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A718k8F vk A=3t Al Abo]o] AHofA ot ol WM& 7hset AWS Al webA 2alolA ohF
o}, ZrestA Hol At AA 2 v BRRE 2ol 4yt = W& w§ AgHA ol Wt X 7]skeke] F3] YRE
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SolA &2 o9 §ujst Fo] AFHhE Lol JF= 7] Bt 9~12)
u| 2w o] 5 43| ofafstr|t 4l Yol oyt vk wh
A A=E AHESH7 ]2k sl WHERY o U e} siE o] $)
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As-Asd Aol chsf ok Lo opA7AX| = ofof
eF AF7F AlSEIL Sl W o] Eoks v v A oln 2.1. T7|gfst Mol HH st
ol 24, A¥H A7t o Basit 19 A718keHg-2 A 713kst Alof| A dojdtt, Zupy A A] o
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All(electrochemical cell)®] ¥Folm 1 5 A2 Q1 vt 5o] HAPE A o]0 A QFLofA H7]oHAE F{lsf Fofof
of 9J3j s}t E A7INUAR 23] HEA]7|= 2t Z715kshkgo] dojdtt, AEA Q] Bhgo] doid A9 A
Y2 (galvanic cel)o] gt waka] njAEARHZ| AR90E FY = 243 Afollv A= &9 4 2=t 1l
£ 243] olsfistew AA| AS-HaA AHolA Q] d4 LA RQ] HhEo A= B R AAHAE 29 g, Afeld
< olsfialjof sh=d], o] % nAES] AR Qlsf oS & A FY ahe Zreth gut st R AR o= g v E
el Rlc 48 wYEo] A Ho| Hio] LB ES o]F L ARHA = nES A5 2 L85kt 47|58t del=
UE A 1 WHRolA doluh= d7hA] argshr]wt 1] Y8 AgH) A71ster AL X4 TN o] 4ol Mt
golgt Zelo] ol mellgal T2 o] 24 A B o] AFE0] §A S AsAR FAE Utk AT =A|
olof gt} U wEAo]n] A de & iAol At iEA} 54415}

SR gt Av|stel HE AFREo] uf$ Zo] A 0 22 A AE gol 230}, A7|sekhg-e WhE
A715ker AS =9kt 28y Y& $5hERl Ho Al A3 AS FAlo sttt 3 & A (anode) oA A
A 9-A A w9 B4 2A1S kil A50] Fefof whet 7} dojup o2 & H(cathode)o A= HHEA] EH¢lo]
EE= B30 SR whah AAE =9 E & Fob 23] 9 dojupof sttt Aks}t 52 FHelo] o R Yol = §lA
AE gttt oEeS F7]E gt BaloA= o]t iAo' whgakE-S sk = Qlrt, BHENRE-o) A9
A715kete] Baket We sl Ho ndEAdRdAE (potential)= FEEFaAT| A grog Aot
olsfish=tl Za3t A3t 2|4& FHORE =95 1Y ot o] uizHE-Eol HYE o= 0 VE FoJgt & o vt
A7132) sty AEdEE & oldjsta naE & HAE Zuh3-o] A9E AFHOR oA 9ty TA A oR
Wsk7] SleliAd 71241 2] Alo] Aol trekgt A7) Bel Ak 4= Qi)
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Table 1. Formal potentials of some redox reactions that are
relevant to MFCs at pH 7

Redox reactions EO' (mV)
Ferredoxin(Fe™") + e — Ferredoxin(Fe?") -420
2H" + 2¢" —H -414
NAD" + H" + 2™ — NADH -320
2HCO3 + 9H+ + 8e — CH3COO™ + 4H20 -300
S+ 2H + 2¢e — SH» -274
S04 + 10H" + 8e™ — H2S + 4H20 -220
Pyruvate’ + 2H" + 2" — Lactate”” -185
FAD + 2H" + 2¢” — FADH» -180
Fumarate’ + 2H" + 26" — Succinate®” +31
Cytochrome b(Fe®) + e~ — Cytochrome b(Fe?") +75
Ubiquinone + 2H" + 2™ — UbiquinoneH> +100
Cytochrome oFe*) + e — Cytochrome olFe®) +254
NOs™ + 2H" + 2¢” — NO2 + H20 +421
NO»™ + 8H' + 6™ — NHs" + 2H20 +440
¥ +e —Fe™ +771
02 + 4H" + 4™ — 2H20 +815

H +¢ < 12H, E'=0V (ay: =1, PH, = | atm)

o[gA stof $HE WERHERE-O] A E ol A O] Higke]

T34 k. A A (cell potential)= F A= Abo]e] A
Aatolct, 2zt Aol Hojip= HERHRGAS A T Ao
B2HE AFHE 7T 4= Ut} Table 12 v=HAEHA]
oF A E3] Ueh= BEERRS-S] M 91E pH 7oA 2
7] o8 Ygst Aot} olE 50l 4kt AR AaidA]
E 8T 4 AdE 95 o+ e FAH= 4815 - (-

414) = +1229 mVo|t},

Ao A9E Ao 29l & FEol 23 Pl /My
Z93t}, Table 10 Ue Q= AYPEL BF 27t 1
M(AEs Wt 557t 1 MY go] grogx Hwrt o
A H A= debA), o= th&a} o] Nernst A2
Foj AL,
Ox + ne' = Red
RT Red 0.0592  [Red
E=E- n Redl o, mdl s
nF [Ox] n [Ox]
Uk ofH|EAL 0] 28 AR & 0|83 AL pH 7oA )
2 IS 3 HYE AXSTHEIEA 5= 1 g/L (16.9

mM), FEAE F% 5 mME 7HY)

o o 0.0592 [CH3CO07]
E =E- log p
8 [HCOs '[H ]

9

0.0592 [0.0169]

=0.187- 0 =-0.300 V
8 S 10.00sT107]
2 FolRit},
A7) 9] A9 (cell potential)= zF A=to| thafl E zHe 13t
3 2jolE A=t}
Ecann = Ecathode - Eanode (2)

AG=-0FE.q (3)

Y AFsd = (anode)ol Al NADH7} AbstE| L gFlxd=
(cathode)ollA] 427} SHIFlThd Hth= ¢
A81et o d A =(n=2)

Ecan=+814mV - (-320mV) =+1134 mV =1.134 V
A G =-2mol X 96485 C/mol X 1.134 V = -220 kJ/mol

2.2. M(power)d
nAYEARHR Y] S SAsHE B2 AYUwr}
Absl=a} sheln

I=Emrc/ Rext @

_ _ 2 _p .
P=1-Emrc=Emrc / Rext =1 + Rext (in W) )
AFs Z(anode)d) BHA o AES

Panode = EMFC / (AAnode Rext) (11’1 W/mz) (6)

P, Cathode — EMFC / (ACathode Rext) (7)

Jeiu e AAE 1 s o) i AU

€ U= gl Aol
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Pcell = Ecell2 / (Rint + Rext) (9)

T2 Feens 1243 Flolal AA 2= /M3 24 (open
circuit voltage, Focv)7} T2l Aol Hrt, thA] Lahd
Eocve Eeenith 4 242 3H& 2h=tt,

Pocy = Eocv” / (Rint + Rext) (10)

MR St oy Rten
the Aoz Fojqic,

Prax = EOCVZ/(Rint + Rext) M Rext/(Rint + Rext)
= Eocy” * Rext/(Rini + Rext)’ (11)

welA S Aol s e RARe BaTEe
Fojof s,

2.3. 28821 oYx|zE9

H1 5 n B EARHAX ] HHo] 2 M-S v} 5=t
QA F=017 vio| e AR RE JupitEol AAE F&3}

o] &sl=7te Fastt AR A 350]7] wEe
AZPE Ao 2715 S5kl Algte] wheh A EstH £4
o vpol Quj AR FE Adojxl HA| AatkS 3 = 9
4% #goz YepFH FFA2E(Cr, coulombic
efficiency)& F+=th. olE S0 ofAEHO|E 3§ EXZHE
= Ao 8719 AAF DojAa FRIALARTEE=
247119] ZA}7F dojziet,

2

]

=

mlo
>

M, fyIdt
Fbeuan A ¢

Coulombs recovered

- Total coulombs for substrate (12)

A710)| A Ms= 7189] B4, best= 1 mol2] 7]4 9] Aks}
of 9Jaf AojR|+= FHo| MR, Vane anode compartment
O] K] Ace ARt

FoLe] ENIBHE Lrehiict,

A 88 AR BATF M, = 32, AN bes = 4RF

o[ A &EE&(nype, energy efficiency)S AAtE AL
714& AaAZE o TS 42 U goltth
f(t) Eyipcldt
= JoBurciat 14
nMFC J Hn, (14)

A7)H AHE A4, ni= 7149 B42 e,

T AAEAE ARt ouAE d=
=22 71ds A7) A8 A EEA SR (citric
acid cycle, CAC)E °©]-&3ttt, o]l NADH, FADH, GTP
o 2o AAALA7F AAHEH 1 T3 H2 T34
(respiratory chain)oll AAE Agst= A2 7]4o| ofd
NADH® Holt}, mehA Alsta=o] 4918 Agshs AL
NADH/NAD' ] H]7} Elt} olyHo|ES 7|A 2 ARE3l=
H] 1

Ao d& oA FYAYAE ) =
Al =
a8 - W
I e m
i-tﬂ-'
A1 = P
a0 = 'ZE'.II::-'-l
Cytachiarma b,

i1 |

Reduction potential (W)
4

13
14 =
0.5
34 =
I
I8 k=

Fig. 1. Potentials of different enzymes used in the respiratory
chain of Paracoccus denitrificans with oxygen as the
terminal electron acceptor under standard conditions
corrected to pH = 7.14
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NADH/NAD'9] E*=-0.32 V, CH5COO /HCO3 ¢
E"=-0.30 VA olAlg|o]E7} AlslE|o] NADHE A3
= AUTHE = -0.32 V ~(-0.32 V) = 0,02V < 0 V). L
2t AA R ofA|Elo| EE 7| AR o] &8 A9 vhgo] 2 Y
ofdt}, o]Zo] 753t o] A|E o] NADHS} NAD 9|
sEn7E 2AEo o X*%’W} Adolx A gk, Wi
[NADH]/[NAD ] =019 Z$ A= -0.290 VEA
ghg-o] XY =A gt F, Ol HIE WS 24 ojugt
APE g 4= otk ©Y NADHO| s&7t Z7hste] 7]
2ol Aks7t dojubA] ok A9 ST FAEL FHEIL oA
o] =2 72 Z(open circuit) AHl A A-F Lofut
ol Q¥ AFE AZAste] RS FAHAIY
NADHE NAD'2 el Axg tEom Hite
A Fe}, 22y o]4k9] AW NADH/NAD o 7]ubst
golu AA R TEANE B2 Asl/EEo] EA
wtebA] AR AR} o] Aol AFOo R o]Fat=A|
Ass| B2t} Fig, 12 Paracoccus denitrificans®
Aol AHgElE aaEolth Y NADHOA g54o=
Ha72] A7 o) gahet| 0431 S A TR AIE
5 54t golsts AS U 5 ok vjAEe] S|
A9} A w GelAt}t, Shewanella oneidensise 39
JAEAFc BAE o]gdh= 2o IeA Qi

b

f
e

T

—r‘—4

3. TX|ML(0l SFE OIXl= AUXE1S)

U RARAA 7 AEH A, Z A
o A AR ojx)i Hge oK oz

1=
ol o] Aao] ofat AL

A e, SR EER
A718}el yhgo] dojubr] fla A3t oA & =53fjof &
=4l olof 9Jgt et o] AR tH(Fig. 2)

T3 ASHA Q] SATH 20 93t AgeAr Ex)st
ESE 0 AEAZ AR ZR|5H= metabolic loss7} 31T},
Ecell = Ecathode - Eanode - (IRQ = T)cathode = 7)anode™ CL - ML) (15)
o719 4 CL2 concentration loss, ML metabolic
Zyzte —)‘C—’éoﬂ ot ZpASE W82 ol e} 2

3.1. Ohmic Loss (IRo)

Bt | Caltise
1
W oad ok '] Y [
i i L) r
s i ' i
i A R ; ___”"
f [} i
i I_'_'_-

o =

Fig. 2. Potential losses during electron transfer in a MFC. 1.
Loss owing to bacterial electron transfer. 2. Losses
owing to electrolyte resistance. 3. Losses at the
anode. 4. Losses at the MFC resistance (useful
potential difference) and membrane resistance losses.
5. Losses at the cathode. 6: Losses owing to
electron acceptor reduction.®
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4% Holo) A2l A2 o, A5t
¢ Aol a% A2 F&o}ﬂﬂl GLED o]%%&

3.2 Activation Loss (ncat, nanode)

ASo2RE 7|42 B 7IHAREEH d502 ARG
o] doju}7] 9l B3t oY A& F&Esof g, o]= mf
A] sfshikg-o] dojuteH 23} A& FEfjof 5= A
I} npbzRR|ole}, &3 | A7F S5 AR e
LA Adeale] @glo] "k, whgo] dojub= Ayt
By HtTe] 2o]E A 9 (overpotential, n)&} ek, I
Qe A= S AA S HFoll A A7t

n=E- Eeq 16)

ol ofat Aol Gl AehelN B2& ARt 3

A 9)eke] WA= Butler—Volmer 2]of 2J8) Fo] 2t}
i (- afy
izigle T e ® | an

o719 A o= WA F(exchange current)2A] I ¢

7} 0 VoA E2+& AFE %3} o= transfer coefficient
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Fig. 3. Effect of exchange current density on the activation

overpotential required to deliver net current for the Table 2. Exchange current density for hydrogen electrode

reaction of O + & = R with a = 0.5 at 298 K for metals in an acidic condition
Metal io (A/cm?2)
Pb 25x107"°
Zn 3x107"
r Ag 4x107
H"'t 4 Ni 6x107°
- Pt 5x107"
-, - Pd 4x107°
o o 1‘& fj_‘ .
RT ﬁ :
B} ., ’
\ RT o RT 23RT | C23RT 0 90)
_ S = nigp - ni = logi - 1021
= . stzg 7 aF 0 aF aF gl aF £
i T T T
¥ RT RT  23RT  23RT

= Inig - Ini = logio - logi (21
Fig. 4. Tafel plots for anodic and cathodic branches of " (1-@)F 0 (1-@)F (1-q)F gho (I-a)F gi (21)

currsent—overpotential curve shown in Fig. 3 for io =

10 A log i%} y& E5t5t0] 71979} y- A0 20 o7k} ipS
13 4+ ICHFig, 4)
2 0~19] 32 7HAH Ak o2 ( 59 714t Fig, 39
R o e AR 458 Hosl 7jZo0] B & g7}
3243 27k} Zo2 2o ARULS o] Az AAHe] A

K= Activation overpotential®] £AI5IH #Ax]9] AU th
‘/} QoW & wh-guh 113 o] Ao = Frojxit,
9l 4 o

3
2zt E=Eocy R ln(l.;) (22)
aF' io
aFn

iie (18)  Fig 5004 2 ek ol iy glo] 248 & ARUE]
A= A 9] 9N ek At ket S o
(1 -aFy gt 23} oAz AFEdo] mef thEy dRdee] o

i=ioe (19)  =epEdh
Table 2= 18] 552 a9 digtip g2 HoE.
2 FojAH o] ZIF FHsto] Aejshd BT Ak 2o ke Zilg) o] FHo] uf et AT T

o= 3t Zlolm Ewlo] 7Ao] AR W] F7kHH i
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T T T
io=1%10"* | concentration
. / polarization
lc
) R limitation
i0=5%10" A
i=0 /_r__..._//
/ io=1%10"
-
la /
—_—
1 1 1
0 +

Fig. 6. Effect of concentration polarization on the i-» curve.
Current is limited at high overpotentials.

W= F43] S7IeIth Activation lossg Ha3toteH &

£5 SoAG KAl F0)2 gAY 4TS AN 5
of Al ERHS F7147]% Hu} E3uhe RO SRS 5
N7 AL whgRo] 71He S e E7HAI7IE ol o)

[e)
o EAE Y 5 QU

3.3. Concentration Loss

FE=E=(concentration polarization)¢|2tilE HE=
v iZeze BATT0| U A gL ARl
Ao zie dgsiA AAHA o4& o A7k AdF
WENts DARYECA 1 &nt 2 el 29
o5 el A dEd Bt Al v Ao
Hge 22 "ok(Fig. 6). 4Atehd=o
AkgEo H17P S7Fsto]l A=79171
AFoA= vz A

o]
FH gradtol (&9 okafe 01 5 Wises i
1

3.4. Biomaterial Metabolic Loss®.16)

o] AL ZTARAA At A st A EA ArSPA
=9 A7t 7149 AtsbA 9Lt FYsHA] ¢
(Bl 9] 3t 7 e &2 4) HAY sk HetEA ol Fig. 7ol
A B0l Bt Ad QA ¢ A A= M= ot

ok31 2H2. 0 & 4]

dolEE /19 AGHE B9 FAAN9 -0.30 Vol 2
Mot 37k 22 Aol wob A Ak, o £5A

| x>
01] Hojat= NEI2T} e 253 NADHS 22 A}
Sinsle b e i e R ) d—:L A= A ¥ HFe
Z7}V517] wjRolt}. o|ujo] Mol 2 n| Y=L Al 2
2% OMZE At} Abs o] A9 [NADHI/INAD']

Potentials in MFCs

[ Eacetate/COz) = -0.30 V|

Bacteria, AE=0.10V

[ Anode:E=-0.20V }

MFC energy
AE=0.45V

[ Cathode :E=0.25V |

Lost energy
AE=0.56V

Eo2=0.81V

Fig. 7. Potentials in MFCs. The anode potential of an
operating MFC is approximately —0.2 V, which is
only slightly more positive than the thermodynamic
limit for the substrate (acetate). This restricts energy
gains by the bacteria but allows high energy capture
in the MFC.16)

€————————p

th. Fig. 7oA Asbd =2 A917F -0.20 VolB= AR{7}
2704 0.1 V 9HE9] Hekialo] wraeltt 0.1V
of sFste AR+ A=Y thAate o &Ht,
[NADH]/[NAD19] H]= B4 3-8 714 4= Qlth. E. coli
O] A SFIAAE VAR AEFE 1 5714 A
£ 0.0940]9 @714 M= 0.2284 E714 27|
A NADH7} ¢ ZA=]A €} 19 NADHY| 5271 44 &
% ool HW ABh=9] M 9)= o WotbA 71H 9] FAH
$lech ok Arprigo] dojuha] grop Amziz| <)

e WA "Hoh2.48 ).

3.5. LHEXgKInternal Resistance)®
A EAR DA A= WA RO &) & A3}
o] ofg] 7hA] AEAS 7HA L= 2918 FHAH As)

taa
2t Fgo) ik, 23T

Al (polarization curve)Z 2™ A

FUZ7F STl wheh A9 AYS A 5435

SO A ARUETA] dapteA o m asiy AR

E7b B F7heH oAl 548 ashe AEE 2l o

UG A dagd ool ARAAN = s Zol #AE
T Stk

Ecen=Eocvs -1 - Rimt (23)

(BEocv+e= 2419 o
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Fig. 8. A combined picture of three different potential
regions, A, B, and C explaining potential losses due
to ohmic resistance, activation overpotential, and
concentration polarization, respectively.

=5 =355t ol Fig. 81t At} JdaL: F
2 activation loss®l| 93 H9E= Fte 2 AFUET}
W@7] fzol o A 7ot Adjder @ Fast
‘3}. AFREE7 F7ste] d9Bel AYstd dAl 8oz A
A9 AR H] gsto] gty =2 ohmic loss

] Z108HA Hoh, ARDE7E 8 S7HsE FYCoA=
concentration lossoﬂ olst a3yt 714 A7 veERd)
| FolM= BHTTEETE AAY A Feshe )

$ s assh e,

(]

4. RE

o

Hol=tet 718S

B A7138t 7Y F 7P WIHE] 2o]HAE ndEA
2HA ] Aol Hagt +TAYHFHL doHs S
o g3 44wt oh2 7]9o] )M Bard & Faulkner
o 9L Zarsl] whtet,
4.1, &SNATFH (Cycllc voltammetry, CV)

st 27 W F CVie 7Pg wol ARgEH 3t
Ao A or thegst @E—% e 4 SUrh AYS RS
ol Al Al7tel| whet AAeE Lw g YJEFAlSH o|n 2=

Increasing et
Scan rate g e

oA

{Bean rabad' T mWa)

Fig. 9. Voltage waveforms (panel a) commonly used in cyclic
voltammetry and current-voltage response (panel b)
for reversible reachons Panel ¢ is the plot of peak
current vs (scan rate)’ 2

72 mUEYsks doliialg Wilolt. B 549 4

10517} el ko] o] RSl Bk BAH
go] Qofups] e, (Vo) ol 2at Al Be Ee A
7\3akRl akAo] AAIS] ek OB of /1ol Fag
U8t kg Tt

4.1.1. Az

4 7hEel S-S B BELEl golol Sof Yt
A8 AR oS0l AFWSL ] s AFE
MO o|FHo] Sfof Atk §o4E Ao\FAY BEX ¢
o B0 o5 HAare] ofsh Ak Ak Pl ¥
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Fig. 10. Cyclic voltammograms of surface confined
electroactive species (panel a) as a function of scan
rate and plot of peak current vs scan rate (panel b).

For F7HNZIM AR7E F7kskr] AEsioE A 917t
o] AXE HAFo]4 9 ¥E2 Aol A AYs 57t
NAE AR7t A 271814 o1 539 S B},
Aol ks Y oz FASHH ghdukgo] dojuba
2 AfFe vk e g Frhehn A njamgks el
(Fig. 9a, 9b). $HH wh-3-Eo] EAeHA] b= Aoz o
Ao A2 AR7E EEEH o= A7|oleFe FHa
ool ct,

w=29] mef} Abstu] 59} ghlula Abo] 9 XL% 2, A
Srt ARA7|ete] WA ZRE o2y 22
AE 4 9t} 7F A (reversible)Ql HH2-2] 7

chea} o] Fof it

Ho :(o
iz}
fu
)
o

RT 28.5 mV/
Epa=Eip+ 111~ = Eyp + (=210 (24)
nF n

1.0
. 0.5+
<
2
-
S 0.0
E
3
0.5 .
—— Anaerobically grown call
------ Aerobically grown call
-1.0
-1.0 -0.5 0.0 0.5 1.0

Potential (V)

Fig. 11. Cyclic voltammograms of S. putrefaciens cell
suspensions grown aerobically (dashed line) and
anaerobically (solid line).18

RT 28.5 mV/
Epe=Eip- L11—— = Fyp - (227 (25)
nF n

whahA] T Z2AS Fol(A By

57.0 mV

AEszpa'Epc=E1/2+(.n—) (26)
02 Folu] o] o RE| o] JlelRS B 4 9)
. wel 9k Aol s} olwiet A 245 AFWES 4

A v7}9d A (irreversible) S & Eth Fio= Zet2 1899
WA EA ARG RS sty B3 AF] A7)= v
Al 072 oz},

i/A cm” =2.69 x 10°n**(Dv)"*C° 27)
ve= FABE(V/s), C = mol/cm3eE2 Yell 5= DE
g (em?/s)olt), &, = AAE dH ST

q_fsl— P Olr,]-
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Chronoamperometry + cyclic voltammetry
Cell: Geobacter sulfurreducens
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Fig. 13. Upper: Chronoamperometric plot of the formation and the bioelectrocatalytic activity of a Geobacter sulfurreducens biofilm
at a graphite electrode obtained with 10 mM/L acetate. Lower figures are CVs obtained at different phases during the

biofilm formation indicated by arrows.23)
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Fig. 16. Nyquist plot for the Randles equivalent circuit for an
electrochemical system. Regions of mass—transfer
and kinetic control are found at low and high
frequencies, respectively. Extrapolatlon of the linear
part gives x—intercept of Rw + Ret -25%C4. Ro = 30
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