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IR AR A AR TR AR TR, A B T LR T AR Fe-N 348 2% i) Bk 40 K A5 3 T A ke 40 O 23 0 SRR AR ). 0O AL )
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GRS 2 < Fe-N 42 A 1) Bk 40 KA R I 200 BN S0 I8 It BN ) e i AL <727 -

REUIR 11 45 Hh 2 G A8 0 K R R RE. A SC Rk T 4 R
AHLHELE ZIF-8 R ik, 781424 PDA (1A
IR ZIF-8 32 i 211k, JE i h 25 PDA ek 22, 7
5 Fe T4 A Ja 29, S Ja 28 v i ik #1 K a SAk
B 7E =R R Fe i AR AE FH R JRALIE BT Ak 4 oK
B Has DRGSR DLOREE 75 Bk 8 K48 /25 0 ik
YK ER K A b AL (PDA-Fe/N/C-NH). 52 5 45 5 3 B
AN AR T R A AL E A, JFE R Fe
TCE B BLD it FeN 9K T I M A 70 76 R 1 A
J B 51 ORR A TG 14, HE2f2 ik v 437 35 5]
0.79 V(RHE), {X H. k. Pt/C % 60 mV. Z83F 10000
S o s 3, R P A AR AR 19 mV,
PY/C A4, ot R A i 420k i b 1 FH V7.

1 %X I

1.1 KFI 545

ZIF-8(Basolite Z1200), Z ML e th iR & , =% H
Fe S e W S 2% vh . (Tris, 10 mmol - L', pH=8.5, 8l
fic , Sigma-Aldrich), = 5 1k 2k (FeCl;- 6H,0,AR), #h
iz (HC1,36% ~ 38%,AR), # % % (HCIO,, AR),Pt/C
1AL (20wt% , Alfa Aesar), Z B (EtOH, AR). 52 5
oK 4R B 47K (18.2 MQ - cm™).

X HHATHHU(XRD) R A Cu K, FR TR =
0.15418 nm) #YJ Bruker AXS D8 ADVANCE #7 4t
A 5 38 Bt Hy T B (TEM) A JEM-2100 Plus, il 1%
HLE 200 kV; H# 7 B A5 (SEM) b HAr
SU8220 37 & #4714 v 5% ; BET b 2 i AL 38 R FH
Micromeritics ASAP 2020 #E47932 ; X 5266 7
AEI (XPS)2K FH#EBR K EscaLab 250Xi #4174,
1.2 PDA-Fe/N/C 7B Hl &

Bt 0.8 g ZIF-8 43 # T 100 mL Tris 2% t# (10
mmol-L",pH = 8.5)%  fiFF/Mf 5 InA 0.2 g £
CLR R [N 24 h e, FH BV U 3 OT B0l
ERUTTE , 1545 PDA %503k, il A 100 mL 2 mmol - L
) = FEALE O BRI 1 h, F O FER L UE 3
WE WA AR, 05 15 30 A0 R A 7 R
T, LA 4°C-min" (3 FHEF] 500 °C 54 2 h
HEAT AR A, | B 2 3 U o TEAA 78 3 0T 5 1R oK
DA 3k A Ak ) e TR B 45 T8 i K B BORE . AR AR
A4 T LL 10 °C -min™ #9385 43 3 7 21 900 °C |
1000 °C 1100 °C IR 1 h, 755 &8 TG Tk, fF
HRE S FRiC 9 PDA-Fe/N/C-T(T = 9001000 ,1100).
¥ PDA-Fe/N/C-1000 7 950 °C, Z S5 F ZIih 15
min 153 B A W], FRid iy PDA-Fe/N/C-NHs.

1.3 BFERAEMR

HEAL R BC ] ¥ 6 mg PDA-Fe/N/C {1k 7
Sy HET 0.05 mL 5% Nafion % A1 0.95 mL JC/K &
B IR A, B 1 h AL RS G T
T 20 WL A A 7RO i 7 B A FEL R (AR R 5
mm)ZR A, F AR T4, B0 T A f A, i Ak 550 ) 3 i
0.6 mg-cm?. X HLA A1 SRR FL AR, SRR
Hg/HgSO, HL . A 3CHf i1 #4371 2 A% 1E Sk 1] 33 &
LA (RHE) i) Ha 47 [X i)

AL PERE IR . 408 S5 RE TN £ Pine JiE
% [ #% (RDE)/¥f £ (RRDE) i # & 48 47, B Uk
BT AR A T AR H A AE O, 1R AT 0.1 mol - L
() HC1O, B, L 10 mV -s™ 0 7 41 3 Rk 47 4%
PEHE I (LSV), K ORR # Ak i 2. 78 N, 1 Al iy
VW LAAH R 9 2R 64T LSV IR, SR 4 0L J2
B HL, FNBR B 2 B AT A3 52 BR A9 ORR 1k
HES

Jnn i 2 J K (ADT) : 75 O, 1R AT I Wb, LA
50 mV-s! BYHEHEE R FE 0.6 V~ 1.0 V(RHE) [ HL
{7 X 8] N 1547 10000 JEAG FRAR 224 48, Iiax He
AR ADT HiJ5 1 ORR #z AL il £&.

1o AE Ak S 2RI ST 34 H 2 RS T I e
W R RERBMN LT AR E L
L, F PR R AL R A8 F G R A A O AR E

i./N,
IIN,+ i,

H,0, =% H,0,(%) = x200 (1)

T b 2 _ L
FURBET - x4 Q)

b i, S BRI 50 R REFRLTR 5 No R PR A AR
Z 8, N,=0.386.
2 HR5WE
2.1 TEM #1 SEM R{E

K H SEM I TEM i £k 751 14 47 T8 35 R A
Kl 1A 2 BASF A w7k ZIF-8, H R A2y
200 nm 2247, £ ORIE T AR, R 2 DY
(5t # op PDA W 325 9 L AS B il i 46 25 ZIF-8
Y Zn?, i ZIF-8 & 20 9 %) ih 22 JE 1 PDA %
LR, W& 1B B, PDA 7% (95 B £ 4 20 nm
fifn. A DA R AL T R E ARG B d s ]l
JREIE N A 2SS TE 25 3 990K LI 5] & e
W PE I AR S, A AR ROCR. K PDA 2 0
Bk 1 3% FeCly Ja #F 47 i i e Ak A 20 <20 ik, &
1C-D firas, il #5 # PDA-Fe/N/C-NH; f# £k 577 45 {4
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51 (A) ZIF-8 ) TEM M J;(B) H & 451 PDA 1y TEM
18 Ji ; PDA-Fe/N/C-NH; i 1£ ) ¥ (C)SEM H& J Al
(D) TEM & /¢
Fig. 1 Typical TEM images of (A) ZIF-8 and (B) PDA
hollow nanospheres; (C) typical SEM image and (D)
TEM image of the synthesized PDA-Fe/N/C-NH,
catalyst

Frzs g5 TR A 7E 5 T A Fe BOHEAL T R A IE BE
T REBBAUKRAT, K 25O i BRm i B 40 K4 A B
FR IR, AN 2 it 1 i BR 1A R XF A% ST 1 B i, A R 43t
TRRER ] A F A% 3l T AR T R e A A
2.2 XRD R1E

R ARG AR AL TR A kR 4 R DL S TR B A S
XA [ B A Ak R B 5 24T XRD R AE. a0 & 2 i
7,900 °C F # 4b # () PDA-Fe/N/C-900 ) XRD
Tk AN HR B A B 11 9 . B A A A BRI R R
PDA-Fe/N/C-1000 7 44.8°F1 82.4°4b i 81 34 55 1
PR, 7E PDA-Fe/N/C-1100 Hix i 4~ i A fir
K5, Al A8 T Fe 44K ki ¥ (PDF#03-1050). X 7]
B2 T, M N Fe A JFOF I R W Fe kit , H
T B2 8 ey R 1A SR A5 8™ K PDA-Fe/N/C-1000
1E 950 °C F & < 4t ¥ 15 min, PDA-Fe/N/C-NH;
H Fe MY W I s 55, [A) B B T 33055 Y FeN Y
A7 51 1% (PDF#06-0627). £ id 2 < Ak B9 44 4k 71
PDA-Fe/N/C-NH; 3 11 541 ) ORR ik 35 1.
2.3 BET X1

i 2 R A TR R A T R 2 DT S

+ Fe
¥ FeN

PDA-Fe/N/C-900

PDA-Fe/N/C-1000

Intensity/(a.u.)

V\: W
20 30 40 50 60 70 80 90
2@ degree

€ 2 PDA-Fe/N/C-T #1224 "< 4b ¥ ) PDA-Fe/N/C-NH,
) XRD A
Fig. 2 XRD patterns of PDA-Fe/N/C-T and PDA-Fe/N/C-
NH; after NH;-etching

PDA-Fe/N/C-1000 1 PDA-Fe/N/C-NH; i 1L 7 fy
o2 AR FLZEH A 3 TR, et @ SN B
PDA-Fe/N/C Lt & TH B 529.3 m?-g' 14 % 651.4
m?-g!, HApfLm A 227.5 m?-g! # & 4455
m?- gl 7E R PR DX W R S A 2 B A Ak 7
HAL S K YA FLEASH. BET B2 mi ALY 32 5 LA &
L TR R B ] A PR R A Z R E AL
24 XPS RIUERTEHDSENW

R TR A5 A d 0 1 LA B Ns 194k
22 ML R AT XPS EAE. WK 4A 7R, XPS
()43 M1 2B PDA-Fe/N/C-1000 2 PDA-Fe/N/C-
NH; i A6 5 59 2 i 5> 8 C N0 #il Fe JT %,
PDA-Fe/N/C-1000 % I #H W /) J5 + & & 43 51k
82.44% .6.09% .11.07% .0.39% ,PDA-Fe/N/C-NH;
2 TH AR Y R T BN 76.22% .8.16% ,14.93% |
0.69%. it — 23 o i SRS 5 45 B 1A K B O
(ICP-OES)#li ] %1 ,PDA-Fe/N/C-1000 #i1 PDA-Fe/
N/C-NH; #4679 8k o0 28 it it 7% 1 43 31 ok 3.4% i1
4.35%. ZERRW, Zeak @ 20 i AR R AR
BRI AR B EA TR L i — 2D X 4 B Ns
XPS i B #E 17 4y W LG . &l 4B TR Nls (1)
XPS i AT 43 R DU AN 06 43 53] Ry i E (398.3 eV,
N1), Mm% %&0(399.7 eV, N2) ., £1 5 % (400.8 eV ,N3)
AL A (402.5 eV, N4). H THLIE A 5 Fe-N ¥ Ff
U AR w5 #20E , HARAE R th & A B2 R 0
W Fe I, BRI nbk i 260 1 e rh o A 3 Fe-N 9
Fofr ) T3 ik . 30 A F e TRy, AT AR R [ 2
REMPAM A /> &&=, WK 4B o, 18



%6 5K AR SE  Fe-N $ 4% 2% 1 Bl 4 2K 45 AR I 2 0 RO 460388 it B i 174 H A £k <729 -
800 800
A PDA-Fe/N/C-1000 B PDA-Fe/N/C-NH,
& 600 —— Adsorption E )
“ —e— Desorption (7]
,_,{?”D 400 - "’-':-0 400 . Adsorption
g "E —e— Desorption
- 2
=< 200t < 200¢
0 I L L I L L L L 0 1 L L L L L
00 02 04 06 08 1.0 00 02 04 06 08 1.0
P/P0 P/P0
& 3 (A)fiEfL 7 PDA-Fe/N/C-1000 #1(B)PDA-Fe/N/C-NH; 1) %W M B 25 7 2%
Fig. 3 N, adsorption/desorption isotherms of (A) PDA-Fe/N/C-1000 and (B) PDA-Fe/N/C-NH,
A —— PDA-Fe/N/C-1000 B / FDA-BuNIC-1000
Cls —— PDA-Fe/N/C-NH,

Intensity/(a.u.)

0 200 400 600 800 1000 1200 1400
Binding energy/eV

Intensity/(a.u.)

396 398 400 402 404
Binding energy/eV

4 PDA-Fe/N/C-1000 5 PDA-Fe/N/C-NH, i /b5 14 (A) XPS 4> 3% 43 #7 Fl(B) N1s Y = 43 B XPS 15 &l
Fig. 4 (A) XPS survey spectra and (B) high-resolution deconvoluted N1s XPS spectra of PDA-Fe/N/C-1000 and PDA-Fe/N/C-
NH;. N1: pyridinic N; N2: pyrrolic N; N3: graphitic N; N4: oxidized N

PDA-Fe/N/C-1000 FI PDA-Fe/N/C-NH; 4 1k 7] 1 |
M e 220 RN A A8 AR 7 A B i b, s T A
BN R G B ORR 96 P 407 119 32 ZEER 432, 26 30 4
2, —FN SR MEA R, T 5234
Tl T B 22 0 B I 56 7 RN R IR T A SRR G
X5 BET il i 4h 5 — 2. 42 = ik e 10 A 40 28 A1)
FrEEXT ORR AR 16 P 14 42 o A 41 1 1 i o2,
2.5 B

1)ORR i kA4 BE M it

% RDE/RRDE A %46 7E 0.1 mol-L!
HCIO, &  1) ORR {& PE#EA TR AL, [R B 1T
F Ol Ak PYC 9 ORR I P AE S X . Bl 5A
PDA-Fe/N/C-T(T=900, 1000, 1100)F1 PDA-Fe/N/C-
NH; ) ORR # A il £k b B n] Ul | 2856 — W i ik
fbJ5 ,PDA-Fe/N/C-1000 () ORR i M e flt, H2l 9%

AR 0.77 V, 78 0.8 V HL A7 T 14 3 XL HEL 3 %% 52 0
1.9 mA -cm?, 5 F PDA-Fe/N/C-1100(1.5 mA -cm?).
i PDA-Fe/N/C-900 1] fi§ th 1 e fb 2 3 41K, A1 it
TGRS 2% . 4k 2 % PDA-Fe/N/C-1000 B 174 < %)
T, P AR B0k — 2 3 W PDA-Fe/N/C-NH; (12 )%
HL ALK ] 0.79 VAL LRk PYC X 60 mV, 7E 0.8
V HL T Y UL 9 % B T A #) 2.3 mA -em?, B
7 PG R ) ORR AL 16 P . 20 <A 3% ORR 1%
PRI A2 HE 7 F AT BB R U8 F WS D7 . — 7 I, 2
Z0) oo B = T AR R 1 b SR D RRURT SCFL E AR, [ e
P T N F Fe (48 2% & ik, (T R A 39 M 67 A5
e, o —Jrim, /AR ALY R T 8 FeN
YKL F, WOE TR R 2 T2 AR T AR
Bk ORR 7% 12,

I 5By PDA-Fe/N/C-NHj (1)1t %84 &= R
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ol A — PDA-Fe/N/C-900 o B =
—— PDA-Fe/N/C-1000 # - -
—— PDA-Fe/N/C-1100 / 154 1
& — PU/C(20w1%) f.'
€ " PD"\'“’“’N’C'N} / S PDA-Fe/N/C-NH, 13.6
< | o' 10+ =
:“E{ -4 Em _: - F} 3.4
e~ — T
o TS
"""/
i L 1 = 1 .0 L L L L 3.0
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
E/V(vs. RHE) E/N(vs. RHE)
= 2
of |
[ —— PDA-Fe/N/C-NH, / | L—PvC \
g 2f —RC [/ = PDA-Fe/N/C-NH,
s | ~19mv// é 075V
< —— Initial 3T = - ’
‘] =0r CH,OH THC
§:, .} — After 10000 cycles '/ v ! \ 0.1 mol-L™ HCIO,
_6 _______ __A___.—_ -] |
0.2 0.4 0.6 0.8 1.0 0 260 460 600

E/V(vs. RHE)

t/s

5 (A) PDA-Fe/N/C-T ,PDA-Fe/N/C-NH; Fl k. Pt/C(20wt%)7E 0.1 mol- L' HCIO, ¥ #' % ORR # ki £k ; (B) PDA-
Fe/N/C-NH; L7 9 H,O, 7= R ¥ i F % 8250, (C) PDA-Fe/N/C-NH, fit {75 PY/C(20wt%)# 10000 J& i ik %=
PR S 9 ORR % Ak i1 £:(0.6 ~ 1.0 V,50 mV +s™); (D) PDA-Fe/N/C-NH, f# 4L ] 5 P/C(20wt%) i i H Bl 1.
B 1600 r-min ; 165 25 4 0.6 mg-cm?, P/C (2% 4 0.1 mg-cm?.

Fig. 5 (A) ORR polarization curves of PDA-Fe/N/C-T, PDA-Fe/N/C-NH; and commercial Pt/C(20wt%) catalysts in 0.1 mol-L"
HCIO, solution; (B) H,O, yield and average electron transfer number of PDA-Fe/N/C-NH;; (C) ORR polarization curves
of PDA-Fe/N/C-NH; and Pt/C before and after 10000 cycles during accelerated durability test (0.6 ~ 1.0 V,50 mV -s™);
(D) methanol tolerance test of PDA-Fe/N/C-NH; and Pt/C. Rotational speed: 1600 r-min™; catalyst loadings: 0.6 mg-cm™
for PDA-Fe/N/C-T and PDA-Fe/N/C-NH,, 0.1 mg-cm? for Pt/C.

2R FURH N 1 - X T RS 8. IR BT /R #E A H A
IX. 7] 365 4, PDA-Fe/N/C-NH; )3 A4k & 77 R 1
KT 7%, HF 3 75 B 5oin 4 5 T 3.86, % B
HEARUR 4 Bl Bsmsr:, A8 TR0
REFE L ) i i R T 3

2) R PRI

Fe-N-C % i i A A6 70 76 1 M A ot b (9 o vk
AT W = R Bk . 1 — 2 AE S AN 0.1 mol - L
HCIO, 1 %} PDA-Fe/N/C-NH; LA K Pt/C #F 17 il &
FI . il 5C P, fE 2t 10000 JE 76 PR
ARG, PDA-Fe/N/C-NH; 192 3 B3 (AL 0d T
19mV, 5 Pt/C #2420 mV), % ¥ PDA-Fe/N/C-NH;
HA RIrmfaett, 30T 5P 8ok
ZG .

3) i R s )

FESEPREERE L R G, RN T 5 A
A7 3o o F- 3¢ 0 JIEE ) 3k B , XF ORR i Ak 751 7= A=
B, LB 6], fE& DX T PDA-Fe/N/C-NH,
5 Py/C BT FF . GnfE 5D iR, 7E 0.75 V g 4E
P AV I R S R R i A — 5 R ) B PY/C Y R R
MAE 9 ORR . HL Y B BR A 1 {FL A9 HR 1 Sk FL i
1M PDA-Fe/N/C-NH; 19 H 3 W 32 A B 2 1 A8 4B 3xX
UiH] PDA-Fe/N/C-NH; EA R 471y ORR fi#fbik £
F T X e B S S WA N3 e o A Y T el S
T gk
3 & e

ASCLL ZIF-8 MR fE R EH R L
B Je ) [R) EF 2 ik ZIF-8, B 3R 22 B R 25 0 BR , 7E



% 6 W

GRS 2 < Fe-N 42 A 1) Bk 40 KA R I 200 BN S0 I8 It BN ) e i AL <731 -

=GRS G5, & m ik Z 2 15 2
T Fe-N B4 B 94 K 25 0 ER S g oKk S 2 A
SR A AL B 4 K A ER IO B 44 K S 0 BRI A5 A
ANASLaEE T PR e 40 K BR P SR A% B s, A A
HE T B 40 K BR8] 0 HL A% 0 S AL PR T AL
B H R T AR A Fe N $24% & & | [R5 i 320
W JFEAEHIE L T 20 Fe,N 9K+, i — 047t
TAEALF Y ORR i 1. 75 19 PDA-Fe/N/C-NH;
PR R 4803 S 0 FL A2 3K 0.79 VAL EE R PH/C
ik 60 mV, H H A2 M A B 5 A Rk
Pt/C, J&7r H B4 1 R Ak v st 1o FH s .
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Fe-N Doped Hollow Carbon Nanospheres Linked by
Carbon Nanotubes for Oxygen Reduction Reaction

ZHANG Ya-lin'"2, CHEN Chi', ZOU Liang-liang', ZOU Zhi-qing"”, YANG Hui"
(1. Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China
2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: The development of non-precious metal catalysts for oxygen reduction reaction (ORR) is essential for large-scale

application of proton exchange membrane fuel cells. Herein, we present the in situ formed Fe-N doped hollow carbon

nanospheres linked by carbon nanotubes composite, synthesized by using ZIF-§ as sacrificed template to form polydopamine

(PDA) hollow nanospheres, followed by complexing with FeCl;, high temperature heat-treatment and NHs-etching. ZIF-8 was

gradually decomposed simultaneously with PDA coating due to the loss of Zn* grabbed by PDA. NH; etching resulted in the

improved surface area, while the reducibility of NH; resulted in the formation of Fe,N nanoparticles, which benefits the ORR
activity of the catalyst. The half-wave potential of the as-prepared of PDA-Fe/N/C-NH; was 0.79 V, only 60 mV lower than
that of commercial Pt/C. The stability and methanol tolerance of PDA-Fe/N/C-NH; were even superior to that of commercial
Pt/C, indicating the good potential of PDA-Fe/N/C-NH; for the application of fuel cells.

Key words: non-precious metal catalyst; oxygen reduction reaction; polydopamine; NHs-etching; carbon nanotubes/hollow

nanospheres composite
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