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T BRI ((C,H,N), ,PAN,AR) , % 7 bk N, N-
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HHEAH .

HOZ(%):ZOOXIR?RV*/LD (D
Iy
n:4xj;ﬁ€1i;
Hr N RIS R 48 0. 37,

L4 RIS RY Bl &

$ 3. 462g Zn(NO,), » 6H,O(11. 64mmol) Fll

(2)



fR0h 25 IR B Fe 8% ZIF-8/PAN Wi 25 22 - 4 il % 1D 2L Fe-N-C 4 ORR HAE 1L 67

0.2475g Fe(NO,), » 9H,0 (0. 6125mmol) ¥ fi# 5
250mL B EE v, 45 3] Zn®t /Fe’T B9 IR A W OB
W, Hd Fe'' /(Zn®" +F O H 5%, ¥
8.05g 1.,2- " HI JLBK Mt (98mmoD) ¥ f# T 250mL
b 8K 56 Zn® " /Fe (IR & T I 0 U PR
A A BERE Th, 8.0 40 25 07 W B Ve 3 i,
RIGHI B L YAE 60°C T — 155 5 % Fe
ZIF-8 Wik,

FREL 0.42g 5% Fe-ZIF-8 ¥y 4K m A %] 2mL
DMF i, B 7%5 1 h ffi 5 % Fe-ZIF-8 WUk 78 73 43 1. 9%
Ja A 0.18g PAN,40°C/KIAEHEFE 1 K15 2] 5% Fe-
ZIF-8/PAN/DMF ¥ W1 95 22 55 Wi . B 97 22 W 5% #%
B G A% L BT A BE B U RS FE B R 10em s 43 ikt
RIS AR N 15 kV FI —5kV 1 B R g
TR i 22 . UL B 5% Fe-ZIF-8/PAN £F
£ SR PG L < = K = S W G S R =L K R e i)
HhRE LR 280°C R R 2h SR JE 900°C fR IR 2h, 5
V5 IS 7 0 20 TR R AL 2 AT 1 W45 31 5 %0 Fe-NC
iR, FES NC A Fe UIMA L HAb RS 5%
Fe-NC # 5 A .
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MK 1a, FIE 1b, # SEM E el LIF . ZIF-
8 Wik N~ 4 7E 500nm ZE A7, 1 5% Fe-ZIF-8 i
BN A HAE 250nm 22 AT, PR R ASORE 9 RUSE 4 A 1
5], Fe $B4%)5 ZIF-8 Fki Ro~F B /N, 6 B Fe'”
HIINA RS AE Z1F-8 45 i i) i B vh R AL 5 2 (P A%
7 25,5 NTTTFEAR Z1F-8 Uk R 5. & 1a, #1 b, 433
} ZIF-8/PAN £ 4 fl 5% Fe-ZIF-8/PAN £F 4k 1ty
SEM EM& . & I BT AR U 1) 27 45 T 35, J50k: (8]
ik PAN & B 7E— e, A B i ks 1A 5, Ui 9
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LYk, NC KL 2pm ., R 18R T 18 £ 64 490 . 5
N IR FLIT IR 78 53 Ml 7% 5 10O, 150 B DR 0 Lk
IFL. 5% Fe-NC B LF 4t K 8 24 3pm, KEB 5 N &R
FLEREE ok BB Fe A9 A B T IR AL 1B A% .
AN, PAN X ZIF-8 12 AT LA ik e #4 fi o #2 vp

ZIF-8 UKL ] 1 e 45 AT SR 4 . DTN B 6% 1 Z1F-8 1T
A BTG VA A5 A B FE 4 AU

RT R — A W B R ALY 25 AL X 5 %0 Fe-NC
#4577 TEM(FE 2a,b) #1 HAADF-STEM (& 2¢,d)
AR . 5% Fe-NC P #B % 5 40 M B K AL, RoHAE
100~200nm, fL Z [\ A — & & ¥ 1Y i% # . ZIF-8/
PAN 7E # i 2 b, PAN B 56 7E 200~ 300°C Z ]
KA, B 5 iE— 20 Ak AE Z1F-8 A1 EBIE A
WAt . ZIF-8 16 # i i i #t op, ZIF-8 5 PAN fi
Ak 7=y 6] 4 5 5 T 5K ) ZTF-8 fR PN ) A0 I 4R S B
JEFE 900°C BHE B 28 G5 #9020 PR rh s S R
BERY) C 2y ZIF-8 i 7~ 4F S aERY) C I iy PAN
W g, HE S RARSETSEEN T &
ZIE C R TF45H . Fe 948 28 B 11 FL 1 A48 i T
WAL UL Fe' 5§ T PAN 1 ZIF-8 Ay HA i 72
T T HA T LA M FLEE . B 2e.f 40518 N Al
Fe i) EDS JL £ /34 €], N Ml Fe 015 5 0 A ¥ 20,
LW NI Fe JiEFX5) 53 i 78 5 % Fe-NC NH#F, &
A WELE W A Fe 0B, UL Fe R T fE LA B4 51
M AEAE . JFAL IR BUA B T 2 8 2 (WG
PEAL 5L IS 3 e D6 A A% Joa P RE S DA TG £ g
A B AT

N TR Fe $82% Ja i 7 Wy 1 35 A1 AL 1] FF ik
AL e A oF B 2 T AR RN FL AR 43 A I 5 ), 43 03] R 4B
T NC A1 5%Fe-NC ) N, W BB B /L an i 3a, A
[l 3b, 7, HRAE N, 0 BiF-J B &1 ] i — 20 5
RRNFLAR 0 A F b R m AL . NC Y L B 28 T AL
334m’ /g, oA fL L R AN 81m’ /g, WAL &
A 253m*/g. 5% FeNC 9 2 [t % 1 Wy
530m* /g, Ho AL H R AU 39m’ /g, AL &
AR 491m® /g, K 3a, MK 3b, 43 %]k NC Fl
5%Fe-NC L& s> A el . NC B LA 220 #ii 5 b
7E<2nm (fFL) A1 25~ 35nm (A L), 1 5% Fe-NC
FRAFLFL AR 7E 10~23nm Z ], PAN #f#
FEY ) A B AR B R FLBRRAIR L T Z1F-8 1Y B i
PR R N TG E B, FLBR R AR R DLRCRL R
EU . Fe B44 )5 1 ) FF HCFL A% FL P BE By Z1F-8
AR A L B B8 R, 3 5 U Fe-NC B fF
b NC B g i i fL L 2 1 AL, i R 4 v T #L P T
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B 1 (a, ) Z1F-8 FAHL, (a, ) ZIF-8/PAN BRFE 45 22 FF 4 | (a, )NC. (b, )5 % Fe-ZIF-8 F#i |
(b, )5%Fe-ZIF-8/PAN FE 45 £ LT 4E 0 (b, ) 5 % Fe-NC #J SEM B %

Fig. 1 SEM images of (a, ) ZIF-8 particles, (a, ) ZIF-8/PAN electrospun fibers, (a; )NC,

(b, )5%Fe-ZIF-8 particles, (b, )5 % Fe-ZIF-8/PAN electrospun fibers and (b, )5 % Fe-NC

I

500nm 1 p © . 200nm 500nm

100nm

B 2 5%Fe-NC #J(a,b)TEM El{& . (c,d) HAADF-STEM El{& % (e,f)EDS TZ 5 % B
Fig. 2 (a,b)TEM images, (¢,d)STEM images and(e,f) EDS element mappings of 5% Fe-NC
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Fig. 3 N, adsorption-desorption curves and specific surface area comparisons of (a, )NC and

(b, )5%Fe-NC; Pore size distribution curves of(a, )NC and(b, )5 % Fe-NC
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XRD & 4a fif 7~ , NC fil 5 % Fe-NC ¥ 7
25°Rb i BT Bk 19 (002) ML AY & T AT S 0 L {HL 0 )
o B AR U BITR 108 77 0 R AR ik RN A A e A TR
G, WE 4b iR, HUEHE G 55 B AR R S EIE X
Frill ) 5% Fe-NC ¥ i ' Fe i F /) & & H A7
0.435pmol mg ' AR A Fe £ &l #1f 7= 4 h 1R
M Fe Biki, 5% Fe-NC FE 5 #Y XRD % & v 7]
FEBCA BB Fe B AT S 0, 3F — DR W] T I&A
H Fe TE A .

a

o
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(a) XRD spectra of NC and 5% Fe-NC;

(b) Fe concentration in 5% Fe-NC

Fig. 4

R T E— L HESE Fe 48 24 % J4 % 7 W) v i i
T-HER B S L 2 5% NC Al 5% Fe-NC 4 17 8%
WEHEAT T 0. WA 5a,b s, 5 8O i%7E 800~
2000ecm ' Z [H] M9 W E o PG A AR E] D, g
(1183cm ') .D, W (1342cm ') .D; W& (1511cm ).
G WE(1597em ") Hirh Dy AR A7 B I% T AN Y sp”
C.D, W3R A 854 I 7 45 0 b 19 25 6 L 4% s 7 A
Al SR L Dy I AR B FOC IR B IG L G i R A BRI
T A IS T I B i IR 2l A= . G gy Hh B TE
FES AR BRI R L, D, /G D, /G H D, /G [T
FRUEE AR 6 AH B e B 0 R B2 . &l 5¢ Firas . D, /G i
NC ) 3. 22 FFZE 5%Fe-NC 1 2. 64, Ui B i3 it Fe
B e A A 0 TN S 7 A% R A A S O B O
D SRR BRI, BEA, T Fe 824 )5 R AR (H
D,/G H 3.61 FREF 3. 14, % W5 70T 3 B BE I
At 5 SR AR B SE Nm U) A OG . A SR T
i B IR D A SR AR BE Y B 0 A B R AR HR fer e B
BH 77 2 i B %

& 6 Jy NC Fl1 5% Fe-NC By Cls I Nls fiy
XPS 47 HEE AT e b = E C JE - H N R
TR 2B . & 6a MK 6b 4352 NC A1 5% Fe-
NC 9 Cls =45 B B35, 8 1 25 4 A 3 AT 8145
C=C(~284.54eV) ,C-C/C-N(~285.44eV) ,C-O
(~286. 6eV)Hil O-C=0(~288.9eV) , il 1 5 1§
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T AR B AT A5 2N 6] Ak 2 B85 A9 ik JRE - 108 A G
Bl 6c Rt AR RNE NC fil 5% Fe-NC £ C=C Ji
F o R T R R B L R R e 1 B R T A
BALRE B, 5% FeNC £ C=C i F& &
K 62.47% T NC 8 57. 70 % , B il i+ Fe 51
PN = T R A B LR X S P2 OhiE
AT EEiE—50. B 6d Al e 4351 NC #1 5% Fe-NC
B N1s i 43 B8 B A 0045 1 ik iE-N(~398. 5eV) |
M -N(~ 400. 0eV) | £1 #8-N(~401. 0eV) FI A& fb-N

(~402.5eV) . B 6f Sy PUF 5 Be A7 2544 19 N R
FH CHEFMIET L, LS EERE N 52+ 194
X, Fe R P MARBEN N JEF & &t
BE-N LIS -N LA fG-N & & 38 TR, LA A BN
JR T AR R NS X T T Fe J1 i 6 A
B Z Y B 5 800 S8 G WD AT 30 S A i ik
WE-N LA -N AT AR fE-N A D o 2. 1 BN A
T B T L A AR AR B R B A R T A 8RN
L B .

a [NC D, ¢ b |s%Fe-NC [y ¢ 3571 3m»
Dy D. 307 2.64
z D, z D, 8 2.04
S s
= £ © 157 '
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B 5 (a, )NCH0(b,)5%Fe-NC HIFI EXIEIEE; (c)D, IEF G IEMERL D,/G
Fig. 5 TFitted Raman spectra of (a)NC and(b)5%Fe-NC; (c)Peak area ratio of D, and G(D,/G)
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(e)5%Fe-NC K17/ 4 # XPS N1s B i ; (f)NC 1 5%Fe-NC FlLIE-N W IE-NAE-NFHFEL-NHENXFCEFHEE
Fig. 6 High-resolution XPS Cls spectra of (a)NC and(b)5%Fe-NC; (c)atomic content of C=C on the surface of NC and 5%
Fe-NC; High-resolution XPS N1s spectra of (d)NC and(e)5 % Fe-NC; (f) atomic ratios of pyridinic-N, pyrrolic-N,
graphitic-N and oxidized-N on the surface of NC and 5% Fe-NC
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2.3 HILFEMEERE

Kl 7a F1 7b 439 NC F1 5% Fe-NC 7 N, Al
O, WA 0. 1M KOH %W P ) CV ik, 75 N,
HIRZAE T AR S Y OVl £ 35 K Y B I 19
BFE O, MWAZAE T T W 8 ORR ¥, Jf H
5% Fe-NC By W g 0.85V, ik &5 T NC 1y s fiz
0. 75V, Ut Bl 5% Fe-NC iy ORR iHEH &, Kl 7c
S NC.5%Fe-NC F1 Pt/C () LSV Hi £k, i 4 w1 {7
(E o) 331K 0.87 V.1.00 V F10. 96 V, 231 Hi o7
(E,) 50 %0 0,73 V,0.82 V Hll 0. 83 V.4 B HL i
(] DK 3.36mA m *.5.72mA m Al
5.68mA m 7, 5% Fe-NC HA b NC K& 4
B P H 7 HLR 6 B AR TRk Pr/C i
F,F W 5% Fe-NC i1k ORR (1) )2 1 8 J3 2 5 e,
XL P AAE 16 P Y Fe-N-C o7 5 FA 85-N A
SUBTE G TR] s A 5 Ak R 1 R o8 R AN T o o 4% i
RH 7t 7E — g B B b oAy o i o %A T STk .

agg b

5%Fe-NC [ NC HA T & (14 4% B o i 2% B X 2 15
Tt Fe (1945 2% (f 3 01 L 5% 28 g i fL FL N
KA PEA, SR B DR IF A 2 5 ORR X
B, AT #E— WY ORR o B 1) FH e &% 36 4k
A AR A W I RAR B T R R T ()
H,O, /=&l Tafel R%, K 7d FE 7e Proc, 2
LR P A 1 H, O, 8 2B R o 72 v 25 i i
BRI | F A T ISR Bl A 1 R Ak 2 S ok, 7 S
2R R E M. A EE T NCL,5 % Fe-NC H A #3T
T4 MR B L AR H,O, 778 (2%, Ul
5%Fe-NC fifk ORR £y 4 B F ot 17, A
HER M, B 7e HL.5%Fe-NC HA L NC &
A Tafel £, FHRIEW T 5% Fe-NC HA H LAY
R 2. B 71 5% Fe-NC £t 10000 & CV
PEFF (0. 6~1.2V vs. RHE,50mV s DG H) LSV
Mk, M fa e G R FRET
200mV, R T 5w R e 1k .
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Fig. 7 0. 1mol/L KOH solution:CV curves(5mV s~ ' )of(a)NC and(b)5%Fe-NC;(c)LSV curves(10mV s~ ',

1600 rpm) , (d)electron transfer number and peroxide yield,and(e) Tafel slopes curves of NC,5%Fe-NC and 20%
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Preparation of 1D Porous Fe-N-C based ORR Electrocatalysts
by Pyrolysis of Trace Fe-doped ZIF-8/PAN Electrospun Fibres

RAN Shuai ',QI Ji " ,DONG Xufeng ', HUANG Hao '** ,QI Min '

(1. School of Materials Science and Engineering,Dalian University of Technology,Dalian 116024, China;
2. School of Chemical Engineering,Dalian University of Technology,Dalian 116024 ,China)

Abstract; The development of a simple and efficient method for batch preparation of porous Fe-N-C cata-
lysts is of great significance for it large-scale application. Electrostatic spinning is a common method that
can be used to produce carbon-based catalysts on a large scale simply by increasing the number of
needles. However,it is still difficult to control the pore structure and composition of the pyrolysis products
of electrostatically spun fibers by modulating the composition. In this paper,highly graphitized one-dimen-
sional Fe-N-C catalysts with a large number of open pores were prepared by pyrolysis of electrospun fibres
of trace Fe-doped ZIF-8 particles with PAN. The materials were structurally and compositionally analyzed
using scanning electron microscopy,transmission electron microscopy, X-ray diffraction, Raman spectrosco-
py, X-ray photoelectron spectroscopy and nitrogen adsorption-desorption test. The electrocatalytic ORR
performance of the catalysts was characterized by cyclic voltammetry,linear scanning voltammetry,and ro-
tating ring-disk electrode tests. The results show that trace Fe doping achieves a transition from closed to
open pores,exposing the active sites within the pores to allow them to participate efficiently in the reac-
tion. Fe could catalyze the formation of surface graphite structures during pyrolysis, which reduces the
charge transfer resistance and indirectly increases the ORR reaction rate. The formation of highly reactive
Fe-N-C and graphite-N sites, the optimization of pore structure and the enhancement of graphitization al-
low 5% Fe-NC to achieve excellent ORR catalytic performance beyond that of commercial 20% Pt/C.
Keywords: Electrospinning ; porous; Fe-N-C; metal-organic frames;oxygen reduction reaction
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