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Abstract
The expensive Pt-based catalyst for fuel cell cathode hinders its large-scale commercial applica-

WESIH: B, REAME. SRR Fe/N/C EIE FEALFIL HEMF AR D], MEEE, 2020, 10(9): 766-785.
DOI: 10.12677/ms.2020.109092


http://www.hanspub.org/journal/ms
https://doi.org/10.12677/ms.2020.109092
https://doi.org/10.12677/ms.2020.109092
http://www.hanspub.org

g, S

tion. Due to their high activity and four electron selectivity, iron and nitrogen Co-doped carbon
materials (Fe/N/C) have been considered as the most likely catalyst to replace platinum. In recent
years, it has become a research hot-spot. In order to improve the activity of Fe/N/C catalyst, inno-
vative strategies have been put forward constantly. Metal organic framework (MOFs) and single
atom catalyst (SACS) have been used in the exploration of catalyst research. Fe/N/C catalyst shows
more excellent performance. The catalytic mechanism and active sites structure of Fe/N/C have
been controversial for a long time because of the complex ORR path and uncertainty of pyrolysis
products composition. In recent years, with the development of science and technology, the cata-
lytic mechanism and active sites of Fe/N/C are becoming much clearer. This paper has a unique
perspective. We introduce the research progress of Fe/N/C in past decade in detail, and the main
problems are pointed out, hoping to point out the direction for the optimal design of this kind of
catalyst.
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1. 5|8

REVRSENLAI A ERARRE 51 T ARG AT AR BRVR R ZR, SRR LA BRI R B Re i e B 2
IUAE AR OGIE AR s 8l 2 —[1] [2] [3] [4] [5]o T2 #e Akl it (PEMFCs) B B A s &3 . FHER
AIFE ZE R PR S0 A 2 B ATHME A A A TR VR R R I, SR T RIS ER(6] [7] (8]
[9] [10]. %3¢ B R AR AR T ACH o i i i, SUSE R RL, R Ei S0 AR, 2 B
(RRRL 2R SRR SR (R A S A B, B SUE SR (ORR) /& — N1 1 Eh J1 ¢t /2, H
R A BO4E PEMFC ", BAMREGEJEAEALTTN PYC BE P(Ru/C [11] [12]. HIMIEERSL, &S, RIE
WA IR, R RALZ) 5 BRI B 1) 56% [13] [14]; BAMAZEEALFIRa E M2, HIgekb 118
el e B T M PR T 2 R RV RN o BRI, AT T BOUE VAL sy D Fl LG R T AR PRAIG,  S0E SR
TEPERRR[14] [15] [16]; [RINE, 43— b BRCOYV ik H AT TR 5, BFAuRM, BERRADER Co
(10~20 ppm)th 2538 BRAAFE AL FNEPE IR R FE[17] [18]. X LE (R BRBHAS T 5 738 He SRR e b (1) SRk
iR, BEFREAHE B O m AR5t & @ AR ek, IR R S TERE . IR ARSI (0 fie A 5l
TERMWE . EREREAFEREZH, Wil 4EE A BM/N/C, M=Fe, Co, Ni, Cu, MnZ%). %4
JRFB 4. Bhiam. IS RERY . BAA/BELY) . SRR S EE19]. o, #R
RIS IR RRA EHFe/N/C) R A 75 B P AR 2% A1 38 FLAG 8¢ v TR0 vl P R DY F o B, M A B A T
] B AR R AL FI[12] [20] [21]6 ] 1 [22] Fe/N/C HEAGTRINE A 5 5 e FEARASH B vl 91 A% 18 AL 751 f o7
DA AT R (13 1 A7 s =

M 1964 554 J@ KIME G 1) RIS R I R AR, 20 T 2951955 71, Fe/N/C fEALTIE
BT RKBHTF. Fe/N/C T LLEIDE B A Fe-N4 FLALIIEEWI[23] [24] [25] [26]804 4 82k 35 [27] [28].
BRBEW29]-[34] 8 H Al & BN T [35] [36]H a7 8L A B A AR Bk B MR b el B sRAg . Ak, T TESR
THRIE AWHERR 3T, SUNEE HATT . A BT S REERAT, 8K & BN (10 2E P o i ) B i 46
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[37]. WEESJE[38]. R WE[39]5 iE 4k 5 P AN & B Bk ER AR I 7732, il 4 He B A 400 it vl e A 1k B ) A
A BREE . BERRIE . 1B 5 DURR TRV WI T Fe/N/C [l o5 . — i i vy i A 3 4 J A HLAE
H(MOFs) ) 77135151 Fe/N/C UL JF AL FI[40]-[46], FHEAERSEREL R ERMR, BH RN
MEATEYE. [N, BEERFFEORIIEEA, AR REENGIRI — P R T4, 55T Fe/N/C iy
) EAT G Fee UL L R v R PR AR 12 [25] [47] [48] [49], B RIFMIM A RISt BB ET NI, Fe/N/C AT TR
PR, EUHAR TAAZE ML vE 1 [24] [50] [51] [52], FERRME 444 N SAAF AL 2L A AT E s [53]-[59] -
Forfr, SCHR 4R S 0035 14 5 =y Fe/N/C AL AT LR BB ik g &l 4 1), HAEHIE 0.88 V, BT
HME(0.88 Vipree) 11 1L A LI 26 B 1] 3K 47 mA-om 2, AL 0.9 Vig gee N HIHLITEEE 0] 7K 22 mA-cm 2,
SRR PR DhE AT K 1.18 Weem™>, 3524 H THR3E (i [60], Bk TAE G 0K 2 40N 28
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Figure 1. Application of Fe/N/C catalyst in PEMFC
B 1. Fe/N/C #E4L57I7E PEMFC HR A9 A

o = R X By | e a7 W= B o 1 2 | e O R - 5 S < e Xy | B2 SR AR U7
WMRSFE L. SR, Fe/N/C ARG, RIS S BIRER, I HFEB LG THLaTHILLK
BRETREENE TN, SRR N AR X, (LR AN TG A7 A 17— ELAR
GHi[54] [61]. TR, BEERIFRARREEE, HAHENSUIT KRS PR FIIEEAEAR, W X 5
LRSS . TRATI ] IR T B (ToF-SIMS). A /Rt A1 X SR e T REIS(XPS) LA L BB it
HAE, BB S R RS R AL R AT SR R AE R M, AT R A LB RN P AL s O A
FFREARTT LAE[62] [63] [64] [65] [66]. B MIAA BABAIEHE A1 16 0T LA B A0 77 1) B AL FE, (B2
B4 I3 i B A3 T [67] [68] [69]

KT Fe/N/C AT T W STt e C & A 2 MR 10 SCiRIE S [14] [16] [18] [21] [70] [71], A3CA
FBCAR, 2B S TE BT Y1 4F(2009~2020) Fe/N/C LTI R . B 1R TE T O S0 1 2%
fili B, X} Fe/N/C fEALFIRIBE T, EFEGEVEAL SR A HLEE L 4 J7 vk Ao T R0 S YN L B AT 4 TH )
SEFNRIR, A B AR O RGN, FIDANTIRIE T f# Fe/N/C EALFRIRIBEFBLIR, IF4 Fe/N/C
P A T TS A R

2. FEMEF SR

FRGE) Fe/N/C il 45771k, — RIS I REEDER: ) 2 i AR — il A — BR 21 Tk — v i A — 1R
Z\l, IR VRS TIRSE, BOTWCRMATIR R . ITJUAE, BFFCE AR AT A SRR AN WTHR R A AU,
SR HUHEZL(MOFs) BREETEL AR % 528 50 DURI TR 3R 1 (AL 7RI 5 SRS A T BT T Fe/N/C
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2.1. RERRTRFHEZE SN

il 4% Fe/N/C FRT SRR L FEER I AT IR M AT ORI . B AT SRR (B A4 ), A 1940 5 v LA TR] B S (1t 5
BHFP LA BT eER, W 3 S A TSR A o Bk R A S5 K R B A BRI AR 5 4k h AT SR ik
{4 I 3R At Bt 2% Fe/N/C AR, T A IR T A% 53 B i 42 8 R B4, IX T TAE T 1989 4 HH Yeage
HIBATERL[72]. M) L4k, BRIHTRMA I EA BN SE .

BOCHE KR ILZ MOFs 146 FIAE ZUAT IR . X TUAIHT 46 T 2011 4F, Dodelet’s HIBA[73]7E € F 58
FRFM IR SR, ZIRIEIES OB ARSI hAa — DRMER R SR (ZIF-8) K il % Fe/N/C
AT, ZIF-8 & —Fh &R A VUHEZLA B MOFs), 70T 3N ZnNyCgHyy, EUGEFEE . XFRERT MOF
A A8 S A S L LR AR AR 5, SR AN BRI 30 42 J@/N/C M AL 77 1) ORR i PR & 2 B F 1] 74]
[75] FSHEH, X —PhERAR A B0 AT IR R . 27 V25 46 00 FE AR AL 7R BB AR, 7E Ho-0, RGUHR
BN, 76 0.8 V-free MR HLIREEIAE] 230 A-em™, X5 E AEJHHR H A 2020 £ F AR5
& B AT AR RUETE B AR(300 Acem ). IXFHATHTARA KIS TEA T 3R B, A Fe/N/C {17
BRI R T A8 45 RES IR ARH Hi b 1 B AR A A5 () 5 AR A R B HE AT g, 2 gk T T 235 T MOFs 1) Fe/N/C fifk
FIRIR 7C[44] [76] [77].

2015 4F, Liu WL (78] ZIF-8 4K Biki 5§ =-1,10-JEM& ik 2 B4 ()il it B 45 22 7 & i 1 2 bR At
1671 Fe/N/CF. K i B A4 3% [F) G0 S 78 SR P M s/ 5% R L AR IR R R SR G 0 (PAN/PMIMA) - 4k, SR i
BfE, BRFLAE I E SRR 4E I 2(a) . Fe/N/CF 214 535 42 AL A A T i 45 ) Fe-Nx
PRl EBHIBRATYE N 2% S5 T IR AT AL 5, DR 445 1R] () RALA R T MK L8, b
R ST 2H A T Fe/N/CF A8 51 PEMFC MERE. 1€ 2(b) &~ T it & B 0.95 ViR-free. 0.9 ViR-free.
0.8 ViR-free (IR HL L% FE 70 508 0.25 Aem ™, 3.3 Acem >, 60 Arem >, FE4 AT AR B I35 FE VN 0.75
mA-cm 2, 10 mA-cm > fil 182 mA-cm %, 0.8 ViR-free &M 1 I 55 15 fi 35 2 450 A-cm ™.
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Figure 2. (a) The composite V of polymer, TPI salt and zif-8 nanoparticles was prepared by electrospinning. The
Fe/N/CF schematic diagram was synthesized by pyrolysis; (b) the Tafel diagram of Fe/N/CF kinetic activity was
tested by fuel cell
B 2. (a) BEEYTELFIZRAY. TPI &iF0 ZIF-8 PRFUNEEY, ZIRME Fe/N/CF REE; (b)
Fe/N/CF s 71% & 1R Tafel [
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B S5 7 PR RAE R AR R BARAE A (R, AL R AR NGRR3R, SR ff
HH(SACs) A Z AL RTS8 2 —, F 2 RHE KA AR T T KT Fe/N/C HJE 146 77 (1 & s Fr
FLLAE[12] [79] [80]. H HIHRIE 11 Re e AF AL R, 2 B 5140 1) 5 MOF 1 i Sk 4 (1 G138 1 56 56
46 2019 4, JKILIE[60] R4 DL ZIF-8 Jy JsURkfil £ I M TR Fe/N/C B J5 A5,  Hoil & o B AR an
K 3()fR: TJeAE ZIF-8 MAMRTRE — 2N 4L Si0,, B hiR650°C) MR LALE, Ll ZIF-8 #%
PRI Zeta HLAL HHIE [F) 5 9 FEAR, DT BT DAOK SR BRI 2 (BN ERES , FRE it MR A B, 1930 &k
R Fe-N-C AT M H A I FL SiO, B A, W 7E Ak I FE 5 5 ZIF-8 22 [fi -+ - Thi 4 1h FH A%
AR SRR T AT, NI TE BRIVTTRT 254, 3@ s LR THAS, 14 3(b) RS 3(c) 2 BN IR AT A IR N Si0,
BERIXSEEE . 7£ PEMFC 2 F FIKERBI(E 3(d)), ZHEAFIER] 7 L EREEE(U.S. DOE)BE R
AL 2018 4R35 H #7(0.88 ViR-free N PEMFC HLR#E 44 mA-cm ). iZHEALF] 0.9 ViR-free I HIHTR
B AIE 22 mA-em 2, SRR SR A A 1.18 Weem ™2, N H RTHRIE 1 i = 15 [60] -
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Figure 3. (a) Preparation process of concave Fe-n-C monoatomic catalyst; (b) morphology of planar catalyst; (c) morpholo-
gy of concave catalyst; (d) Tafel diagram of mechanical activity of fuel cell test

& 3. (a) ME Fe-N-C BRFHEUTGEIZRIE; (b) PEEEFINOEE; o MEEATIFER; d) S1HhFEEN
Tafel
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TCE LB HAEIE B, MOFs 2 —Fh LAt B AR U SR A J5URE . Bk MOFs 4, 20 BT Dk A4 ik .45
SREME[81]. BARMK[82] AR ML[83]. FMLEE S EEEM[84]. AN, BREMEIIER B EIH 24
1k, FHF Fe/N/C AT FIBR B AR E B 7R SR [85] 1 88 M5[86] [87]~ ARETHE[ 78] Bk UK [88] [89]« MXene
(— P A e AL ERARD [90], SHLR BB Vulcan XC-72 [91] [92]%% . X L& TAE v ¥ 2 BUEAL 75 1 5t
w2013 4, (ER) #HFH Chung FIAIBA[93]41 4% 1) N-Fe-CNT/CNP AL, DL LRRENELATIRM,
W BRI (I RT IR A, SRATT R, Ar R, SD 7 ikl & T — PP B B J IR 9K B/ 4Kk

AR J5 B N AL 7)o 1B B DRE BRI A 0 v 1) S80I ¥ P 2 BT A B 4 i A A7) o v 1
MTE R RO R, AR P R AL TR AR . TE S PR IE S R R T O SR AL )
PSRN 4(a) i, BRAVKEIMELIN 20~30 9K, KL 10 22K, 5 ARG Bk
DRI Ay R B A7 AE B 9K FNBRANOKROREAE , 1AL FIFR 1E N N-Fe-CNT/CNP. [ 4(b) 7 i =2 B4 K 1Y
T, BRpk AR BIEAKRE B, TR T KER AR FEIE A . 4] 4(c)H7E 0.1 M NaOH 143
A7 e AR A 2, AR A6 HL AL (B nser) 2 HBAT (o) 30 1 T A ML), 150 B 4030 Ji A A0
JIRe AR R AEF LN T T RS, REMLwE 4R, £ 10000 BEFEHGE, Hpuk i
BAEWD, KA, fEtERE, X0 Ee2FNERIKE (R IE TR A . (HEHRA 2, &I
TAEHEA R FHEALFIE PEMFC 285 F AOMREE o
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Figure 4. (a) Morphology of N-Fe-CNT/CNP under transmission electron microscope; (b) Fe encapsu-
lated in graphene shell; (c) polarization curve; (d) cyclic stability test of N-Fe-CNT/CNP

& 4. (a) BHEFETH N-Fe-CNT/CNP F5%; (b) HHBEEAEHRFTED; (c) N-Fe-CNT/CNP
HIRLERZ; (d) TREFFRE MM
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2.2. HlIESELH
AL & BB EHERR R, — SR, WBRGE . 2 MOCEILB k. ARRESE. T
T — N4

1) BEBRIE . FAARER G T KA R R — AN BRI S R R, 38 AR = W TSN 254 LU A A
F¥E, @ AL G RAR TR B S B LA 0 AR I P A LU TR o, ASEARZ A A A BB A e M A ok
I o 1% TR A — e WU (i — S ) P S AR, SR 5k U T S A 5 BB &, A
AT IRAR TR SN, 2 )5 il AL B B AR T (8] 7240, o e i 5 R 21 T B in A DV B 2 B sk
A LAAS 2 FLA R FLES #I 1Y) Fe/N/C 467, Zhang FIA1BA[28]LA Fe #5441 ZIF-8 N RTINAR, R AR 1%
(W& 5) B T 9K A4k FeNC-900 AL, BT B B A KBRANKE S (1) Fe/N 145 J4 B 25 O BR IEB 45440
B 2 o BR AN AZ TR AN KA 1A B0 285 A AN (AT R A A 35 1w (R R TRTRRK, T LA R vl A A5 8 1
e YR T A MR R R E M. SRR REINK, TERRIE A 0 R AL By 2051
4 0.85 F10.71 V RIF LA ALTI ZE0(5r 5N 0.85 V. 0.79 V)Y, SRR 3% RS 125 7E 5K
PEMFC i %45 -

o0 - B

Fe-ZIF-8@SiO, FeNC- X@SIO FeNC-x

Figure 5. Schematic diagram of FeNC-900 synthesis process and SEM
5. FeNC-900 & B3 12 n B E R A R R 13 e R B A&

2) BREEVE. BREETT DA BRI N R 2 ERIE i, @ NERZ AR = A Y R, R R Ty
VA RO R <5 RN AU T B A4 45 5 BB AL A [94] [95].2009 4, Dodelet [1BA[96]44 BR &% 5] N\ Fe/N/C
AT AT SRR B 5 o SEIG R, KRB . AT E S IR (FE 2 AL A SR 78 77 ) R TR L 2K VR 5 P I BR BE AL AT
BREE, SRIGJeETERA RSP AL, H& B IS A T KiESR T . AR e mih R
F 0.9 V I 58T 07 K 513K 0.4 mg BT EISEE B AR A A A 2, FHBAUONERBE SN T B 2 (AL
g1, TATRAR S AR A AL, VRS A RN . XA AR SR R T (RREY & L.

2018 4, Bao HIHAIBN[97], IR AEEREESCHL T Fe/N/C HuJE THEALFHI 4. HALHIE 6 Fiw,
BREEMIIR T BRE 2k(FePo) W45 AN FeN, oL (1 B R B, 8 FOZEH2 3040 520 S A& BRI L, AT s 1
b, ZMELFIEA R SR ORR WG, JUTFAEI Tk 40% PYC HEALFIRTEYE, AR et RiF. scybit
—BAFSE, %R TR RIS A b AT U I PU TR RS BE AR IR AR S AT . AR AR R AT
VEF A SRR FEARIE T AN 7 R BRE LR . 1% 5250 T VR AR I T R 20 T R Fe/N/C AL 1) t&ﬁ
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FRALKHE, OB R BRI S %

3) dedviid. B AR R R B R & Fe/N/IC EALFIACE . TRk B E B R AA R
TR AR, AR T URAS BB b2k R AR . BRI AE R 3 B3 FeNx IS HUBRIE 14
rhoR R H FARE AR R B BRAEREAI[98] [99] [100]. 2014 4F, Liu HIFIRA[1011#3E T —F17i2E Fe/N/C fiE1k
A, AT BRI AR AR B R, K BRI AN A B 2 BERR A OK B (MWCNTs) b, B 5 4T 5%
B TG PR S (] 7)o G BERE AL FEARMN G, X i A A A 77) S HE 5 7 B/ AH 24 ORR %
PE, T AR T AT R R R 52 M R AR AL R SR B2 AR T

SN —N N~
\ N N= Graphene Fe
N — -/ N ot
N AN 4 Ball millin Ny
N N ¢ \
\
N/ Connected to
|
the graphene

Figure 6. FeN, schematic diagram formed by ball milling
method

6. FIRAIKEEEM B FeN, REE

{JN
HN{;

@

Figure 7. (a) Iron porphyrin structure; (b) Iron porphyrin is covalently
grafted onto multi-walled carbon nanotubes

7. (a) ANBEREEAD; (b) Y5 ERANMEE ARSI S5 BERRAKE |

2.3, BREMMITE

Fe-N-C fEAL & — P M B IL B 2 BRA R, B T8 RIE S 2 I R, B IRt R B3R
FHEXFIRITEGE . TE AR ES (Co) W4 B B MAMELF], Guo MIFIBA[1021REL, (EZ IR, HiXEEE
WX RSB I Bz T8 MFLEE A 5 0 BB a0 [E R A, v LA & ORR I TERE . FEAnili(B)
JCEB AR Fe-N-C f4LA[103], SEIGEIEERI, 1E Fe/N/C H i NIl v] B E 2 m b bR il If
B T8 5 4 A 70 O R THT AR M AT R B, ONAR S Ak ORR MERE SR AL B 22 Ak rpots , T 56 R Ak 71 1 B 45
Pl BRETCRABIITE, BEP) [104]. BH(S) [9] [105] [106]%5 ok & BLAIEL 345 24 B BT R GHEEAL
PERERIASRAHER

EH, shui FIBIBA[107]4HGE T —FhiB2% Pt o wl & AT, 1207200 P s Filid Ay 1oL “
JEF BRI TR, R g R Fe JR T E, MK Pt-O,-Fe -N, BTG T34y, H&5 M nle 8(a)
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PZR[1071 . BT Pt BT HIERYT, Fe-Ny il itk b O AEREA I R it S 1 e B ik, 250G Fe/N/C
MEALTTI RIS E I, (8 VB AR MR T — %, W&l 8(b)Frar, FEMRTEA B P ¥ ORR FaE MR # i . Bb4h,
& RIS T 480 S B (OER) AT & S B (HER ) Sz AR 3 v AL i e o 3 32 R B T SR WA 1
I RIAE R At 1 581 MR R RTA SR 3 7 57 o X TR FE A3 i Fe/N/C AL I Re e PESRAIE 17— R
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