duration of the investigation, the temperature fluctuated between 23 and 29°C. In this mesophilic
temperature range, the bacteria are most active and will often result in an excellent MFC
performance [39]. Therefore, the proposed MFC stack can™ be used in the tropical and subtropical

region where there is insignificant temperature fluctuation.

8.3.1.1 Individual cell operation

During the first stage of operation [Figure 8.2 (a)], OCV(1) and OCV/(2) batch cycles, an OCV of
0.18 — 0.34 V was obtained, but this rose to 0.672 — 0.714 V on the 4™ day of operation and then
declined slowly. On the 13" day of operation, the voltage declined to between 0.635 — 0.687 V for
all the cells. At this stage, 90% of all cells from stack were emptied to leave 10% acclimatised
bacterial communities on the anode surface, and then fresh leachate was added to start the next
cycle. The initial OCV obtained with the addition of the fresh leachate was between 0.331 — 0.502
V and, thus, indicative the development of a biofilm in the anode chambers, as planned. The peak
OCV of 0.664 — 0.742 V was observed on the 15" day of operation and remained stable for up to
the 23" day. The slow decline during the first OCV cycle is indicative of a lower depletion rate of
organic matter. In contrast, the fast deterioration of OCV in the second cycle in each cell from the

24" day is indicative of a rapid reduction of organic material in the leachate, as illustrated in Fig.
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Fig. 8.2 Variation in the bioelectrocatalytic performance of the cells in a) the first stage with two
open circuit voltage cycles, b) the second stage with three constant resistance cycles, c¢) the third
stage with one open circuit voltage cycle of the stack, and d) the fourth stage with two constant
resistance cycles of the stack.

In the first cycle (CR(1)) of the second stage [Figure 8.2 (b)], the observed current from each cell
was in between 0.055 to 0.072 mA cm. However, an immediate decline was observed. In the
second cycle (CR(2)), observed currents were between 0.067 to 0.085 mA cm and they remained
stable for a short duration. Better stability in the peak currents (for ~3 days) was observed in the
third cycle (CR(3)), where initially the currents were in between 0.072 to 0.090 mA cm™. This

244



indicates that in the CR(1) & CR(2) cycles, the microbes in the MFCs get better acclimatized and

deliver better performance (current) in the subsequent CR(3) cycle.

8.3.1.2 Stacked cell operation

In the third stage of the study, (XOCV cycle), a maximum OCV of 12.8 V was obtained for the
stacked cell on the 6" day of operation, but it gradually decreased after that. Similar to the first
stage, the ZOCV cycle was also followed by two closed-circuit operation cycles (XCR(1) &
YCR(2)) with a Rext of 10 Q.

A substantially lower start-up time of a few hours [Figure 8.2 (d)], was observed in these ZCR(1)
& 2CR(2) cycles which may be attributed to the fact that the biofilm development on the anode
was significant. A maximum total current observed was 78 mA, and it remained stable for another
six days of the operation followed by a gradual decline. The performance in the ZCR(2) cycle was

very much similar to the ZCR(1) cycle with high and stable currents.

8.3.1.3 Polarisation behaviour

The power output from each cell was determined from the polarisation curves [Figure 8.3]. The
short circuit current densities and the maximum power density for the individual cells ranged from
1.77 to 3.34 mA cm? and 0.22 to 0.45 mW cm2, respectively. A comparison of these cell
performances with those reported in previous studies is provided in Table 8.1. Evidently, the
polyaniline (PANi) modified stainless steel wool demonstrated improved MFC performance on
the basis of achieved power density than most other stacked anode cells. The performance of the
PANi-modified stack was affected by many kinetic losses. The low electrolyte conductivity of the
leachate contributed to significant losses in the performance. The dominance of activation, ohmic
loss, and mass transfer was manifested in the entire range of operation. The internal resistance of
the cells (from the slope of polarisation curve) ranged between 7.11 and 8.55 Q, with an overall

average of 7.83+0.72 Q for all cells.
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Fig. 8.3 Polarisation behaviour of the individual cell in a stack a) current density b) power density.

8.3.2 Physicochemical analysis

8.3.2.1 Chemical oxygen demand and Coulombic Efficiency

The reduction of chemical oxygen demand (COD) during the operation of the stack in the OCV
mode was found to be 79.74%, but with treatment in the successive ZCR(1) & ZCR(2) cycles a
better COD removals of 87.04 % and 86.27 % were obtained, as illustrated in Fig. 8.4. However,
the achieved COD removal is less than the 94.76% achieved by aerobic treatment of the landfill
leachate Nevertheless, the COD removal achieved in this study is still considerable and it is much
higher than achieved with the individual cell [Fig. 8.4(a)]. Also, when compared to previous
studies, the achieved COD removal is reasonable [Table 8.1].

Successive operation cycles in the OCV and the constant resistance modes improved the COD
removal efficiency of the cell operation, and this is indicative of the role of biofilm formation on
the anode in the active removal of COD [35]. It is also worth noting that the operation of the entire
cells as a stack was performed after the cells were operated individually, which gave better
performance in terms of current and voltage [Fig. 8.3], as well as COD removal [Fig. 8.4]. The
improvement in COD removal by successive current cycle over OCV mode may be attributed to
the high metabolic activity of electrogenic bacteria. It was obvious that the COD removal rate is

low when the reactor operates under OCV mode.
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The Coulombic efficiency (nco) Was found to be 35.30 and 36.93 % [Fig. 8.5(b) Joperated in the

XCR(1) and ZCR(2) cycles respectively. An average Coulombic efficiency (ncol) of 28.86 + 1.82
%, 23.38 + 0.88 % and 22.71 + 0.42 % was obtained in the CR(1), CR(2) & CR(3) cycles

respectively. The achieved CE is better than obtained in previous studies, as demonstrated by the

data in Table 8.1. The progressive increase in 1 from CR(1) cycle to CR(3) cycle is indicative of

the adaptation of the electrogenic bacterial consortia on the anodes.
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Fig. 8.5 Coulombic efficiency of the MFC stack a) individual cells for cycle 1, 2, and 3 for each

cells b) all the cells operated as a stack after the various cycles of operation.

8.3.2.2 pH, conductivity and elemental composition

The pH and conductivity of the leachate did not vary much over successive cycles when the cells
were operated individually, as illustrated in Fig. 8.6(a) to (e) and no significant difference was
observed among the individual cells. The pH remained close to neutral for all the individual cells,
as well as when operated as a stack. However, the conductivity decreased when the cell was
operated as a stack in the constant resistance mode (XCR(1) & XCR(2) cycles), as illustrated in
Figure 8.6(f). This may be due to the much larger current flowing into the cell which resulted in a
change in the chemical composition of the leachate, such as in the concentration of metals. The
commercial aerobically treated leachate is found to have a minimum concentration of metals [Fig.
8.7] and also the lowest conductivity [Fig. 8.6(f)]. A similar trend is observed with the leachate
treated in the (XCR(1) & XCR(2) cycles with a stack. The metal concentration is lower than that
of the untreated leachate and the leachate used in the XOCV cycle operation with a stack [Fig. 8.7],
and the conductivity was also low [Fig.8.6(f)].
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8.3.3 Comparison with previous work

Several MFC stacks have been made by several research groups for treatment of various real and
synthetic wastewaters [40,41]. The reported performances are summarised in Table 8.1 for
comparison with the 18-cell MFC stack with SS/PANi-W and air cathode used in our study. The
reactors are compared on the basis of reactor volume, type of wastewater, power generation, COD
removal, and CE. The cell volume ranges from0.112 to 72 L. The proposed 18-cell reactor
achieved a power density of 0.43 mW cm, In contrast, a tubular MFC and a 8 anode/cathode MFC
achieved power densities of 17.5 mW cm and 17.63 mW cm2, with swine wastewater [30] and
sucrose [24], respectively. However, the COD removal was comparable to that achieved with the

proposed 18-cell stack.
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Table 8.1 Comparison with previous works

Total
Reactor type/ No. of Type of Power density COD removal
T volume Anode Cathode CE (%) Reference
Identification cells L wastewater (mW cm?) (%)
) o Flexible
Multielectrode Distillery ) ]
6 3.270 graphite Air cathode  0.059 43 23 [21]
MFC wastewater
sheets
Dual .
Ethanolamine
anode/cathode 9 1.000 Carbon cloth  Carbon cloth  0.086 96 NA [25]
wastewater
MFC
primary .
) ] Graphite
Air cathode MFC 4 0.112 sediment ] Carbon cloth  0.042 44 13 [27]
fibre brush
effluent
) Granular Granular
Synthetic ) )
Stacked MFC 3 72.00 activated activated 5.09* 97 NA [42]
wastewater
carbon carbon
Dark
VITO-CoRE™ . VITO-
3 0.550 fermentation Carbon cloth 0.002 60 9 [28]
MFC CoRE™
effluent
. _ screen- screen-
Paper based MFC Luria Bertani . )
NA ] printed printed 0.0012 NA NA [43]
stack medium
carbon carbon
Synthetic Activated )
Pluggable MFC 3 3** Air cathode  0.0142 94 35 [44]
wastewater carbon cloth
Self-sustainable Activated Plain carbon  Plain carbon
40 0.020 ) ) 0.127* NA 0.018 [45]
MFC sewage sludge  veil veil
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. Graphite Graphite
Cubic stack MFC 4 0.350 Glucose 0.2003 NA 22 [22]
plates plates
Swine . )
Tubular MFC 5 0.295 Graphite felt  Air cathode  17.5 83 0.3 [30]
wastewater
Two chamber Synthetic
5 1.765 Carbon cloth  Carbon cloth  0.080 NA 78 [23]
MFC wastewater
Carbon felt
8 Anode/cathode 8 45 Sucrose Ss¥ Carbon felt 17.63% 69 NA [24]
+
Polyaniline
Polyaniline wool Landfill modified . Present
18 7.344 . Air cathode 0.43 85 37
anode MFC leachate stainless work
steel wool

* Volumetric power density (mW cm-®)

** Stack is placed in the container

¥SS = Stainless steel

$ Total power
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8.4 Conclusion

We have successfully fabricated and tested an 18-cell stacked MFC with PANi-modified stainless
steel anode and an air cathode. The investigation of the stacked cell with landfill leachate achieved
maximum OCPs from each cell ranging from 0.67 to 0.71 V. However, a total open circuit voltage
of 12.8 V (average 0.711 V from the individual cell) was achieved with the stacked cells. It is clear
that the three side Pt air cathodes adjacent to PANi wool anode design provide an efficient proton
transfer from the anode to the membrane. The proposed MFC stack achieved COD removals
ranging from 86.27 to 87.04% when operated in the CR mode. The CEs of 35.30 and 36.93%
obtained with the MFC stack from cycles 1 and 2, respectively, are better/comparable to those
obtained in previous studies illustrated in Table 8.1. The efficient operation under ambient
condition confirms that the architecture suitable for operation in the tropical regions. The achieved
performances of reactor demonstrate that the stacked MFCs can be deployed in landfill leachate

site for power generation and effective COD treatment.
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9.1 Conclusions

In principle, microbial fuel cells (MFCs) are promising biotechnological innovations enabling
wastewater treatment with simultaneous electricity production from a range of organic substrates.
However, to construct the large-scale MFC reactors commercially, several factors influence the
MFC performance and need to be explored and addressed. Amongst several other parameters, the
most important is electrodes, since anode and cathode play a crucial role in the overall
performance. In this regard, my PhD thesis defines the development and investigation of low-cost
conductive polymers coated stainless steel (SS) wool anode, and polyaniline coated cathode, which
is of high importance for both the meticulous selection and development of electrode materials. It

helps in the fundamental understanding as well as the incorporation in MFC stacks.

The research work is concluded in the following sections:

The growing MFC research emphasises the importance of the choice of an anode (CHAPTER 1),
and the material from which it is made, as it a limiting factor for the effective operation of an MFC.
This chapter comprehensively reviews recent advances in the construction and utilization of novel
anodes for MFCs. In particular, it highlights some of the critical roles and functions of anodes in
MFCs, strategies available for improving surface areas of anodes, dominant performance of
stainless-steel based anode materials, and the emerging benefits of inclusion of nanomaterials. The
review also demonstrates that some of the very promising materials for the large-scale MFC
applications and are likely to replace conventional anodes for the development of next-generation
MFC systems. Here, the hurdles to the development of commercial MFC technology are also
discussed. Furthermore, the future directions in the design and selection of materials for
construction and utilisation of anodes used for MFCs are also highlighted.

The microbial kinetics employed with MFCs are much sluggish than those achievable with a
cathode material or cathode catalyst. The use of 3D anodes has increased power generation by
several orders of magnitude compared with the use of 2D plane anodes. There is still need to
improve efficiency before the large-scale power generation from wastewater can be realised.
Power generation is not only based on the choice of anode material but also requires consideration
of intrinsic parameters such as Kinetics, internal resistance, surface anatomy and interaction of
surface with biofilm. Further studies are required to address the development of cost-effective and

efficient material for new renewable and sustainable MFCs, which can be deployed in wastewater
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treatment plants. For five years of review of anodes materials, it was clear that the metal-based
anodes are less explored. However, it was demonstrated that the stainless steel is the promising

anode material for MFCs.

The chapter two demonstrates the development of highly conductive and stable polyaniline (PANiI)
coated stainless (SS) plates (CHAPTER 2) that have been successfully prepared by galvanostatic
polymerisation of ANi (0.4 ANi and 0.7 M nitric acid). In this chapter, we explored the use of
polyaniline (PANi) modified stainless steel plates (SS-Ps) as potential low-cost anodes for MFCs,
with capability for effective promotion of microbial growth and retention of long-term stability.
Careful and selective choice of acid and aniline concentrations for galvanostatic polymerisation
produced highly uniform, and adherent conductive PANi coating on SS-P which is desirable for
use as anodes in MFC FTIR and CV measurements confirmed the formation of emeraldine
structure on the PANI coated SS-P. Electrochemical impedance spectroscopy was useful in
understanding the mechanism of coating deterioration over time. The preliminary test of the SS-
P/PANi anode in an MFC gave a Pmax 0f 0.078+0.011 mW cm, whereas SS-P anode produced a
Pmax 0f 0.010+0.008 mW cm™. Investigations are in progress to determine long-term performance
to achieve maximum current from the SS-P/PANi anode and consideration of using SS wool

modified with PANi to achieve a higher surface anode for more improved microbial fuel cells.

Similar to PANI, in this chapter (CHAPTER 3), we explored the use of polypyrrole coating on
stainless steel as a basis for producing low-cost anode for MFC, with the ability to effectively
promote microbial growth and retain long-term stability. To achieve this goal, we initially
established the best conditions for producing a more uniform coating of stainless steel with
polypyrrole by galvanostatic polymerisation of aniline by careful consideration of the use of L-
(+)-Tartaric acid, as suitable electrolytes. For this, the optimum Ppy coating was formed on SS-P
with 0.4 M pyrrole in 0.7 M L-(+)-Tartaric acid. The coated PPy/SS-P after immersed in 0.1 M
NaCl solution and the time-dependent EIS¢rp) performed after every 24 hours’ time for seven days
to study the change in coating resistance. The FTIR measurements confirm the formation of PPy
on SS plate. Thus, suggesting a significant difference in the longevity of the coating in both dopant
media. Therefore, PPy prepared in 0.4 M Py in 0.7 M L-(+)-Tartaric acid is qualified for long-term
protection to corrosive media and could be useful for MFCs anode. 3D profilometry and Bode
plots revealed the mechanism of coating deterioration over the time.

261



The contact angle measurement with SS/PPy-P was hydrophobic and only became hydrophilic
when immersed in water for few mins. The PPy coated SS-P (SS/PPyi-P) was evaluated as a
potential low-cost anode for MFCs in a M9media which contained 4% landfill leachate.
Comparison of the SS/PPy-P anode with a pristine (uncoated) SS-P anode revealed much higher
OCVmax Of 664227 mV, jmax Of 0.027+0.002 mA cm™ and a Pmax of 0.012+0.009 mW cm™
compared with an OCVmax 0f 62447 MV, jmax 0f 0.070£0.028 mA cm2and Pmax of 0.020 + 0.023
mW cm obtained in the absence of PANi coating.Notably, during the startup phase, a 3-fold
increase in current generation was achieved with SS/PPy-P over the SS-P anode. Undoubtedly, the
coating of the SS-P with PPy (as SS/PPy-P) substantially improved its performance and its

potential utilisation as a low-cost anode for MFCs.

Although SS material is the best anode materials for MFC but still possess several issues such as
poor biocompatibility, high charge transfer resistance and high activation overpotential
(CHAPTER 4). The electrochemical kinetic behaviour of stainless steel (SS), SS coated PANi
and, SS coated PPy anodes during the enrichment of MFCs have been significantly enhanced by
application of a carefully selected external resistance (Rext). Pristine and modified anode system
was enriched without Rex: (#Rext), With Rext=Rint and very low Rext. The effect of external resistance
on their electrokinetic activities as a function of time was studied for seven days to evaluate the
startup time of the system. The jo achieved with the use of the SS/PANi-W anode was 121% higher
than with pristine SS-W anode on the fourth day of operation under Ohmic region (Rext=Rint)
incubation mode. Pristine SS-W and SS/PANi-W anodes exhibited similar activity upon
application of external resistance. The lower R¢t obtained for SS/PANI-P and SS/PANi-W anodes
compared with SS-P, SS-W, SS/PPy-P and SS/PPy-W anodes are indicative of higher electron
transfer kinetics.

The study demonstrated that defined Rex: could, in fact, lower the start-up time. However, the
application of very low resistance increases the start-up time of the same anode material. FTIR
results elucidated the signature of biomolecules and complexity of MFCs anode order for biofilm
formation on PANi>SS>PPy. The FTIR bands of heteropolysaccharide, proteins, nucleic acids and
polysaccharides are the signature of growing biofilm on the anode surfaces. The development of
air cathode MFC with tested anode materials can give better insights of long-term operation of

MFCs for power production. However, it is necessary to start the reactor with tuned Rex: to
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minimise start-up time and ensure high electricity generation. PANi on stainless steel proved to be
a more efficient and cheaper anode material for MFCs and has the potential to be a very promising
anode for microbial fuel cell development. Further experiments are required to elucidate the actual
performance of MFC with the proposed anode.

In this chapter (CHAPTER 5), under optimum conditions, PANi and PPy were developed, and for
the first time, the potential use of low-cost SS-W scrubber as a cheap and efficient anode in air-
cathode MFCs was shown. A conducting polymer coated stainless-steel wool (SS-W) is proposed
for use as a low-cost anode for microbial fuel cells (MFCs).

When coated with polyaniline (PANi) and polypyrrole (PPy), the pristine SS-W, SS/PANi-W and
SS/PPy-W anodes produced maximum current densities of 0.30 = 0.04, 0.67 + 0.05, 0.56 + 0.07
mA cm?, respectively, in air-cathode MFCs. Also, based on achieving power density, both
SS/PANi-W and SS/PPy-W achieved 0.288 + 0.036 mW cm™ and 0.187 + 0.017 mW cm?,
respectively, which were superior to 0.127 + 0.011 mW cm obtained with the pristine SS-W.
Further, in comparison with SS plate-based anodes, all SS wool-based anodes considered gave
improved power densities under similar experimental conditions by at least 70%.

It was observed that the performance of the SS-W anode was far superior to that of the most
commonly used SS-P anode on as the basis of achieved current density, power density, charge
transfer resistance and electrokinetic behaviour. The PANi and PPy coatings of the SS-W
improved their performances as anodes for MFCs considerably. In particular, the SS-W coated
with PANi gave the best performance with 54% more power density than achieved with the
SS/PPy-W anode. Considering the many advantages, such as tunable shape, size, design, high
surface area and mechanical properties along with the commercial availability of SS-W, it is a
most suited material for relatively cheap MFC anodes. As the SS/PANi-W anode exhibited the
highest power generation in this study, further study of its long-term stability is necessary before
its adoption for the construction of a pilot scale MFC stack in an endeavour to achieve a high-

performance MFC system with the potential capability for treating landfill leachate.

Considering the wide applications of PANi and its nanofibrous nature upon electrochemical
synthesis, it gives a good replacement for the carbon-based catalyst. This chapter explains the use

of polyaniline (PANI) coated carbon paper as a low-cost replacement for Pt cathode (CHAPTER
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6). The PANI-Cu deposition enhanced the catalytic activity for oxygen reduction reaction. Our
study has successfully demonstrated the feasibility and effectiveness of fabricating and utilising a
low-cost CP/PANI-Cu cathode for the replacement of Pt cathode in MFCs and LTFCs applications.
Uniform PANI coating was obtained on the carbon paper, and it performed effectively as a cathode
due to its nano-fibrous structure. The introduction of cupric ions by the copper counter electrode
resulted in the incorporation of copper in the PANI film and consequently resulted in enhanced
ORR activity. The optimum PANIi-Cuzs miny cathode gave a much higherjoapparent 0f 0.0881 + 0.003
mA cm which was 170% higher than the joapparent Obtained with 0.5 mg cm Pt cathode and was
still slightly higher when a higher platinum loaded cathode which contained 1.5 mg cm™ Pt was
used. The Rc: obtained for the optimum CP/PANi-Cu cathode was 1.456 Q cm™ which was much
lower than 3.95 Q cmobtained for a Pt cathode with 0.5 mg Pt cm™ loading, but close to a Re; of
1.485 Q cmobtained with a higher platinum loaded cathode which contained 1.5 mg cm Pt. Both
these results demonstrate that the Pt cathode needed 3 times the Pt loading (1.5 mg cm Pt) of the
commonly used cathode to perform as well as the optimum CP/PANi-Cu cathode.

The SEM revealed that PANi formed nanofiber mat on the carbon paper, whereas the Pt formed
agglomeration when deposited with an air gun. The 4D X-ray microscopy also revealed that a
uniform PANI coating was formed over the surface of the carbon paper (thickness) and also at the
core of carbon paper matrix. The PANI coating revealed uniform nano-fibrous structure, while the
Pt loading showed non-uniform agglomeration. The results indicate that PANi cathode is a suitable
low-cost replacement to Pt cathode.

The carefully developed PANI and electrochemical evaluation of electropolyermisation time gave
an optimum condition for PANi synthesis on carbon paper. The use of electropolymerised PAN:i-
Cu20 mins) ON carbon paper cathode in MFCs resulted in a 40% drop in performance compared with
the Pt(osmg cm™) cathode (CHAPTER 7). Although it has a lower performance, the PANi catalyst
is relatively cheap and easy to prepare for 1 % of the cost of Pt catalyst. Importantly, the durability
and efficiency of PANI catalysts can be improved by making metal composites with PANi. The
loss of cathodic activity in both the cathodes after nine cycles of the MFC operation obtained low
by 46 % and 71 % for CP/PANI-Cu and CP/Pt cathodes, respectively. The loss of cathodic activity
can be suppressed by a coating of PANI on the current collector; even it would lead high interfacial

electron transfer from external resistance to the cathode, ultimately increase the overall
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performance of the system. It is surprising that the Pt cathode was found to be more prone to the
biofouling of the Nafion membrane and may lead to the deterioration of performance in long-term
MFC operations.

The FTIR analysis of fouled membranes revealed that there are more complex macromolecules on
the membrane attached to the Pt cathodes supporting the biofouling of the Nafion membrane over
a period. Biofouling may hinder the proton transfer from the anode chamber to the triple phase
boundary of MEA for the cathodic reaction. Further studies are required to improve the efficacy
of the CP/PANI-Cu cathode and gain a solid understanding of the membrane biofouling. We are

conducting additional investigations into these two critical aspects.

Finally, in this chapter, low-cost, readily synthesising, the high-performance anode and air cathode
were developed. Also, the modified system architecture is designed to improve the performance
of the MFC by using stainless steel wool coated with polyaniline (SS/PANi-W) as an anode and a
free air-breathing cathode. The 18-cell stack was successfully fabricated and tested with SS/PAN!i-
W anode (CHAPTER 8). Landfill leachate was used to test the stack for 85 days operated in four
phases under ambient condition. The stack was investigated for the current generation, and COD
removal efficiency. The maximum open circuit potential developed from each cell ranged from
0.672 V to 0.714 V. Whereas; a total open circuit voltage of 12.8 V was obtained from when all
cells were connected in series. It is clear that the three side Pt air cathodes adjacent to the PANi
wool anode design provide an efficient proton transfer from the anode to the membrane. The
developed MFC stacks architecture offers a COD removal in the range of 86.27 % to 87.04 %
when running in series connection in CR mode together with a CE in 35.30 and 36.93% from
cycles 1 and 2, respectively.

The efficient operation under ambient condition confirms that the architecture suitable for
operation in the tropical regions. The reactor can be deployed in a landfill leachate site for power
generation and effective treatment. In summary, the thesis work has expressively contributed to
the development low-cost SS wool modified with highly conductive polyaniline. Also, PANiI
coating was explored for air cathode for MFCs. The second phase basically designed and

developed the practical engineering of microbial fuel cells stacks.
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9.2 Future prospective

For application of the MFC stack in real time wastewater treatment trains, a greater focus on
cathode developments using conducting polymers is required. The stability of CP/PANi-Cu
composite one of the key parameters for cathode catalyst for low-temperature fuel cells. Despite
successful fabrication and testing of CP/PANI-Cu cathode in aqueous proton conductor and MFCs.
The results reveal that more effort is needed to improve the stability of developed ORR cathode. Since
the PANI-Cu cathode is relatively less stable than Pt cathode due to the very low amount of Cu
deposition during electropolymerisation. Further stability can be increased by depositing higher
amount of Cu on in the PANI matrix.

Another major challenge is the engineering of the system architecture. The proton transfer from
anode site to cathode site is sluggish due to the distance and configuration between the anode,
proton exchange membrane and cathode. It is obvious that the more the distance, the higher will
the mass transfer loss will be. Therefore, membrane electrode assembly with surface modification
of anode and cathodes using suitable conductive polymers can be the best solution towards the
power enhancement in MFCs. Much advancement in the last few years has been observed which
enhance the ability to reduce cathodic limitations using biocathodes. However, there is a great
scope of biocathode development using microalgae or green bacteria. Synergistic hydrogen
production at cathode site can be possible.

Fabricated PANI based anode was successfully applied in the laboratory and pre-pilot MFC stack (7.5
L) for power generation and landfill leachate treatment. The use of computational fluid dynamics
can also be employed to further investigate the developed MFC stack to gain an understanding of
the charge transfer and mixing phenomena. Apart from this, engineering of the reactors, the role
of recombinant DNA technology would help to construct specific strain such as Geobacter
metallireducens in Escherichia coli using high expression vector and E coli strain to make
particular enhancement in the MFC applications. It is expected that the developed strain can
produce pili on the membrane, which could attribute higher electrons transfer from bacteria to the
electrode. Recent advances in new and efficient electrode materials enable a better understanding
of charge transfer from bio-anodes, electrogenic bacterial communities and efficient cathodes. By
developed materials, and results from several MFC stacks and configuration tests are good

indicators for the conceivable commercialisation of MFC technology shortly.
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