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Abstract : Polymer electrolyte membrane fuel cells, which convert the chemical reaction energy
of hydrogen into electric power directly, are a type of eco-friendly power for future vehicles.
Due to the sluggish oxygen reduction reaction and costly Pt catalyst in the cathode, the research
related to the replacement of Pt-based catalysts has been vitally carried out. In this case, how-
ever, the performance is significantly different from each other and a variety of factors have
existed. In this review paper, we rearrange and summarize relevant papers published within 5
years approximately. The selection of precursors, synthesis method, and co-catalyst are repre-
sented as a core factor, while the necessity of research for the further enhancement of activity
may be raised. It can be anticipated to contribute to the replacement of precious metal catalysts
in the various fields of study. The final objective of the future research is depicted in detail.
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Table 1. Measured data of Fe/N/C samples in 0.1 M KOH
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Catalyst (ﬁgfﬂ-%) s vEs RHE) (v VI;:”RzHE) (mAJ'(L:m'z) (nfﬂsg‘) Po(rfr}fg}‘l ;m Ref.
PUC (20 wi%) ? 01 0.955 : 523 : : 21]
Fe-N-C-800 @ 0.1 0.965 - 5.57 775.51 - [21]
Po-FePhen-C-800 0.4 0.95 0.84 5.8 ; ; 23]
PUC (20 wi.%) © 0.02 1 0.9 ; ; ; 28]
Fexps@PANI/IGO 9 0.4 1.061 0.942 ; 661 0.78 [28]
Fenps/tGO © 0.4 0.99 0.89 - 374 0.31 [28]
PANI/rGO © 0.4 0.97 0.84 - - - [28]
Fe-MnOx/N-KB 9 0.3057 0.91 0.78 5.8 753.6 - [29]
PYC (20 wt.%) © 0.4 0.994 0.854 6.9 ; ; [30]
Fe304@FeNC 9 0.4 1.007 0.890 8.5 1873 2.25 [30]
Marcro-FeNC 9 0.4 ; 0.808 45 415 0.95 [30]
Micro-FeNC 9 0.4 - 0.878 8.0 1023 1.3 [30]
PYC (20 wt.%) © 0.2041 ; 0.831 6.3 ; ; [31]
Fe-Ni/N,-C-A 9 0.2041 - 0.916 6.3 366.8 2.36 [31]
Fe-N;/N,-C 9 0.2041 - 0.886 6.3 2232 1.08 [31]
Fe-Nj-C-A 9 0.2041 ; 0.780 63 179.0 0.5 [31]
Fe-Ny-C-A @ 0.2041 - 0.850 6.3 4282 211 31]
PUC (20 wt.%) 9 0.24 0.979 0.830 5.52 ; ; [32]
Fe-N-C 9 0.24 0.971 0.844 5.68 584.6 1.814 [32]
Fe-N,,-C 9 0.24 0.943 0.816 - 466.8 1.206 [32]
Fe-N,-C 9 0.24 0.877 0.738 - 520.2 1.029 [32]
? scan rate: 10 mV s", range: 0 ~ 1.15 V, rotation rate: 1600 rpm
® scan rate: 5 mV s , range: 0 ~ 1.2V, rotation rate: 1600 rpm
9 scan rate: S mV 57! , range: 0.2 ~ 1.2 V, rotation rate: 900 rpm
9 scan rate: 10 mV s™', range: 0.2 ~ 1.2V, rotation rate: 1600 rpm
(0PDYE EFYH(ZnCly/FeCly) &olX THAI & M-N-C 1] A2 Al P92 52U MN T2
800°Ce] N, -917]ollA A&AQ Gt AL & WA ve §F FuE Axde WS 9l
B3 EulE AT EA7 Aol A" th o] WS Fe(ll) ¢ 1,10-phenanthroline

o= e 5= Fedes 7K ZnClL =
oA AA=H, AAR Ftol] W SYHS 23
3= micropores®} mesopores’t A4 ®HTh gk
0.5M HCI (5% HF)&o= imé}O% =y A
3} silica spheres’t AAE L F-2 zpgd] AZ2 A
A" 3D macroporous ¥ Tx7F FAETE
+ ORR ZHolA 2k} e 7o) fegh 3%
E%] 3ol 0.5 mgem? 2] S-S A}
FIFHEA H2EoM 480 mW-cm? A&
Effio] PtE ARSRES Wt AR s
ol AR AxEL B9 dErvt
} ﬂu— e i e
L 28-S 2% OE A%OZ FeNC E1)
£ AZIAT. M-N-C Fvll= 212 M=e 34

S

2
ﬂ

yg i g Jn )
L

g

MH tlo u2 oo
l-rl (ol

A PEHOR B US| wald Fol Aav}
R BRI ARY Brhe A4S e

(PhenyS 1:29] BH|Z &318t &, 43} RzxA)
(potassium oxalate)?} nanocarbon blackS 3 7}gt
ok o]FA AxH EF=S A AV 2 &
el AollM Ealela HdH™ Fe-Phent-3

YHE3L Fe-Phen©] nanocarbon black$] 4‘:’401]

Z2A] B4 Fe-Phent3o] A 34 a3t
© @ S STHIZ B ol 28HE F
77171 Belatal HFAH o Sdd Fule] i
9A] g80] F7hdAch 53] 28] Pyridinic-N

% —%]}\é 0}7] ‘l’]OH K2C204E /\]”Q‘?‘}:A‘j[' HB‘H _TL}-
Ao K,C,00 &8l %27 TAFzs}) FEAo

= o g 24 =3
g4 PxE B2

1S f=st HE
TZ4 EBEfERAAE 2o
nanocarbon*| X]ilg Akﬁ-s}oq Fe-Phen®| ¥2l=%5
=0j o] = H o] zzl—}ﬂ ] oﬂ 7-]] 24_‘—_1_@-

ESAVS
ATH(Table 1).

o

e 010% ORR E*é% ?‘{VJ/\]



A73)8kE)A]|, A 23¢9, A 435, 2020 93

Fe-N-C Full Az A ndz7} o]l & 4 Ad&=
carbon matrix® ARESSHH 25 F7I=E PAAA
Fe @449 AAHEEE S7K1E = Aok o) &
B, @ AAaEAE] ‘?Jr 108 Fateto
Zujo] ORREAS] &S 71 4= AUtk o]}
22 ZHZe Metal organic frameworks (MOFs)
Zujjo|A] Zlo} B 4 uh® Luo LFS MIL-
101(Feys ATAR AHgate] e =94 &
a1 (600, 650, 700°C) 3t] Fe-N-CEmj= xﬂﬁx
t}. MOFsE ARESHA] e Fujo] Az &%
ORREZAS HW 800°C ﬂ}z]L ORREAo] 7
._7}—;5}1::] - o])\P_4 ]/\1‘— :‘zbﬂo] 7&5\_3

[*]

_,d
T g >Ec

F{‘

A& = F Uk 131‘/} MOFsE A&+ o] &
HL FeNC-6500] 714 =& ORREAS =Yt
01‘: MOFsZ o]&apH = 1 Yo Lnoa] =&

RRASS] &ue] o] 7153 AL Folsty
E}“) 2 BE MOFs7IHHe] ORR FWlE2 &2
Fedheo] 328 gBa|sle] Azt 982 2
Aoz Qe thge] F4 84 BPEe] 9]
43 Y FAHE Frleld 284 545 B

AAsk= o] dubAeltt. Ahmed L& MOFs
% ol-gstH dEME ARESHA] FaL WS At
23199t} reduced graphene oxideE A|A|AZ Fe
nanopartlclesi} Poly-aniline (PANIS =%l 7t
3 FE 72 Al o] MOFZE o435}
Fu) & Azt oo} o] A|zH Fuje] A
718k e g PYCHT =2 Fuf &S
eSS & ? ATt xﬂZEJ FeNPS@PANI/rGO
= T2 245 7R TR 24 B s
TAo A™Ee A7, 7HHeE AzAA
]—71‘—31“%: ol Hof =UTE® &4
g oq?": = z%ﬂoﬁ B A4
229 ORR‘ oﬂ

_ELF

o
rlo
ﬁ g

dz |0 32 r
Y
-0,
P,E

do
il
T
=%
2
ol
S

o
2
Y
T
2
TN
offt
:OL_',
>4

e
oft
mlg L
Ho
b
ot
O

et 3 o
l~>ilﬁgﬁ
~

o bl
>

11[01!
T
Ho

ki

oj

o

re

-

)

)

o2 [
jﬂ

zo I
_E

[\S)
[\S)
=
FH
e
_I?.'.

=712 95t 017
Lﬁ (Specific surface area, SSAYS

Z35t] q.ak ,] FAH S 21]-1—0}0:] 1:.1

o, B &
22 ﬁ o
By e = ﬁ
rii e

14 oy S

ot
2&

g
E

oo ©;
mlo
lo
ﬁ

o
E

e g2 e

o

] tfo
= o]N
N

Y
.

il

ﬁL—;-/] s Xﬂztf_h:}- Li —l
H ¥ A& 2= KetjenblackS ©]8-5}]
co-dopingdt FulE Azt ch>?)

o &

i 1o
HH
rlo
E
zi
I

Ketjenblake EC-600JDE ARE-3Il o 2 HIEH
A& 1270 m’g! ot} A Fuje] HEHALS
BETE E3] S4sI6on 753.6 mg'= &2 H]
FH4E YRtk Hu 252 94 Fey,0,5 ©]
&% FeN-C FiE Azt dadrA=
Polyacrylonitrile (PAN)S AR&-3lo] Gl2oA EE
3l WEe AA AxskTh ZnCly 9 Sio;
templateS ©]83ld AFH tayd 725 7K
template> a2t AF A2 AAS AW A A
HH JolRls AEES template2] F4A Aol
w2t 7l 725 4 doh A7 Sio;
template®] &7] oA kA& B2} Ags dgs)
Al 3= macroporesg AJ/33IaL ZnCl, template
B2 Fe] 293E @HE] 218 microporesE A
Atk F38IA Y Huang 258 ammonium
bicarbonateE- gas foaming agent® ©|-83}51.0™
W23t dicyandiamide (DCDAYS A4 A=
AREE] Fe-N|/N,-C-AE A 2319t} 3) oJ7]4 gas
foaming agent®] ammonium bicarbonate= A|Z
SRl ol Lol Wsiel 7150k 49 A
el 71%-S Fs o 25 fEsih o
U o2 MOFse #H 7|2 98] vl &4s
£ W o7} 2o NERAS vehlie 592
HolFEr) olgst AHER O]gH ORR &= ZA]
S EOY Y. Zhang 1552 2-aminoterephthalic
acid, FeCl;6H,0, polydopamme (PDA) & 41
< autoclavedl A ‘i‘l’%’\]?ﬂ NH,-MIL-101@PDAE
FA819 2 2 3 NH,-MIL-101@PDA°Y @z}
7S 1:109 AF ngi Jo] AA48le] Fe-N-CE
Azt Tk PDARE ARg-ste] Alxgh Fujo} Azt
Rk ARRRE ZujET & 7RIS A ARERE
7P =& Fe-N, ot 24w AZSA opZAd+E,
2 HEHEA, 2 F5Y FxE ‘/PE‘rLHOi 718}
’cﬂ- EﬂAEoﬂ}q /\]-J+ 0:17] -]~5H;<1oﬂ}\1 2 ORR

P& H3ATH(Table 2). H]FHA 57}011 sl
°4%L5£ 24310}1&?4_ =S HEEAS T 'L
AAAE AHEsEAY templates: ©]-&-3te] tha/d
TZ5 W= MOFsE o|&3t] MOFs7F 7KK+=
AL Hst gdgsl= i Eo] Q.

2.3. ORREM QW% -%I%._ o| o173

2 Asie] 7 V‘T‘ 213 22 bk
3ol dojuttt. 5‘?]1} 5:201] oz 3k whgo]
AWr|= gt} o] -‘?ﬂ‘i‘l%ﬂi olsfl H,0,7F
AL Ao Hla] Y& &
olt}, £3] Feol23} ¥H8-3le] Fenton’s regentz}



94 J. Korean Electrochem. Soc., Vol. 23, No. 4, 2020

Table 2. Measured data of Fe/N/C samples in acidic media

Catalyst (Ir;oga:(cirl‘r?'%) v vEs RHE) (V VI;ZII/QZHE) (mAJ'(L:m'z) (nfﬂsg‘) Po(rcemt‘(jgl-lf ;ne Ref.
Fe-N-C-800 0.1 0.864 } 5.57 775.51 21]
PUC (20 Wt.%) " 0.025 - 0.825 ; - - [22]
Fe/N/C-SiO
ZnCl ® 2 0.5 - 0.785 - 1538.4 - [22]
Fe/N/C-ZnCl,* 0.5 - 0.727 ; 1437.0 - [22]
Fe/N/C-SiO,
nchs 0.5 ; 0.785 ; 1538.4 ; [22]
Fe/N/C-ZnCl,* 0.5 ; 0.727 ; 1437.0 ; [22]
PUC (20 wt.%) ° 0.24 0.952 0.822 5.52 - ; 32]
Fe-N-C ® 0.24 0.812 0.657 5.68 584.6 1814 [32]
PUC© 0.5 0.93 0.83 - - - [35]
Fe/N/C © 4 0.88 0.78 - 682 0.9 [35]
2.5% CeF;-Fe/N/C ¢ 4 0.87 0.77 - - - [35]
5% CeF5-Fe/N/C © 4 0.88 0.78 - 687 13 [35]
7.5% CeF;-Fe/N/C ¢ 4 0.87 0.76 - - - [35]
10% CeF5-Fe/N/C © 4 0.87 0.74 - - - [35]

¥ gcan rate: 10 mV s, range: 0 ~ 1.2 V, rotation rate: 1600 rpm (0.1 M HCIO,)
® scan rate: 10 mV's™, range: 0.2 ~ 1.2V, rotation rate: 1600 rpm (0.5 M H,SOy)
9 scan rate: S mV s™, range: 0.2 ~ 1.1 V, rotation rate: 1600 rpm (0.5 M H,SOy)
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