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Exploration on preparation of Fe-N/C and its electrocatalytic oxygen
reduction performance
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Abstract Fe/nitrogen doped carbon (Fe-N/C) catalysts were synthesized by pyrolyzing ammonium iron sulfate
and ammonium sulfate supported on carbon at high temperature.X-ray diffraction and X-ray photoelectron spectroscopy
were used to characterize the electrocatalysts in terms of the structure and composition and revealed the catalytic active
sites of the catalysts. The characterization studies indicated that Fe-pyridinic-N-C was the most important of the
catalytic active sites and responsible for the ORR catalytic activity of Fe-N/C in alkaline electrolyte. The effects of
different nitrogen contents in the catalyst on the electrocatalytic activity of oxygen reduction were investigated by cyclic
voltammetry (CV) and linear sweep voltammetry (1LSV).The results shown that the catalyst Fe-Ny, 75 /C-800 showed
the best catalytic activity and the peak potential reached 0. 91V (vs.RHE), which was close to the activity of Pt/C
catalyst and exhibited better methanol tolerance. The overall electron transfer number for catalyzed by the Fe-Ny, 75/
C-800 was determined to be 3. 94, suggesting that the oxygen reduction reaction on Fe-N,, ;5 /C-800 catalyst involved
the predominating 4-electron transfer pathway from O, to H,O.

Key words

oxygen reduction reaction, Fe-N/C catalyst,non-noble metal,active site

AR MR A RE R e oy L RE M B B A
T T PR DR L AR A, R R, S B R
SAHEE o BA A 68 48050 BB i CORR) S A Al 8 2,
DRI IHe 0 A R A B ) BR A 20 R . SR T Bt IR P
HEALFTIE HATXS ORR AL R REEL4F RO fiE 15T . AR
T 5 el AR ARG 2 PEBR ) T P S AL 0] ) 2 — 25
RIEAFD AL KRR T B, WF 58 TF & A AL 3

EEWAB W4 HAR=E 4T H (2013011012-1)

PR U AR Bt 4 Ak R LUIBOE P 4 b
FR) i e 1) S0 ) S B L AT AR SR IR AT N B 4% A
A P ST L AL 24 R 45 22 Bk b R L3 U 4 R
ALY & JR-F/ 1 (Me-N/O) AL FI 50047 T K &
WHoE . FEAFhAE P 3L fi b b, i BT & T S
TEAL R Ry 3 U 4 R -/ Bk B A AR R4 i Ak
PEBE 0 TG B A A A AT BRI Pe Sk

FEB B PRAE (1994, 5B A LW 50 A L RO 5L 05 0] g 9 oK 52 5 A RE 4 B i T
BEOR AR (1965 . 4 o WYUK AR St TR AR LA PR REAT X TR .



. 182 1 T 8 B 948 &

FE3 B R B — 1% ORR 4R 7],

[ Jasinski'' 2 38 i I 42 -2/ 0 A4 RE T AR R
B PE A BT A ORR i A6 55 DL S 18 22 25 (0L i 4k 5
PG L R Hovh Al L A Ak SR A AT R
AL ORR WL EBE . L Ah, BFSE N 36 3K
T T2 Me-N/C fEALFI X ORR Y4 L AL 2,
i Me-N/C Ak 550 36 M 47 55 AT 77 72 i 2 4l
Pérez-Alonso %' I iF 55 2 B L k- 15 J ke 4 K 45
(Fe/N/CNTs) i fb 7] 59 ORR 4 BE 2 40 >k & % i
AW, Tylus VR L4 T Feo
N e G 90, W58 45 R R WAL i Fe-N, 2544 &
B A B ORR A4 AL 76 P47 4. Geng %57 1)
WF 5 3R W] A48 2% ik 49 oK 480 7 1R 7 R 6K 3 W v XoF
ORR Y EA R4 09 s A A 15 1, EL F e 1 1% P B ik
R A8 3R TR S 0 3G 2

H UL AT O A8 24 1 B o RE R B R A 1 A b
61k AR I © W0 A2 B A RS TR 7 83 A
AR . A T #FSE Me-N/C B IE P A7 L iF
FNRAKMME A LS Z G W, 0 = RF
RUF | =0 K DU e A S AR R il £ Me-
N/C fiEfbF . 455 & B Me-N/C (1 & 4145, itk
W 2 M A R P A A T M (R AR R Me-N/
C rv 1 bk 1 2 s b 1 S0 30 S A [] 288 AR 1) 802 {7
A AN B

SR ) R =W AN B | 5 G B N A
ORR 19 3% M7 &5, A B 53 LG i 42k i R A T2 6 1
BRI R A TR L 36 P % BP2000 1 N B 3K & 5
IRPAEFEE KT Fe-N, /C-800 RAMEALFI, ZEL T
A 00 2R TR 2 B HG B o 5% 1 390 35 P 1 52
FEMHL TR ORR MR, i X 54 AT 41X
X B H T RE IS AU ERAE T Fe-N, /C-800 fi# 1k
Lo R AL TS PEAL S . AN R SY T A b
IR B i P B

1 SCIG#ER4

1.1 KFSME

RN R O /0 8 63 %0) L ardr i Jb stk T 5
I ik BP2000 (48 >>99. 99 %) , £ [E Cabot Com-
pany ; B B2 k8 , A 4li, KT B 22 Ak 22K 7 A R
N s B R B A M al, db s Ak T /R (4l E
99. 99 %) s S (4 99.9%) s NaOH, 43 By 4, K
T B R AR A R A A .

X ST Y (XRD, Lab X-XRD-6000 %), H
A& A Al X4 O B RE i L (XPS,

XSAMS800-XPS £, H A & B v |l ML Ak 2= T AR
(CHI660E A, I R A B AF .
1.2 Fe-N,/C EHFI B &

FREL 10. 0g 7% 7 & BP2000, 5 200mL ffi &4
R 630 MR IR ¥ AR & R 7E = iR T i 12h,
PR RE WA LB KRR 2K, T 85 C AR T
f WS O R ] . B 44mg BRRBREZ ¥ T 30mL
EB KA AL 30min, #F 20mL A A E B
B2 & CFH >4 T B 2k K B 2 /9 2.75%, 13.75%,
24.75% ,30. 25 % Fl 35. 75 YO VR W B 18 In A iR VA
W, HAE AP 30min J5, ¥ 0. 4g 2t WAL R AY
W A BP2000 hm A b iR IR G i W ol A Ak
A5min, 1 8 T4 J5 15 2 2B o RO R . K R0 [
B AR AA TS TE N, SR T FHEZ 800°C #4 i
2h, FHRBEF N 10°C/min, HFFEMEELHERER
J& A5 3 B AR AR IF i 448 Fe-N, /C-800 (& J& &
R EDORS R & R NS i QI = TR i e
(EEEID ) .

S T HEAT X E 7E A TR AR R R ) SR
il £ H i AL F)RE i BP2000-800, R F A [A] J7 2 il
T IEAE AL N/C-800 Jz TC R IEAEALF] Fe/C-
800 ¥,

1.3 EUAEFNRE

SR XS ER AT S AN A3 B A Ak R 1Y Ak 2 5 A R
2H % R A B a3 18 Cu K, 585 R (Cu K, A =
0.15406nm) , TfF HL i 40mA ., T./EH JE 40kV, 20
FAREJE R 10~80°, R X BTG F RE A /0 Hr
PR R (1) F2 1H 2549 . X S ZRIECR L AL(148. 6eV) , &5
A RER ] Audf7/2(84.00e V) KL e, R MM AL T
A 3 W A 1 700 7 Pl A 2 PE R
1.4 BN

H A 252 P BE I3 SR T = s AR R 7E 0. 1mol/L
NaOH & P iEAT . Pt B %l By s il A A H R
e (SCE) 2y 2 Lt H A » A 14 700 45 1 3% ik i i (GCE,
B 3mm) N TAEH . £ 0. Imol/L NaOH
i, SCE 5 fl ¥ & B (RHE) B #7422
1. 0154V, &4 Hi A 1) 1l 5 5 vk L 5 2% SCilik (17

2 ZFR5iTR

2.1 AERES=MEMAFIZT ORR FHER N

I G R 2 % (CV) BFSE Fe-N, /C-800 i 1k
FIAETIE A X ORR (AL TG P, 76 314 R
K 5mV/s FHTF &S E N 24.75% (wt, [T & 43
B R ED B Fe-Nyy 05 /C-800 #EALFIZE O, A1 N, 41



%5 M Wi BESE R/ R IE I Je bl A T 500 Y o 48 e JFG e i 1 S8 TR BB AT 52 - 183 -

FE 0. 1mol/L NaOH ¥ H 9 CV K WL IE 1,
i AT 7E N, AR AT 0. 1mol/L NaOH & H .
Fe-N,, 1 /C-800 fiEfL I #E 0~ 1.6V Z [0 & H B &
A B AR TR HE R CV i 1B, i e O,
MUY 0. 1mol/L NaOH ¥ ¥ . AL I 7E 0. 79V
(vs. RHE) AL H 88 1 10 38 J5t i, R W] Fe-Nyy 75 /C-
800 HEALFIXT ORR HA7 B & Ay i 4 £k 0 12

1.5

1.0
0.5r

1—N,{fF1#0.1 mol /L NaOH¥ ¥
2—0,/IF1£10.1 mol /L NaOHYE

2. 1 1 1 1 1 1 1
1.6 1.4 12 1.0 08 0.6 04 02 0.0
H/ V(vs - RHE)

Bl 1 Fe-Ny.55/C-800 LFITE O, 1
N, M FTE) 0. 1mol/L NaOH ¥ H 9 CV i & A

TEHEFMERN 5mV/s XU T ASEAR B
Fe-N,/C-800 (x = 2.75%, 13.75%, 24.75%,
30.25% ,35. 75 % , wt, Ji 1= 43 80, T W) i 4k 5 7
O, MR 0. 1mol/L NaOH AW 19 CV i 4 &
UL 2, Fe-N, /C-800 i b 48 i Ji g v {7 5 A PR i
FEMKERML R AR, HE 2 a7 AL R i
CV My i ¥ 7 & 19 38 Il i, 36 B 1% & 51 i 4k
FXF ORR A b, dFE—2a0r B iga g
A BN R RS AHE AL 7 X ORR H 4iE 4k 58 R AN
A, MIE 2 #3 & 7] 50, Fe-N, /C-800 44 1k 71 %t
ORR Wy fEfL 36 M I B2 Z A & & 1 W, H Fe
Nuy. 75 /C-800 i Ak 71 EL A 5z K BH A s v 37 I 26 B 1R
¥ ORR 1) Fc AR AR L 3 1 L X & 2% 51 26 0 i £k 70 11
WGP SR SRS RA R,

2.0—=
1.5_50480-
1.0_;;?’0‘75-
o5 1
0.0—g
-0.5F
-1.0r
-1.5¢
-2.0 ‘
2554 20 1.6 12z 08 04 00

HLJE/V(vs - RHE)

Bl 2 Fe-N,/C-800 LI 7E O, 1AM
0. 1mol/L NaOH & F iy CV 12 # ; Fe-N, /C-800
b S DI P A7 5 A TR e 1 o A O R il 6 TR (LA 1D

B /mA

2.2 XRD $#f
&l 3 & Fe-N, /C-800 fi## 4k 7 i) XRD #% &, M
B o] LA T A AL R A AT 3 f 20=30°F1 62. 5°

AL FR M PR S 06 X T Fes O, 19(022) F1(044)
THTS 3 2 A6 A AT SR e R A S % 38 B 4
5L R AR 24, 75 Y0 L IX 2 AT 5 04 5 T
AU . BT AL FIAE 20=35. 64X B T B
TRk Fe3C M sR AT 5 16, A & &0 24.75%
Bf, A0 S 0 i B 8 B A KL A, BT AT M AR R AR
20=42.9°F1 56. 6°4b ¥ BLIH J& F A ALk (Fe, ND
AT S0 IF H S R B il 24, 75 Yo I AT S 04 i
BEdcom . RIIE AT A5 4598 Fe, O, \Fe-N il Fe-C &5
T AT R B Ry A A T 3 P AL A

n N
[ Fe-N,,,,/C-800
J " \

-~ Fe,C Fe-N,, ,,/C-800

=

) Fe,0, Fe,N Fe,N Fe,0,

ﬁ VO .

T | Fe-N,,,,/C-800

A |

A
Fe-N,,,,/C-800
* Fe-N,,,/C-800
10 20 30 40 50 60 70 80
20/(°)

Bl 3 Fe-N,/C-800 fi b Ay XRD % K

2.3 XPS & #7

Kl 4} Fe-N,, ., /C-800 Fl BP2000-800 4 151
1) XPS 23 &, E AT LU Y Fe-Nyy 75 /C-800
feF & A C,O,Fe fil N JLE ., 1l BP2000-800 H
LEH CMNX 2 FIitE, Fe-Ny 5 /C-800 ffk
FIH Cls {4 # 3 1l BP2000-800 45 4 BE B & 1Y
g LR ED , R R B CRFE S B A®
SEARER N F454 E B N R 2R D5 4% 2 ik

12000 12000
“FeN,,,,/C
Elgggg. _Fe-N,,,,/C-800 | ¢ 14
10000} £ anf
_ B 3000/ BP2000-800
3 80001 N\ oumues) o P—
3 282 2;4A§E/2‘§s 288
~ L ] e
= 6000
o 40001
2000
W"—l‘ﬂﬁ;‘-ﬁ
1200 1000 800 600 400 200 0
it /eV

B 4 Fe-Nyy .5 /C-800 F1 BP2000-800 41k 1y
XPS 4= [

ik XPS Wl 5E 1) Fe-N, /C-800 4 1k 71 £ fh %
IR AW R 1. R AL, 76 4 FeN, /C-
800 A7) o i v, Bt 25 i TR B4 5 sk 1) 184 o 44 £ 1)
T A 0. 74 VARG B 2. 20 % , FRUAIE
HA 7 ARk B35 A b R R T 4B 2 B R A
N1 F S RS S, fEAE R R Fe &



. 184 1 T 8 B 948 &

RS HA S T 2. 07 % (R B R S IR 4
$30. 25%) B, Fe & ok 2, 3¢ B 4 £k 1) 2 T Fe
TESATEAX, HEEIEEM Fe A8 T8
RIRTHB L. ORR WEAE A7 B A 2 it 19 8 n
W HG I, HY 2 & i R 1. 49 Yo (% I B 8 4 I3 o 43
B 24. 75 % I0F 35 B R KA . X R W] Fe-N, /C-800 Y
EACTEPE S A S A M G R (1 A A T 4k
] 45 2% B BR 2% 1 Al B & Fe-N, /C-800 % ORR {if
PEIG IR (9 5, [R B Fe-N, /C-800 & I 19 B &
it 25 4 AR v R e I BE InT RE n, RL A A
fEH] Fe-Nyy 5 /C-800 Fl Fe-Nas 15 /C-800 1 4 4k
P R TR (L e A AR T P S R AR L 2 I R T Y

FEAEXTHAELL ORR ANF,
F1 XPSER Fe-N,/C-800 L FIHFERREMITEAR

\ T %
B

C N O Fe S

Fe-Nz. 75 /C-800 91.77 — 7.49 0. 74 —

Fe-Nis.75/C-800  89.77 0.74 8. 44 1. 05 —
Fe-Nzy.75/C-800  85.57 1.49 11. 81 1.13 1. 50
Fe-Nsq.25/C-800  85.01 2.07 9.63 1.79 1.79

Fe-Nas.75/C-800  85. 77 2.20 8. 71 1.53 —

R TR IER,

Fe-Ny,. 15 /C-800 fi b5 (4 155 43 BE R XPS 3%
UL 5, K 5Ca) A Fe-Ny, 55 /C-800 L7 1Y Cls
XPS i, B AL 455 BE N 284. 6V, 286. 0eV,
288. 0eV 1 290. 2eV 4b 1Y 4 4>, 43 HI X I F C—=
C.C=N.C—N Hl O—C=0 g5, B4
AR T 50 R F 455 T 8 N-C(sp”) il N-C(sp®) 45
¥y, B 5(b)K Fe-N,, ;5 /C-800 f#4LF| 1Y Fe2p XPS
R, mE A LLE 4SRN 711 06eV Al
724.22eV Ab 4> 51 H JE T Fe2p3/2 Fl Fe2pl/2,
FKHAAE Fe(llD s 45580 716. 466V Ab Ay i 1, X
BT FeClDH™Y . Bl 5Ce) R Fe-Ny, 15 /C-800 i £k 5
) N1s XPS & [&. i B AT A, £ 45 5 fig 398. 4eV,
400. 3eV 1 402.4eV AL E 3 N UE, 45 H e R
402. 4eV A JE T A AL A R T 50 8 14.19%0)
ZEARE N 398. 4eV il 400. 3V Ak 1y W 43 5 %k i T
M e R IR 4 B 48. 12 %) Tk R A (R T 20 B
37.69%0) , HAE Fe-Ny, 1 /C-800 AL 1Y B A &
i L dR R, 2% W N e RN Ak R R A A TT g 2
Fe-Na,. 75/ C-800 Ak 7 1 P A 45 194 &4 430

Ziatk/ev

730 725 720 715 710 705 700

406 404 402 400 398 396 394
4R leV

5  Fe-Ny 5 /C-800 fE AL B 5 43 HE R XPS i &

[(a)Cls; (b)FeZp; (¢)N1s]

T B A AR A TR RS R AR R 2P
Sbr THEALF Fe-N, /C-800(x=13.75%,24.75% ,
30.25%,35. 75% ) By N1s XPS 3% &, A &45#H — i)k
AR PATR 5 S ik iE 2 (397 ~399. 5eV) , Me-
N, (399~400. 5¢V) , ML I% % (400. 5~400. 9eV) , A
B (401 ~402eV) FIA AL A (402~ 405eV) ™, 5k
ORR T PE 5 HE Z60 R0 IH g 02 19 P 67 8 1 A A%
157 S
2.4 BEAFEEMLRTR

RGN I R AL AL S5 R Ll CV i 2k
Xt T AL 7 Fe-N,, 75 /C-800, BP2000-800, N/C-
800 il Fe/C-800 By ORR {1k . A [a] 28 AU i 4k 77 75
O, fFIH 0. 1mol/L NaOH W P iy CV i £k &
LI 6, H AT, Fe-N,, 75 /C-800 1 4k 71 22 B
AR e TRV Fe/C-800 K Jo 2k 54 1k 51
N/C-800 & 7~ H &5 16 1 , 4 &0 U8 AN Bk U 4 R AR I
BP2000-800 it fb 571 1 M fie 2% , & B AU T 48 A 3k
PP IE B N—C B RE % 41 3 S0 1 W B AR I, Y
R VRN R [ B 7 | A 2 AR BP2000 B, Fe-Nay 5/
C-800 AL ORR G F B B4 T, X EH
fie 284 v K R R0 1 9 2 A F A A R o
B AR Y, Fe-Nyyps /C-800 4 Ak 1 1 42 5 1



%5 M Wi BESE R/ R IE I Je bl A T 500 Y o 48 e JFG e i 1 S8 TR BB AT 52 . 185 -

JERANT AR T T A 2 W AR 5428
BRAAR T LB R 2 89 N—C 8, 4 )@ ] ek fi
fEFfe 3E N—C B IE B s B FdaT LS N—
C AR THAE W Fe-N-C 458, 18 ORR (115
PEAL A . ORERIE 725 6 AR FIE B Fe-N-C 33K
FCARAESG I, 1 15 48 25 5 W AE Fe-N-C B ik Ji
DL PEE L 45 A FeN,, 55 /C-800 4 1k 7 19
XPS % B (UL 5) 5 1A Jhy ik e 20 4 5 i Ak 570 el i Ak
ORR i P 1 JE AL, w20 o 1 2800 AN A 5 e °F
% I 2 ANk R 454 i B 58k 1455
T Fe-N-C 45+ , DI A fi 2844 | 75 50 36 °F- 1
JEF T L 2 e B0 b O B kR T AR R T 5
GV EIR | WS VR (O T RS U B o
BTk 2 0 M S A AL Ay, R E DL FeN,
5 FeN-C B A A1E . HA G W 8 T A — X e
T 118 M W 20T A 2 MR g Sl Ay A8

ot
0.2
0.0
-0.2+

-04}
-0.6}

H ¥ /mA

1 — BP2000-800
2 — Fe/C-800
3

C-800
4—Fe-N,,,,/C-800
. |

08 L
16 14 12 1.0 08 06 04 02 0.0
HLJE/V(vs - RHE)

Fl6 AWZEAEEATIE O, A1 0. 1mol/L NaOH
WP CV R 1A

2.5 ZMRHBKZEUR

N T ORR 193l 122,46 O, M AT 0. 1mol/L

NaOH % W& %t A [6] B % o BE 19 i 7% [ 2 B i
(RDE) #4726t R 27k (LSO . 72 3 4 ik
% 5mV/s, i @ 1600r/min &k F, Fe-N, /C-800
M 20% Pt/C ##1L57 (Johnson Matthney 28 & 42 77,
TREDK LSV Mk B WK 7, HIEA L, Fe-N, /C-
800 AL AL B HL A R 0. 82~0. 91V (vs.RHE) ,
flEF 20% Pt/C 4 4k 5 B9 8 46 A7 1. 07V Cvs.
RHE).

(=3

=091V
5

J
]
T

|
S
T

|
=)}
T

LI BE /(mA - cm™)

|
o

00 02 04 06 08 10 12
H1JE/V(vs - RHE)

B 7 Fe-N,/C-800 Fl 20% Pt/C #4bFI 1Y

LSV Hii 2k &

TEAH A 5mV/s %3 1000~2000r/min 4%
T . Fe-Na. 75 /C-800 fE AL FI 1 LSV il £k & I &
8, HEAIH, BB EEALE 0. 85~1. 0V 5 M JLF
AN it 2 I A AR AT AR A 2 WIHE LR WAL LY
HL UL 5 o e Bl g e B R LA T 0. 85V
B, PR 285 5 Y Bl 2 AR A R 1 8 AR T A2 Ak F Ut
AT ALK T 0. 85V B O, §7 R 8 7 2% W 3 3t
[ VR T L0 % B . e A, AR i A [m] % 3 T A9 H 3t
2, # F Koutecky-Levich 7 Al i1 H ORR i

(ER N S

0

i

< -4t

5

& -6f . 2— 1200 c/min

=2 i—;%r;min
_gt

00 02 04 06 08 10 12
HJE/V(vs* RHE)

El 8 Fe-Nyy 15/C-800 ELFI ) LSV Hi £k &

2.6 ORRBINEHR
H# 3 Koutecky-Levich(K-1) 7 F™2%} Fe-N, /
C-800 HEAL I 19 8l 1 4 S Bt A1 o At

1 1 1 1 1
—=—+===+

B (D

J Jk Ju Jk Bw!/?
B = 0.62nFC,D*v " (2)
Jx = nFkrC, 3

A, T I E Y LR BE s mA/em® s T« N
TR, mA/ em®; J o A HON FR %
mA/cm” s A B B 1Y BEFE A E (w=27N , N H[H
Fefe #, r/s) s rad/ss F OOl 5 0055 0 4, B 96485
C/molsn HEANASFTHHFHEBEC, HEAEH
W LB 1.2 X 10 *mol/cm®; Dy SN O, ¥ B R %L,
BU1.9 X 1077 em®/s; v iy HL A W 1Y 3 07 26 5, B
0.0lem®/s;B W HZLF Fk UF I+ ORR R

i Koutecky-Levich (K-L) F & w ., J ' 5
w REWXR,T M o AR LSV il 4l
WEERER, B 9 ORR H Fe-N,, ;5-C-800 {1k
A K-L SR LA ED . mEE S 7
0.2~0.4V HALE R A, K-L fh£k 33 8 B i
LAERPATHE  IEBIZE 0. 2~0. 4V HLZ F ORR £
AAAF P R AL, MAGE AT LLE s Fe-Nyy 15 /C-
800 fEALF 7 ORR 2 2 v o 7 56 B8 4 7E 3. 61~
3.94 ZIa] ., fggal W, e Fe-N,, 75 /C-800 L
KA ORR Z2#EUH FREBM LR, A SF



+ 186 -

& T BB OB

#
gl

FEYGE A IK

1 1
0.07 0.08 0.09 0.10
®~?/(rad - s')

Kl 9 ORR H Fe-Nyy 55-C-800 fiE 4k 5 #9 K-L [&]
Jo v R B (LA DD

2.7 TtEREEMEMR

TEF A 5mV /s ZMF T AR Fe-Noy s/
C-800.20% Pt/C f£ O, M3 F1# 0. 1mol/L. NaOH
¥ W LA 0. 1mol/L. NaOH + 0.5mol/L H i
(CH;OMDEW R CV i WL 10, 38 i X Lt ar
1 Fe-Nyy. s /C-800 Ak 77 HAT U0 53 (4 T R Bk

-1.0f 1— 0.1 mol/L NaOH
2— 0.1 mol/L NaOH + 0.5 mol/L CH,0H

15 1.0 05 0.0
L H</V(vs. RHE)

1—0.1 mol/L NaOH
-0.4 2— 0.1 mol/L NaOH + 0.5 mol/L CH,0H

i35 10 05 0.0
HLJE/V(vs. RHE)

IZI 10 1%“3%'] Fe-Ny, 75 /(:-800(21)*[] 20% Pt/C(b)
TEARE W CV 2

3 i

(1) LA 12 e A 12 2k B 1 Sk 0T FNBR R LAY
PEB BP2000 g i 280 44 , A FH & i B4 A 7 T 800°C il
& T AR A f & Fe-N,/C-800 #EfL7, HH Fe-
Nop75 /C-800 I AL 5 19 ORR H 4 Ak T 4 70 T4
0 1) H T A2 Pk

(2)XRD il XPS £AEL5 R EH N fl Fe JiT
B8 Z SRk # AR T, 16 AL 5 Fe-N-C 7 ORR 1)
e FEAER . Ak, Fe-Ny, 5 /C-800 4 4k 7
FRRR R e BB G E T
Rk,

(1]

(2]

[3]

[4]

[6]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

S % ik

Ma L, Wang R, Li Y H, et al. Apically Co-nanoparticles-
wrapped nitrogendoped carbon nanotubes from a single-source
MOF for efficient oxygen reduction[]J].] Mater Chem A,
2018,6(47):24071-24077.

Lyu D, Mollamahale Y, Huang S L, et al. Ultra-high surface
area graphitic Fe-N-C nanospheres with single-atom iron sites
as highly efficient non-precious metal bifunctional catalysts
towards oxygen redox reactions[ ] ].]J Catal, 2018, 368 279~
290.

LATT N B R R AR R i A ) B HE SUE R
FEHLERT 5[] ] AL A2, 2017, 23(6) :627-637.

Jasinski R.A new fuel cell cathode catalyst[ J].Nature, 1964,
201:1212-1213.

Zhu C Z,Shi Q R,Xu B Z,et al.Hierarchically porous M-N-C
(M= Co and Fe) single-atom electrocatalysts with robust
MN, active moieties enable enhanced ORR performance[ ] ].
Adv Energy Mater,2018,8(29):18010586.

Mao X,Ling C Y, Tang C,et al.Predicting a new class of met-
al-organic frameworks as efficient catalyst heck for bi-func-
tional oxygen evolution/reduction reactions[ J].] Catal,2018,
367:206-211.

Ren G Y,Li Y N,Chen Q S,et al.Sepia-derived N, P Co-doped
porous carbon spheres as oxygen reduction reaction electro-
catalyst and supercapacitor[J]. ACS Sustainable Chem Eng,
2018,6(12):16032-16038.

Li J,Chen SG,Li W,et al. A eutectic salt-assisted semi-closed
pyrolysis route to fabricate high-density active-site hierar-
chically porous Fe/N/C catalysts for the oxygen reduction re-
action[ J].J Mater Chem,2018,6(32) :15504-15509.

Xu Y D,Chen T,Wang T,et al.Molybdenum carbide promo-
tion on Fe-N-doped carbon nanolayers facilely prepared for
enhanced oxygen reduction [ J ]. Nanoscale, 2018, 10 (46):
21944-21950.

Pérez-Alonso F J,Abdel Salam M. Herranz T, et al. Effect of
carbon nanotube diameter for the synthesis of Fe/N/multi-
wall carbon nanotubes and repercussions for the oxygen re-
duction reaction[]J].] Power Sources,2013,240:494-502.
Tylus U,Jia Q Y, Strickland K, et al. Elucidating oxygen re-
duction active sites in pyrolyzed metal-nitrogen coordinated
non-precious-metal electrocatalyst systems[J].] Phys Chem
C,2014,118(17):8999-9008.

Geng D S,Liu H,Chen Y G,et al. High oxygen-reduction ac-
tivity and durability of nitrogen-doped graphene[ J]. Energy
Environ Sci,2011,4(3) :760-764.

Zhang R,Li Y H, Liu L, et al. The active site exploration of
Co-based non-precious metal electrocatalysts for oxygen re-
duction reaction[ ] ].Ionics,2017,23(7) :1849-1859.

Choi C H, Lee S Y,Park S H, et al. Highly active N-doped-
CNTs grafted on Fe/C prepared by pyrolysis of dicyandiamide
on Fe;O;/C for electrochemical oxygen reduction reaction

[J].Appl Catal B:Environ,2011,103(3/4) :362-368.
(T35 191 7O



