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o714, ¥ Wyl Aol A, 7] H4L Fo FHE WA Fulel FEG ol W BAG gL o
42 AAR) e, = 1o SAE v gol, 4 AE HHL FhHom Faste AL A @, ¥ ou
ol kel HUFA FulE AFAA FEG 5 e A BA 5 BAL AARE AL A= d)

wogel AAjde] Aol mE AzWUHelMe= A AW whep o], Abstopedat, A R Al e
Heo] E¥E 1:0.04, 1:0.03, 1: 0.02& H&ste] 27t vjulgA SvlE Al xskdct.

LB owe] Aade] me Azwpgel 24 s
&

= aRE AFS] 98, B U g 9@ olge A7
B4 A wuEA Zuie), R A
A}

Az AEEA Fele FEstel 49

mlo
2
09:'
[«0
o

B 29 B 4 des AA BAES A vEEA SulE S]] wglk 242} one-pot/Fe/4, one-pot/Fe/3 H
one-pot/Fe/22 3E7Jstar, dis) sA3 A JE HA7A A wpEA FoiE Evlel Wk ZH7b one-

pot/Fe/4/p, one-pot/Fe/3/p, one-pot/Fe/2/pE FE7|3to] AW},

Ha gidoze dA4 34 HHS &8 Axd v¥aA Su7t AL, 948 FAhdAE ZIF-82 714
S ARgElow, TPIoA ZIF-8% He| EH|:= 1:0.042 AT A5 59, 0.4 mmol(2F 0.318g)<]
TPIE 5 mle] elgk&elAl 10 mmol®] ZIF-83} &jtalgivt. o71A, dAA 34 UHs T3 Ax" s
stepwise/Fez F7|ste] Amdtch, wpr7x=, 478 FA-Z AL BAZ7A AZ vlugd SuE
stepwise/Fe/p= XE7)8t] A 3sic).

i)
e

2aalels EA

oA 9 A7)EelE EAdo glo], B X-A 3D (PXRD : Powder XO-ray diffraction)o] Zule] AA FZ2=
AEeeEd AFEHAY. & 28 PXRD WHS Yepd =dolt,

%= 28 FFxsle] Adwstd, A8 ZIF-8(commercial), ¥ whgeo] Ao wlE [LAGE =3 A ZIF-8(by
ILAG in this work) ‘?}74]751 XS E3) A% ZIF-8(Stepwise/Fe), 18] ©d ¥ Eo|A dA=E ZIF-

BE B9 Q3 WA A4S ZIF-8% FARES FAT & odrh. AW PXRD A FAE AR mw 7
27} BE 2IF-83 AAFE Ve E3, Z1F-8 7w Fulg BEglo] ILAG MRS ol gad 2 gHE
I

B, X4 G BHPOP)S B HAEE Fule a2 54 BA
SAE uks} o], 7 Fule] Uavt AEHQC, obd [E 112 olEe A% 2YL Aokt Aot

[% 1]
Catalysts Atomic content (%)
Fe C N

one—pot /Fe/4/p 0.19 87.85 2.68

one—pot /Fe/3/p 0.14 88.98 2.71

one—pot /Fe/2/p 0.09 89.48 2.89

stepwise/Fe/p 0.15 89.04 2.43
RE s FeN-C Fuj=A Ao} & Z FAAEY JeS F0E g dvk. mgE 2 dg o] AAlofof]
& HWEA Fojell A Fe 3k ?:}%‘: | % 4" Aol Fe &n]o] Wistel] wel 2epgls @Q1d 5 Qlt}. o] Fe
27} ol g pad Aew deld 4 .

obx] A3l wiel 7o), one—pot/Fe/49] Fe En¢}, stepwise/Feo] Fe EH|E T U3px

£ one-pot/Fe/4/pollA AA 4 A T A Fe YA 2 stepwiseRtF A e

o
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Zufjo| A Feol e Zujo] Ao 23k Q4o|th. stepwise/Fe/pe] Fe 9=} &L one-pot/Fe/3/pet W%
FrAFeHSATE. one-pot/Fe/3/pe] Fe 32 45 WA HA el gFow gt

3, One—pot/Fe/3/p2}t stepwise/Fe/poll A Fe2p & N1so] AlF-#e A~fEZHS 1 39 (¢) 2 (d)o] EAH
ATH. dRbgow  AAE WS WSolA FR3 IS FYsieE Aow IHA Yrk. wEbA, one-
pot/Fe/3/p%} stepwise/Fe/pe] N1ls 2~HEHS Fe2pe} 37 v|aslglc).

=39 (¢) © (Dol =AE upe} o], F v F2 9 ZF (pyrrolic)¥ et d (pyridinic) No| F 3=
£ 7HHaL, 3 B vE2 g FARRS Slsksith. =9, Fe AT ER AN FAREE Aol EHIIT. o
= 7 S g AR 29 7 2E VHA AL Es U

g, Fulizkel FejshA] wwE SEMF HRTEMS AHE3HTh = 4 2 & 5= 47
& UER Blojt),

49] (b)ell ZA)¥ ufe} Fo] | one-pot/Few & EH

49] (d)ell =AlH nFe} o], stepwise/Fe= T2 H|A
= UEbRth

3k, Stepwise/Fex one-pot/FeR Tt} =} A7|7F ¢ Atts AS Fed 4= ). = 5olA B upel o],
g Wl w2 o]t Apole vl B3t o] % A FEEH AolE f

m,
o>
)
2
o
©
Jho
=
w
=
=
o
=)

2

i

ro

. one-pot/Fe/pet stepwise/Fe/p:
stepwise/Fe/pi= one-pot/Fe/pH.t} %
718 7)== PEMFCO|A] HE-S-E9] 3

2 stepwise/Fe/p7} B A4S
2 F98 5 Q.

*U

E BAgHoln, A FRE ZE Aoz gy, ay

A& =279k 718 A7 ¥ 2 Ao2 YERih. o)ef e
$S =278 4 dod. = 69 HRTEM ©]v"] A= one-pot/Fe/p
TZ(networked graphitic sheet structure)E 7FA 1 Q&

FL‘J

e L
!
e

27|85 EA

Zujo] Ar2sHelurs-(o]d, 'ORR'elet #)°] 4%5& RRDE(Rotating ring disk electrode) ¥ RDE(Rotating
disk electrode) HIAEE o]&3le] Hlad 4= 3l

H

7S RRDE HHHS o] &3 mlaloA], Zuje} Pt/CY ORR v A E(steh) 3, H0, & (A S vug A3
olt}. one-pot/Fe/3/p7t 7F4 £& ORR A5E YEHL USS A 5 U},

X3k, one-pot/Fe/3/p7} & W o] AAAE F 7 A2 4o N0,E AWASIANIL, stepwise/Fe/p= - A&
ol 0,8 AAES Aoz Y. 7 FHu9] &2 Pt/CHRT} 2 Aoz 2HUrt.

one-pot/Fe/3/p 2 stepwise/Fe/pe] H0, &2 2 % "|Wto 2 FAHAT. T3, A mfdo A %2 ORR A%
I W2 1,0, &2 PEMFCY AFE F Q= FlR9 71sA4S YER

3 ) RDE A27E 7)¥ke = ORR 7HA] A9 (onset potential)@} WFa} A (half-wave potential)7} AAFE AT,

o [&F 2]o] YEA B9} o], one—pot/Fe/3/p % stepwise/Fe/p7} wl-$- F-AFgH ORR WAl A9 (E)$ viat

=8
A (Bp)E HeEL d5S 292 5 3

[¥ 2]
Catalysts £ (V vs. RHE) £z (V¥ vs. RHE)
Pt/C 0,845 0.685
one-pot /Fe/3/p 0.809 0.702
stepwise/TFe/p 0.808 0.711

A T kA 20 A A= Pr/CRUY SUA|vE I Zpoli: 0.4V mwloz uwje- ze oz ey},
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w3k, one-pot/Fe/3/pe} stepwise/Fe/pe Wra} A= Pt/CEU thh =4 yErWtt. RDE HIA~EE one-
pot/Fe/3/p X stepwise/Fe/p7} ORR g5l & ztol7} glom, Pt/Col sl FAE ] A& YRl .
g, ERHASGAFE (Cyelic voltammetry, ©lsk, 'CV'#F 32 FHujo o]5-F ZsHA”~(double-layer
capacitance) @ ¥ H] EHA (specific surface area)S H|1dl7] Y&l = AT},

9= No-%3+9 0.5M H,S0, Aaf Aol A one—pot/Fe/3/p X stepwise/Fe/pe] CV A4S veha vk, 4k3}

s
39 v HE T Eu] RFolA oF 0.6V(vs. RHE)OlA FE&kA #=E ).

one-pot/Fe/3/pe stepwise/Fe/pRTt o]F-F APAIE A7} Aoz ze Ho =z e, Aoz e
olF-% AdMANEAE o 22 H] FEAE g}, o9} e H] HHA] Aol A AW v)F Av)e

Aolsh wARTh, FuloR 2w EWAHLS PRIFCY &0 45 442 5 Ut
A HAR EA]
B oo, Fule] 4% vl PRIFC HlAES B8 Brbe,

= 102> one—pot/Fe/3/p 2 stepwise/Fe/pE A3l ©$¢ PEMFCY ¥ 43 A= d% 348 vehy
ATk, = 109 (a)ollA &g 4 9l%o], onepot/Fe/3/p2} stepwise/Fe/p7} & A 7% =2 A
(0CV)S e AAITH, one-pot/Fe/3/p7} stepwise/Fe/pH Ul =& A3} &4 (Activation loss)E YERY
I 9k, olef #e &Adst &4 Aoy v xWA 9 V|F A9 Aol9p AWAPS evh. I,
stepwise/Fe/pe] & ¥] WA 7|F A7+ PEMFC d=9 FHuf wk-&o A 43S Y. 28y A
g WL zpol= ARG OCVE Q3] o A8 U= 7|F 9.6 %l &3 Ao eyt

2 H

o RS

o

T 112 0.4V Fule} AEds F43517] 2% 571 3ZE AFESl PEMFC 49| Nyquist Z%9] oE Yehlx
ATt S57F 3 ZolM RS & ALE gusta R, A3} &4y AHEE Hd AY A& (Charge transfer
resistance)< &u]gic}.

Asl Ag A &= ORR Ado=wt A %= HR Ade FAEg 7I3 54U, 571 3|2 2 EIS
HAE ZAxo|A RyE Ry 72 0.7, 0.6 2 0.4VollA AxtEden [F 313 o] vehd 4= v},

[# 3]
Resistance (Q)
One—pot /Fe/3/p Stepwise/Fe/p

I 0.32 0.26
0.7V

R 2.10 1.41

I 0.25 0.21
0.6V

Vo 1.06 0.76

fn 0.19 0.21
0.4V

£ 0.44 0.36

one-pot/Fe/3/p B stepwise/Fe/pe] Ry = Aol Al vig- FARE gholA|nt & Fvje] R, #h2 A2 Uas

gA& = 3lth. one-pot/Fe/3/pY R Ev HelA stepwise/Fe/pe R BT =A YEFRLTE.

HE 3 owme] @ AXdSo] EAEL AWHAAT, ¥ wne] Salt slEore] 4] A4L A g
QA B gl Qo) Al HoluA gowd B ANE MRY 5 9ee T & U Adlu
Mol el AvE e o wEEe o8 gad ol
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EH3
(a) One-pot/Fel3ip (b) Stepwise/Fe/p
C1s — C1s ~,
Fe R 2p Fe 2p1i2 2p
2 | 'z
=} \ # =} *
v 7]
o o |
(& ] 0 70T 710 00 s o 70 s 710 o Ods
Binding eneray (ev) / Binding enerdy {ev) /
N1s ‘N1s
Fez"\ f w
1400 1200 1000 800 00 400 200 O 1400 1200 1000 800 &0 400 200 O
<— Binding energy (eV) <— Binding energy (eV)
(c) (d)
One-pot/Fe/3/p Nis Stepwise/Felp N1s

Pyirolic N Pyrrolic N

& Py 4 Pyridinic N
o (¥
410 4(;8 4(;6 4(‘)4 4(;2 4(;0 39‘8 3;5 38‘4 392 410 4(;3 4(;6 4(;4 4-(;2 4(;0 SBIB SEI!E 35‘!4 392
Binding energy (eV) Binding energy (eV)
EH4
(a) one-potiFe (b) one-pot/Fe
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EHS

(a) one-poti/Felp (b) one-pot/Felp

EH6

(a) one-pot/Felp (b) stepwise/Felp

20 nm
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H,0, yield (%)

Current density (mA cm™)

k1
N2

Current density (mA cm'z)

— Pt/C
[ One-Pot/Fe/2/p —— - One-Pot/Fe/3/p
—— — One-Pot/Fe/d/p ———— Stepwise/Fel/p

—
e ——

'5 ;—:-'—__'—:—::..,-..,\',,...,,_,._..-..--_w—.-'".’

-6 . . . .

0.0 0.2 04 0.6 0.8

Potential (V vs. RHE)
8
1| Pt/C /
M One-pot/Fe/3/p /
e Stepwise/Fe/p

0.0 0.2 04 0.6 0.8 1.0

Potential {V vs. RHE)
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)

Current density (mA cm'z)

2|
—— One-potiFe/3/p
— Stepwise/Fe/p
_4 L L Il Il L L
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V vs. RHE)
EHI0
(a)
10
—a&— One-potiFe/3fp, OCYV =0.92V
08 —-o— Stepwise/Fefp, OCV =0.94V
2 06|
&
i
D 04f
=
02} _ 4
80 "C,100% RH,
2 bar {gauge}
0.0 ' ' ' ' '
0.0 0.2 0.4 06 08 10
Current density (A cm‘z)
(b)
0.25

80 °C, 100% RH,
0.20 [ 2 bar {gauge)

o
o
o

—a— QOne-potiFef3/p
—-o-— Stepwise/Fe/p

Power density (W cm'z)

=2
o
=1

0.0 02 04 086 08 1.0

Current density (A cm'z)
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0.3}

~Z" (Q)

01}

0.0

0.2 |

—4— One-pot/Fe/l3/p
—-o-— Stepwise/Fe/p

04V

i

C

0.0
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