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& E UEWROE R (MFCs) 75 b —Fhal DU AR AL G R R 149 4 9 v fh 2 2R 56 5 | RS IR 90 & 1A K%
BB, HBH AR R 38 2 B ET BB ST A A SO0 BEAR A L R T i B AL A e SR B f B ke, F
YERZFLRRRTIRM, = RGHCA R, IR R RSB =R, 55 R a0 2R 89 BEAR A R R Bl
P B T A HEAT LB 1) £ 9458 2 NB1000 PHAR ELAA BRI L3R TR AR (216.664 m*-g ™) AL R Y HL S 36,
R H Geobacter F1 Shewanella 185 T V& FEMUAE Y0 B ( MFCs ) P 47 55 3% F: BEPEHY , NB1000 BH
W2 R A AR B Y R R T B 2R K 3049.714 mWem™, HLBFJE Hy 7.4464 Arm®, 43 )5 A [
*&E’J 6.54 f5F 1.54 £, Z5 53], NB1000 EBHH ) MFCs B A B & (TR % % E%Jﬂl?lﬁﬁwﬂlﬂél
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Preparation of nitrogen-doped porous carbon anode and its application
in microbial fuel cells

WANG Zixuan® WANG Jie* WANG Xingyuan ZHU Hengxi

LIBin™ QIAN Wenmin
(Kunming University of Science and Technology, Kunming, 650500, China)

Abstract Microbial fuel cells (MFCs), as a bioelectrochemical system that can replace traditional
energy sources, have attracted great interest of researchers, and the construction of anode materials is
the current research focus. In order to improve the physical and chemical properties of the surface of
the anode material, the nitrogen-doped three-dimensional carbon material was directly sintered by
using toast as the porous carbon precursor and melamine as the nitrogen source, and compared with
the anode material without adding nitrogen source and the unmodified commercial carbon cloth. The
nitrogen-doped NB1000 anode has a large specific surface area (216.664 m>-g™') and excellent
conductivity. A mixed Geobacter and Shewanella colony was used to culture and evaluate the
performance of MFCs, and the maximum areal power density and current density of the microbial
fuel cell with NB1000 anode were 3049.714 mW-m™ and 7.4464 A-m™. It is 6.54 times and 1.54

times that of ordinary carbon cloth anode, respectively. The results showed that the high power
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density of MFCs from NB1000 anode was due to the introduction of nitrogen into the anode, which
promoted the secretion of c-type cytochromes OmcA and MtrC in the outer membrane, which were
required for the extracellular electron transport process of electrogenic microorganisms.

Keywords microbial fuel cells, vesicular structure, nitrogen doped anode, extracellular electron

transfer.

H T, S48 —FP ] DAL G Ak A Rk P A BR IR O B0 BB IR SR A T B0 e, S ta | il L o
R R J S 2 T P PR AT 0 OB A1, AR 490K FE Tt ( microbial fuel cells, MFCs) S 1 Fl 7 HL i A= 9
(electroactive microorganisms, EABs ) ¥ A7 HL15 Ye 9y i (1 £k 2% 58 7% 4k hy L fig 1) 2 2. MFCs 38 % 1>
A 25 A, FE BRI PN, 77 F ARSI ST, 280 A0 F B 7% 21 AR RS 5 4 Y R 2, 1T o
T Zead B T A AL B FIAR Y, A6 PR 4514 T FHA % EABs & B PR AR i, G B 7%
# (direct electron transfer, DET) fI/ 3 B, T %% #% (mediated electron transfer, MET ) % Fh 7 20K 1 A4 #4€
A 0 R AL B BH A 1. {H MFCs IR D 8% B2 4 0k LRI Ak, Bk, fE4k MFCs 192 28 % |
T YT AR AR Z — . TR SR 3l MFCs iz 17 B9 £ Fp AL b, EABs 55 BH A% =2 18] (% 40 f A1 i, 5 1% 32k
(extracellular electron transport, EET) ik i B 22 (MLl 2 —, XF EET o B i i = A fb 2 i — i
UINESE

T HEiR MFCs IS 3%, BFFE N 52 s FH AR MERE . EABs SR 4[R2 55 5 TR 1T — &5
D7k oG U 5 EABs WIAH BAEH, G d& (0 FH R & iR )2 A1 3D B B, 5 IRk akiis 4 5 4
J& 85, EABs E K T RRAEW. Hor, MR8 09 BHASOR R DRLEAT AR . il 25 7 i i 5. Sl tedr . B9
AHASVELS, B2 T 5 550 O S A B RS A W e R AR PR i Ty A2 etk ARG L &) 3R A5 5%
PSSR 2 A B BEAR AL L. © 58 A 2R W e A BT P SR 1 RAR 22 IV 4317 AT {52 ™ 45 A= W) e PR
POBLEA 15) 43 A1 R FLE5A8, A R T A v A= WD R BT, fi akE fo b 2 [R] AL,

C AR R, AT LIAE R —Fh oo 2 F A& PR R, 3% 5 7™ B Gl AR 9 5 Fa B 2 8] 9 A BAE
FHUOL Hfa 48, He S50 5 URUE W ) Bl 206 i A NPA5 B8 PRI Ll ol 3 A1 v i e % L 0T 2 e A ) AR 25
PE, NTTITH B MFCs (19 & FLRE JT. Wu 8802 (i &S 2 e 4Rk, 7651 ISR S A il T3 B8 1 9
B AR SR 4 S A7 A5, MEBH S0 BTk, Yu S5 00K R I8 A4 i 4 K B0k 5| A %1 MFCs FHAR 1, UFEBH
RAT DA 2 7 R GCAE 0 A4 L A1 P2 388 0ok A PP B3R 04 4000, SR 2 T 5 A 2 ) P A AR .

AR SC N A BE AR A Ak 2 T 0 B 2 P B 0 0 B 1 e, I W Ry 2 AL T Bk A4, — SR Ul A,
AR A B 2% =i bR, TR H 5 AR5 2% F U0 FHARA L FIR ek 0 v B A kAT L e, HITR
B HATTE Geobacter s FLIK I Shewanella 7£ MFCs 53¢ J5 , X HAEGETEAT VRN A 434, =4k ZfLBK
PEAR AT RS BT R EE G, 7T LA R B4 LB R AG L T AR, B 47 (Y o 3 38 0 R B A A A 2 M D) SGaE g
PESR IR & AW EV , 1 MFCs B B 47 i D) 32 5% B, JF F — 20 i 9 BRAE fE 3k EET i #2 v 9 /R H]
HL.

1 #MRL5 7 (Materials and methods)

1.1 NBs. B1000 Fll CC BHH% il %

&R AR T R BIR R I T A BRA R, B R . BERE L FORIRAE, k. A AT
ZA N, R NI L L B A, B SE it J YT 2 em®x2 em®x 1.5 end® B/ R FEIR AT KT
— G IR, AR5 DL = RS R AR, fE RS0, 4851 700, 800, 900, 1000, 1100 °C Y45
Jrrh B 2 h, 145 NBs AR FRiC A NB700. NB800. NB900. NB1000 F1 NB1100. #f ] i /)N e ity - 7]
BT 1000 C 4 X A i 2 h, ATF SN ACIR, Hi 5 B1000. AH Nk, Kt 58 Bk A7 A5 W0S1009 T
BNERE (1 em?> 1 em?) il 45 CC B K BT A MBI /B (1 em®> 1 em®x1 em?), FHEK 223 32, i %5 NBs.
B1000 1 CC FHM, fcJo N . S B . LA 25 2 1 KO Bira A RHEE T 1 U, T4
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1.2 a¥rrik

AU 5E R B 2 BT A (TGA) 122 7 45 4 2 #4730 At (DSC) 78 % it 2 1000 °C, N, it =2 K
60 mL-min", JIFHE K 2 °C-min~! B 3E47 0 %2 ; Brunner-Emmet-Teller (BET) & TriStar 11(3020){%
AT R X AT S (XRD) X A4 B 2H ik 1 7 3R AE s 94 XPS 3R 5T & 48 (PHIS000 Versaprobe-
IDTE 15KV, 50 W Z5F T Xf ik w] B A« M B UC R AT X 2Ot 7R8I (XPS) Ml AE; 75 5kV 5 pA
MIEAET, R4 H 7 2 5045 (Hitachi SUS010) Xof HL Al 1% 2 W TR 350 1 A6 ) R 1) 22 B M6 A T 3R AE, R AT
SEM il 5 Z |y, A ARHER IR 1 0 LARG 53 S FL PR 5 XF T FEAR AR Fo Ak 22 R AE | A48 2 B AR A 3 F
T MECEY) EET G 1 PLERANE R & (CV), 76 1 [ 1 CHI660E HE k2% T /E 3 (CHI Instrument,
Shanghai, China) {iff F 2275 ik iR 22 15 (DPVs) A3 Ak 2= BHAT IS (EIS) M T4k, BHAK B R Y v Ak 27 PR e
MRAAE = AR R T AT, =R 5 AR IR H R 2 e Al (SCE) FH 22 X Ak, 7EAN [A] A
AR AT A B TF B L R AT 1A,
1.3 MFCs [ AL fliz 7

A S5 fift FH Y 520 4% S XU E MFCs [N i, 4 I A7 20 2 4 1% PR AR 7 88 198 2% o 6 %5 W ( phosphate
buffer saline, PBS) 1 32 ¥ — 7 , {di B8, M #4 BE A1 HE £ i 22 18] 70 4 4% fih, PBS V& VR A 3 & i 4k
NaH,P0O,-2H,0(2.77 g-L") . Na,HPO,-2H,0(11.55 g-L™") , NH,CI1(0.31 g-L") . KC1(0.13 g-L™"). MFCs Hi,
A T 2 M Sy HE B OW EE , BHAR 2= R & B AR FR S R 100 mL, B A i 45 0 s Bl BRI, ol
B JC /K 2B RN 25 B8 7 /K38 1k T e ML 45 . BH A B i VR 9 4 0 NaH,PO,-2H,0 (2.77 g L) |
Na,HPO,-2H,0(11.55 g-L™") . NH,C1(0.3 g-L™") . KCI1(0.13 g'L"") , CH;COONa(2 g-L™") . IR & 44 &R
(10 mol- L") A1 )i ye 2 (12.5 mol-L ™), IIH LA I ZH A K5[Fe(CN)g](2 g L") AT KCI(3.715 g- L)L,
IoH A 87 ol FH i FH <P g 30 min, KSR HER.

SEERTF IR, AIE PR IR S5 Je 4R 5 mL B SR AR TR . MFCs 38—~ 1 kQ AN in#k fa BHL, Jf3%
R EAE R AR, X MFCs HLRFE 2 50 mV B, S48 0 BHAR R A BB, D3 i TR AR 8 i3 4T 4 4>
JEL H0 5 1 1 235 R A it £k

2 ZEE 54718 (Results and discussion)

2.1 NBs FHE AT R 2B

R RAA T #H47 TGA-DSC 434, Wik &) sk Akt BESEAT WM. (&l 1a i, 25 85 £ 234 3 Fi i
K, 55— B B, 200—250 °C I B IR P, 2202 T LB T W e FL A5 # oK o Fn s A RS
BB, 250—350 °C A9 BE X [R] P, 32202 B T RS T 1Y) 40 fifk, [ s £ i 2 ) FL 485 4 rh i) 8 28 R o
IR R BE 23 S HE— 2B B s 75 = BE, 325—1100 °C FORE X Al Yy, 328208 i Ak, 764>
IR P 58 BT A 2800 A B DL RUR 45 2% B i b4 RL 2 1 1Y 3 2. NBs 19 b2 T RRURTFL A 0 A1 DL AT b,
c. BET R FATE 1000 °C(216.664 m*g™) Bk 55 KAH, 7E 1100 C i — L Fm RN R 1), 1A, 76
1000 °C B A FLERE I8 B0 5 KAE, A T JAR A3 5OR ™ 20 1 LB
2.2 NB1000 1 B1000 [) SEM, XRD, Raman 1

&l 2a FEl 2b 23 5 RRALET AT 1000 °C R ifb)s fnt & SEM K 5. kb5 it ik /AT FLE5 345
3 A HAH B 38 1 R FLIT S # , Al fb o Bt b 2L 25 R0 PR AT R, 325 0 22 LA ol Pl 356 1k 2 A o e
()5 B, e B T AR R FE P A 8 €. BLAN, IR R4 ] LA B 8 % T B AR 1 i P %) R A i A7 0 0, fR R
%% . NB1000 A1 B1000 [ XRD 3% [ ¥ 7~ th W > 58 (19 XRD 137 55 1, 53l J& T 1 25k 78 20
27.3°F 43°4b i) 4 1T (002) F1(101) £77 510 (18] 2¢). 5 B1000 AH b, NB1000 £ (002) & 4= T 2 i W 4%,
R T AR F B A AR OB M & AR R AR L . e, 38 A i S T ke A R A SR AR
(& 2d) 19 SEREF AT 2 AN A7 T 1585 e F1 1379 em™!, W 11 AR HE X 137 69 ID/IG {8 e T 47 &AL 7%
JEULNB1000 1 Ip/I6 E/NF 1, BEEARE 5 (0 A BB AL ROCR BT, X 5 XRD 45 5% — 2, i — 2 E B T Xk
TSR AR B AL AR 1 D A T
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1 TGA-DSC 73#7(a), NBs (1% %0 MMt Bk st £ A1 FL A2 53 fh £k (b A1 ¢)
Fig.1 TGA-DSC analysis (a), nitrogen adsorption and desorption curve and pore size distribution curve of NBs (b and c)

F1 NBsHLLRIH
Table 1 Specific surface area of NBs

> 1
FEd NB1100 NB1000 NB9000 NB800 NB700
Samples
Sper/(m*g™) 61.028 216.664 92.045 82.813 45.634

Note: Sggy: the specific surface area.

[ d
. =
=] <
E z !
'z NB1000 g [
:.g ﬁ 1 Fitpeak D Np1000
Clomulative lfit peak L
10 20 30 40 50 60 70 80 0 1000 2000 3000 4000
26/(%) Ranman shift/cm™"

21000 °C i E R ALHT (a) FIBR AL (b) 19 SEM &, (¢)NB1000 1 B1000 (1) XRD &3, (d) NB1000 472 i
Fig.2 SEM images of toast before (a) and after (b) carbonization at 1000 °C, (c) XRD patterns of NB1000 and B1000,
(d)Raman spectrum of NB1000
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3a FE 3b H EDX A5 2 A 70 2 4L/ AT IR SE T = a0 P B9 BUR e R b ad A b e ol 5 2 it
ABRETHRAA. SR 5 ] XPS #E— L0554 A9 NB1000 F1 B1000 7T % 41 %, H b NB1000 A9 & & & K
16%, 25 T 208 Kk R L ) 4 B 18 EURR A4 RIS 18 19 18] 3cXPS i Y i —AHIESE T NB1000 H1 %L
AIAF7E, H 5 XRD iy 8 45 1 —2 & 3d B9 N1s Sk B, NB1000 FF A7 7E 3 FlaUAS, 43 & e e
(399 eV) ., MK A (401 eV) FILf B (401.8 eV), H 3 Fh AU HLBIARSER 20, A7 20, 8 i & s ik
Ab B VR RE VS B b R SR B B BH AR th 48 A BT 3R 2 $E 55 MFCs PERE 194 2R &1L g 20 ) 7
FEZS 5 7= FL A A 0 43 A IS ¢ TRV I € 2 4243 PR T, DT 398 5% Fh 8 M i 2 1 B A1 el A% 33 T 22,

Cls

NB1000~

NB1000 * Peak sum
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=
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N I I I I | I | 1 | I 1 I 1
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B 3 (a)F1(b) NB1000 FI B1000 ¥ EDX i (c) NB1000 1 B1000 [1J XPS & (d) NB1000 [ N1s 53k
Fig.3 (a) and (b) EDX spectra of NB1000 and B1000 (c) XPS spectra of NB1000 and B1000 (d) High resolution N1s XPS
spectra of NB1000

2.3 AR L R PR BE TR

LA NB1000 F1 B1000 1 Ay BHAR , 32250 S8 %) B V6 VR AE ) Shewanella oneidensis MR-1 F1 Geobacter,
PLH H Y plain carbon cloth (CC) BLMAE A X IE S [b, b — 57 T HL 8 H R X0 A Yy Boek s ith (H-
MFCs) (1)1 i . [ B 2 3 JF ¢ Rl B M, 6% 100 mL 2k &AL 2 (50 mol-L™" Ks[Fe(CN) ¢] F1 50 mol-L™!
KC1), BH#% % 24143 >4 90 mL PBS 5 L B2 44 %5 i A & 10 mL i & MFCs B K. Bl 4a BR T
MFCs F 875 175 50 AN+ R R 2047 P81 B 9% 2 B, TE B NB1000 FHAR [ MFCs 75 22 K24 3 d A 3G Al
AW E AR Rk B RS O E T, T BC B B1000 AT CC FHAR /Y9 MFCs 43 5175 22 9 d Al 12 d A REIA
e KK HL e . H-MFCs & 30 HS 41 i i %) o] T 42 1, NB1000 1) 41 fifd FL R fie KB M (625425) mV, 43+l
& B1000((595+5) mV) Al CC((325+5) mV) ) 1.05 Fil 1.92 5. 25 F 0, NB1000 Hi 4 1) 2 11 5 i A H,
T MR Y B B 25 AR, H B1000 1 CCHL R HLAT B A7 SR A RVAE AR 5 1. 280 3 IR T 34
Je, Wi MFC () B A A1 Dy 238 %% 5 il 2 (151 4b) F1H i i 35 il 28 (1] o), PR R HLBE ). Bl A5 A
NB1000 FHA% % MFCs £ 3 /™ F iR AP ELA i e 10 TR RRL D 258 2 38 A o 1T P97 286 B 93 31 R 3049.714 mW - m
F1 7.4464 A-m, B1000 PH AR i) 17 FH Dy 5 2 B I H 3 %% B2 43991 o4 2323.14 mW-m > 1 5.77 A'm™, CC FH
% %) TG FR 2 4 JBE R W 5 B 43 90 465.88 mW-m 2 1 4.83 A-m 2, NB1000 BHH% i £ K T AR 3y 5 % i
23 ) B1000 A1 CC PHHL A 1.31 4% A1 6.54 1%, NB1000 FH B (1) $5c K i A2 H, 9 %6 5 43 3] 2 B1000 A1l
CC FHMR B9 1.29 £5F01 1.54 1% . &l 4c L HIAS R A MFCs t, B AR (0 #8057 JL-T-4H 51, T BH B B 057 A B 8 B
24k, 5 B1000 F1 CC FHBRAHLL, NB1000 BHHK ™A= 5 /55 (1) 225828 B2 T RHA HL A S, 3% ZERE 72 NB1000
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BHR A7 7 T AV 1 3 Pl 58 A4 T35 A AR A6 RN I R ), 3 J2: Fi T NB1000 H A &8 AL 1] 4d 1 4e it
7, FI ] EIS W £ MFCs Y Hy BEE— 25 DA 7 B G A W R E TS B BEBT /. H BT 4d A1 4e 7T LR T, 7R
T 1A W B I B9 3 A4S FH AR, NB1000 BH AR (%) Mk i H BH (Rs) #1HL o7 %% £% 1 BH (Ret) S 1%, 156 B
NB1000 FHAR 14 H AR /FE A Jo S0 T F -5 A% 3 B SEp. e ok, 181 4 mT LA il F FEAR A B A= Y B B

Ji, SFECRs Fl Ret (AR, 15 I 40 TR -5 FELAI 352 TR0 22 [ ) PR, 71 128 3 1 TR0,

—a 07~ 0 - —- C
07 ==NB1000==B1000 == CC :
N - o R i
o6k | 888 Ny H3000 B 02p = i
; ENRT X ~ 32
‘ II '[ 0.6 G |
> 05 % Al > 1 ; = " —— NB1000
3 (5] - -
g . g0 42000 & E ,  ——BI000
E v 7 g W\ g g I ,}‘J - CC
= 3 % A Wy 1 g -02F ¢
3 ! $ 04 ) \\ N, —qu: _; .
LY —=—NB1000 —1000 2 g 3 P
gy 4
03F & ——B1000 | & Z-oaf P
! eH— ——cC |
L [ R T B | obt—1 1 0 T T T S N N M |
0 10 20 30 40 50 60 70 80 “1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8
t/d Current density/(A-m~2) Current density/(A-m~2)
[ d _ T e 350 .
160 L —=—NB1000 ok . X Rs 320
== B1000 ! // ——NB1000 ,,l l 300(" I Ret
cc 4o ——pio00 7 |
1201 ,f'?"'”"*inw‘f// 4 ,’ 2501
s P . L
- 7 y N a 200
= 80 y: P = 51 x
N 7 o N 1501
r z
x s
401 ; el 100
iy soF
L & 648 59 1237802
U L LR L LA L LT L L L L EEEE R il ] 0 :
0 50 100 150200 250300 350 400 0 10 20 30 NB1000 B1000
Z'Q Z'1Q

B4 (a)fan b B2 (o) B ALt mB R m Bz (o) iz (vs SCE) SHUR B X R (d) EYBIE U5
f Nyquist [5] (e) [&] d #) Nyquist 5B (F) A= S #9400 RACHR Fi BEL A A, £ 2 7% F BEL
Fig.4 (a) Output voltage curve (b) Polarization curve and power density curve (c) Relation between electrode potential (VS
SCE) and current density (d) Nyquist plot after biofilm formation (e) Nyquist magnification of Figure d (f) fitted ohmic

resistance and charge transfer resistance after biofilm formation
2.4 FEHBAEY) R O
F13H L B2 R (18] Sa-b, Sc-d Fl Se-f) iR T MFCs Z0d 5 MG 5 975 ((55+5) d), ££ NB1000,

B1000 F1 CC PH# 2 1 |- 2 78 1Y A= Py B

»
100 um
—_—

Bl'5 NB1000 (a, b). B1000 (c, d)Fil CC(e. f)FMA: WL K 1 SEM K%
Fig.5 SEM images of biofilm growth on NB1000 (a, b), B1000 (¢, d) and CC(e, f) surfaces
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5 B1000 F1 CC BH#% & 11 #H b, NB1000 FHAR | A< i 2B Wy B L8 55 7 481> FHAR. 1fii B1000 Al
CC A 1 J5 15 A A 45 A 2450 F B 4140 NB1000 AR, 33156 B NB1000 FH A% 2 1 o H 1 P2 1)
(AR 25 5y e B, A AT ) A AR 5Pk, X BT NB1000 PHAR 845 T 4.
2.5 NB1000 FH#F H i i AL EEAIF 5

TR NB1000 FHAR AR 3 Fi AR 5 L 36 PR 304 W 8] EET MIHILEE, SR A CVs(43 il #E A LR AR
FAENTE CIREEYI ST ) Al DVPs HAL22 I AT 5. 8] 6a k7 T NB1000., B1000 F1 CC FHAK
Zeat 4 A FE B RS A R EA IRYI A TR CVs i1 £k, 255 L0, NB1000 Hi A () H 37 % 1 A
1.29 mA-cm?, B1000 H B %) L 3 25 4 0.44 mA-cm ™2, CC HL MR A% L I 25 4 0.30 mA-cm ™2, NB1000 i,
A% B4 FEL 3 25 B 43 1) JE: B1000 A1 CC B ) 2.9 £5F1 4.3 £i%5, 28 NB1000 BH ELAG 57 4 ) v A AL 76 %

15— 081 v
’g 10| T;
2 %
< <
E 05| £
: . s
8 8
505 £ 04
O @]
-Lo -0.8
] ] ! ! 1 '
-0.8 -0.4 0 0.4 0.8
Potential/(V vs SCE)
[~ ¢ == NB1000 )
160 |- —=— B1000 /
—0=— CC /
/
120 o~ e A P
G / g
N s 5
Y 80 y: =
r O
S -0.5
40
-1.0
o I I I I I I I J _15 I I I I I [
0 50 100 150 200 250 300 350 400 -08 -06 -04 -02 0 0.2 0.4
V4/9) Potential/(V vs SCE)

B 6 N1000, B1000 Fl CC FHTEA Y A1 T HY CVs ik (a), TETIEYZAF T B9 CVs £k (b), B e 1577 A JA
W5 (4 BIS Lk (o) FEIRMIAE/S IR T PBS ¥ 1) DPV Hi £k (d)
Fig.6 CVs curves of NB1000, B1000 and CC anodes with substrate (a), CVs curves without substrate (b), EIS curves after
four cycles of stable culture (¢) ,DPV curves in PBS solution after substrate depletion (d)

SIERY CVs £k 2 i BH#: A F= i A= ¥ Geobacter 1 Shewanella 72421y, X FE B T FHAR A H
G PR Y 2R Eh B A A AR AR FH O Ak, 7R AR I RE B AT AR N 2 g L7 FLER R PBS VT,
CVs HZREA 2B S T (& 7), 3k — 45 Fo 3 WIAE FH AR b 58 0 7= R 2 400 0 R 190 2 L IR 7T AN 2 BE AR 6
Bl FLRRFER G, HEAT IR Y & T W CVs kW58 5 Gl AR W 54T EET A8 3¢ 19 804638 X (5] 6b),
NB1000 BH#R A WX & b8 B, 73 51 —0.422 VBAMLIE) . —0.381 V(BRI ) F1 —0.0193 V(BAMKIE) |
—0.0482 V(B U5 ). NB1000 F1 CC FHAR A4 — X% Ak d I 0, 7351 —0.422 V (I 04 ) Fi1 —0.381 V(FH
eI ). A T IH R RS A o A S5 S S N R T, M REUE Y DPVs X EET FHOC I & LR IR
#AT TSR (K] 6d) ™). NB1000 FHAR A7 7E P X 8 A8 B, 43991 —0.422 V(B ) . —0.381 V(FH
M ) F1—0.0193 V(B4 ) . —0.0482 V(BRI ) . Hi—0.422 V(B 1% ) F1-0.381 V(FH#R &) i) A L if
JELUE 5 I ¢ TR 200 i €5 2% Ome AR (1 HE 38—, —0.019 V(BB 6 ) F1 0.048 V (BAHZ 14 ) 423 AP ¢ 420
M & MaCPP ) L 7. 2 A WF 9T 3R B, AR B o B 40 i 5 K OmcA F1 MurC Jj& 5 Geobacter Fl
Shewanella™ 47 EET i R AH 5¢ 19 26 B8 P, BRAMEER H LA, 7= U Wid 203 i i A AR08
L 2 36 2 A1, 3t 2 T E AR A E AT A0 B A AL B Y EE 2R IR 4 00 5 NB1000 BH AR A
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Fig.7 CV (A) (Electrolyte solution: PBS dissolved with 2 g-L™" sodium acetate) and EIS (b) curves of electroproducing

microorganisms uncolonized at the anode (electrolyte solution: PBS solution)

3 458 (Conclusion)

(1) LAt AR ETIRAA, 7£ 1000 C R 55 BEH 45 1) NB1000 B A% HLA fi e 19 HE R AL 216.664 m*-g!
)53 A (A FPFLESH, PRLBEBERE 1000 °C FE N e i £k 25 14

(2) BB AR = 4E L FLIR I AR NB1000 1} MFCs A BH , fe KINR B Al 15 3049.714 mW-m 2,
530 S AN 18 4% A B B A4 BE N 1000 A% S8 ik A BH B CC 114 1.31 £5 Fl 6.54 £ 5 fe R 1 A fL 3 % 8
7.4464 A-m2, 435 & B1000 F1 CC FHAR Y 1.29 £5 1 1.54 175,

(3)faf B (0 T B ik ) D ) & T B 22 0T R 1) = 4 ZFLARIEAT R, R E TR 9 AE W 2 1
AR E 7 R B2 0 0 T 3% B B 1 1K) Omc A FI MitrC 41 i €238 DA T 12 2 41 1 L 7 £ 328 . o, NB1000 o
F4) G 5% SR A 235 ) mP O SRR EL AT A (ER A W BT A, DT L s 200 7 7= | B 0 0 W BB 1 MitrC L AT
DTERAE .

2% 3 #Ek (References)

[ 1] SLATE A J, WHITEHEAD K A, BROWNSON D A C, et al. Microbial fuel cells: An overview of current technology [J]. Renewable
and Sustainable Energy Reviews, 2019, 101: 60-81.

[2] bR, VP38, 9, 55 075 T00b I 90 A3 75 V8 S A W RORE A s PERE RS2 M (1], BREEAL%, 2015, 34(5): 989-994.
JIANG H C, XU L, XIE J, et al. The effect of ultrasonic pretreated excess sludge on the performance of microbial fuel cells [J].
Environmental Chemistry, 2015, 34(5): 989-994(in Chinese).

[3 1 XA WA, &R, S5 78, 55 G5CAE P 0k F s B A 7™ F BT PR B R AL S s e AT 3R (). PR 1k 4%, 2019, 38(8):
1745-1756.
LIU Y, ZHAO Q N, GE R L, et al. Research progress on electron transfer mechanism and its influencing factors on microbial fuel cells
anode exoelectrogens [J]. Environmental Chemistry, 2019, 38(8): 1745-1756(in Chinese) .

[ 4] PALANISAMY G, JUNG H Y, SADHASIVAM T, et al. A comprehensive review on microbial fuel cell technologies: Processes,
utilization, and advanced developments in electrodes and membranes [J]. Journal of Cleaner Production, 2019, 221: 598-621.

[ 5] CHEN S, PATIL S A, BROWN R K, et al. Strategies for optimizing the power output of microbial fuel cells: Transitioning from
fundamental studies to practical implementation[J]. Applied Energy, 2019, 233-234: 15-28.

[ 6] WANGRW,LIUD, YAN M, et al. Three-dimensional high performance free-standing anode by one-step carbonization of pinecone in
microbial fuel cells [J]. Bioresource Technology, 2019, 292: 121956.

[7] YUANY, ZHOU S G, LIU Y, et al. Nanostructured macroporous bioanode based on polyaniline-modified natural loofah sponge for
high-performance microbial fuel cells [J]. Environmental Science & Technology, 2013, 47(24): 14525-14532.


https://doi.org/10.1016/j.rser.2018.09.044
https://doi.org/10.1016/j.rser.2018.09.044
https://doi.org/10.7524/j.issn.0254-6108.2015.05.2014091201
https://doi.org/10.7524/j.issn.0254-6108.2015.05.2014091201
https://doi.org/10.7524/j.issn.0254-6108.2018101005
https://doi.org/10.7524/j.issn.0254-6108.2018101005
https://doi.org/10.1016/j.jclepro.2019.02.172
https://doi.org/10.1016/j.biortech.2019.121956

622

7 A 4

3

43 %

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

LIM Z, CI S Q, DING Y C, et al. Almond shell derived porous carbon for a high-performance anode of microbial fuel cells [J].
Sustainable Energy & Fuels, 2019, 3(12): 3415-3421.

ZOU L, QIAO Y, WU Z Y, et al. Tailoring Unique Mesopores of Hierarchically Porous Structures for Fast Direct Electrochemistry in
Microbial Fuel Cells [J]. Advanced energy materials, 2016, 6(4): 1501535.1-1501535.6.

CAI T, MENG L J, CHEN G, et al. Application of advanced anodes in microbial fuel cells for power generation: A review [J].
Chemosphere, 2020, 248: 125985.

HE Y R, XIAO X, LI W W, et al. Enhanced electricity production from microbial fuel cells with plasma-modified carbon paper
anode [J]. Physical Chemistry Chemical Physics:PCCP, 2012, 14(28): 9966-9971.

WU X X, QIAO Y, GUO C X. et al. Nitrogen doping to atomically match reaction sites in microbial fuel cells[J]. Communications
Chemistry, 2020, 68(3).

YU Y Y, GUO C X, YONG Y C, et al. Nitrogen doped carbon nanoparticles enhanced extracellular electron transfer for high-
performance microbial fuel cells anode [J]. Chemosphere, 2015, 140: 26-33.

WANG R W, YAN M, LI H D, et al. FeS2 Nanoparticles decorated graphene as microbial-fuel-cell anode achieving high power
density [J]. Advanced Materials, 2018, 30(22): 1800618.

OH S, MIN B, LOGAN B E. Cathode performance as a factor in electricity generation in microbial fuel cells [J]. Environmental
Science & Technology, 2004, 38(18): 4900-4904.

QULT,LIUY, BAEK J B, et al. Nitrogen-doped graphene as efficient metal-free electrocatalyst for oxygen reduction in fuel cells [J].
ACS Nano, 2010, 4(3): 1321-1326.

ENGLERT J M, VECERA P, KNIRSCH K C, et al. Scanning-Raman-microscopy for the statistical analysis of covalently
functionalized graphene [J]. ACS Nano, 2013, 7(6): 5472-5482.

ZHU N W, CHEN X, ZHANG T, et al. Improved performance of membrane free single-chamber air-cathode microbial fuel cells with
nitric acid and ethylenediamine surface modified activated carbon fiber felt anodes [J]. Bioresource Technology, 2011, 102( 1) : 422-
426.

YOU S J, MA M, WANG W, et al. 3D macroporous nitrogen-enriched graphitic carbon scaffold for efficient bioelectricity generation in
microbial fuel cells [J]. Advanced Energy Materials, 2017, 7(4): 1601364.

GONG K P, DU F, XIA Z H, et al. Nitrogen-doped carbon nanotube arrays with high electrocatalytic activity for oxygen reduction [J].
Science, 2009, 323(5915): 760-764.

ZHANG Y, WANG C W, HOU H S, et al. Sodium - ion batteries: Nitrogen doped/carbon tuning yolk - like TiO, and its remarkable
impact on sodium storage performances [J]. Advanced Energy Materials, 2016, 7(4): 1600173.1-1600173.12.

ZHANG L J, HE W H, YANG J C, et al. Bread-derived 3D macroporous carbon foams as high performance free-standing anode in
microbial fuel cells [J]. Biosensors & Bioelectronics, 2018, 122: 217-223.

HU M H, LI X, XIONG J, et al. Nano-Fe3C@PGC as a novel low-cost anode electrocatalyst for superior performance microbial fuel
cells [J]. Biosensors and Bioelectronics, 2019, 142: 111594,

CARMONA-MARTINEZ A A, HARNISCH F, FITZGERALD L A, et al. Cyclic voltammetric analysis of the electron transfer of
Shewanella oneidensis MR-1 and nanofilament and cytochrome knock-out mutants [J]. Bioelectrochemistry (Amsterdam, Netherlands),
2011, 81(2): 74-80.

SHARMA M, JAIN P, VARANASI J L, et al. Enhanced performance of sulfate reducing bacteria based biocathode using stainless steel
mesh on activated carbon fabric electrode [J]. Bioresource Technology, 2013, 150: 172-180.

HAO L, YU J, XU X, et al. Nitrogen-doped MoS2/carbon as highly oxygen-permeable and stable catalysts for oxygen reduction
reaction in microbial fuel cells [J]. Journal of Power Sources, 2017, 339: 68-79.

ZHAO S, LIU P, NIU Y Y, et al. A novel early warning system based on a sediment microbial fuel cell for in situ and real time
hexavalent chromium detection in industrial wastewater [J]. Sensors (Basel, Switzerland), 2018, 18(2): 642.

HUANG Y X, LIU X W, XIE J F, et al. Graphene oxide nanoribbons greatly enhance extracellular electron transfer in bio-
electrochemical systems [J]. Chemical Communications (Cambridge, England), 2011, 47(20): 5795-5797.

HARTSHORNE R S, REARDON C L, ROSS D, et al. Characterization of an electron conduit between bacteria and the extracellular
environment [J]. Proceedings of the National Academy of Sciences of the United States of America, 2009, 106(52): 22169-22174.
WHITE G F, EDWARDS M J, GOMEZ-PEREZ L, et al. Mechanisms of bacterial extracellular electron exchange [J]. Advances in
Microbial Physiology, 2016, 68: 87-138.

JIMENEZ-RAMIREZ L E, CAMACHO-MOJICA D C, MUNOZ-SANDOVAL E, et al. First-principles study of transition metal
adsorbed on porphyrin-like motifs in pyrrolic nitrogen-doped carbon nanostructures [J]. Carbon, 2017, 116: 381-390.


https://doi.org/10.1016/j.chemosphere.2020.125985
https://doi.org/10.1039/c2cp40873b
https://doi.org/10.1016/j.chemosphere.2014.09.070
https://doi.org/10.1021/nn901850u
https://doi.org/10.1021/nn401481h
https://doi.org/10.1016/j.biortech.2010.06.046
https://doi.org/10.1002/aenm.201601364
https://doi.org/10.1126/science.1168049
https://doi.org/10.1016/j.bios.2019.111594
https://doi.org/10.1016/j.bioelechem.2011.02.006
https://doi.org/10.1016/j.biortech.2013.09.069
https://doi.org/10.1016/j.jpowsour.2016.11.041
https://doi.org/10.1039/c1cc10159e
https://doi.org/10.1073/pnas.0900086106
https://doi.org/10.1016/j.carbon.2017.02.018

	1 材料与方法（Materials and methods）
	1.1 NBs、B1000和CC阳极的制备
	1.2 分析方法
	1.3 MFCs的装配和运行

	2 结果与讨论 （Results and discussion）
	2.1 NBs阳极材料的分析
	2.2 NB1000和B1000的SEM、XRD、Raman表征
	2.3 微生物燃料电池的性能评价
	2.4 产电微生物的附着情况
	2.5 NB1000阳极电池的机理研究

	3 结论（Conclusion）
	参考文献

