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Abstract : Polymer electrolyte membrane fuel cells are gaining attention as a key technology
for sustainable energy due to their high energy conversion efficiency and environmentally
friendly characteristics. However, the slow kinetics of the oxygen reduction reaction, along with
the high cost and limited durability of platinum-based catalysts, remain major obstacles to com-
mercialization. To overcome these challenges, non-precious metal catalysts and metal-nitrogen-
carbon(M-N-C) catalysts have emerged as promising alternatives. This paper provides a com-
prehensive analysis of recent research trends and performance enhancement strategies for nitro-
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gen-doped carbon and M-N-C. Nitrogen-doped carbon improves the density of active sites and
electron transfer properties through nitrogen doping, with pyridinic and pyrrolic nitrogen playing
a crucial role in enhancing oxygen reduction reaction performance. Meanwhile, M-N-C, such
ad Fe-N-C and Co-N-C, exhibit high catalytic activity and durability through M-N bonding,
offering superior cost-effectiveness and stability compared to platinum-based catalysts. Addi-
tionally, innovative approaches such as metal-organic framework-based synthesis strategies and
the sacrificial method are being employed to maximize catalytic performance. In conclusion,
nitrogen-doped carbon and M-N-C have the potential to replace platinum-based catalysts PEM-
FCs by leveraging their unique characteristics and complementary strengths. This paper aims
to contribute to the commercialization of PEMFCs by proposing catalyst design and perfor-
mance enhancement strategies.

Keywords : polymer electrolyte membrane fuel cells, non-precious metal catalyst, nitrogen-doped
carbon, metal-nitrogen-carbon catalysts, oxygen reduction reaction
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Table 1. Electrochemical performances of recent NPMCs for ORR
Catalysts [rl;;ail:,gz] Electrolytes v. \I:ZSUIE;{E] v. VE ll/;HE] Eit\ellizge]: Ref.
N-CNS 0.75 0.1 M HCIO, - 0.60 167.00 [24]
N-PC 0.32-0.41 - - 0.67 85.00 [30]
O-FeN,C-O 0.24 0.1 M HCIO, 0.87 0.78 74.00 [39]
Co-120 0.80 0.1 M HCIO, 0.88 0.78 73.08 [45]
Fe/Zn-NC-900 0.23 0.1 M H,SO, 0.79 0.71 69.58 [46]
FeNCNeoH+HCl 0.40 0.1 M HCIO, 0.81 0.71 - [48]
Co-NC@NC 0.60 0.1 M HCIO, 0.92 0.76 52.22 [49]
M-Fe-ZnNC - 0.1 M H,SO, 0.99 0.80 71.10 [50]
ofllA PYCE WAIE + e & AEE 7N, vl 47 =& 9 &4, 78 A, ey
A7 WA gk dA7sietA] 54 el e w55 7F A bE AuA e s A
s} 7Fs/dol Erh ) U tekgt A8dA S8l Adsitt o5 A
Table 19 AAE FujEe] A3y Ao vla & SUiskelr] flaixe A7 AAI9E 94 348
s, A4 =9 g4 7|9 Zui(N-CNS, N-PCy= & HA3Pt dFeln, 53] 5524 &4 799 4
AR =2 Tafel 71€719F 22 WHEHS(E ) & 2o Alojet 35 BAR S 9 A7k 5
S Hol oA FAE = kX0 9, 0- 8% W] € Ao o TR, A
FeN4C-0, Co-120, Fe/Zn-NC-9003} 7+& M-N-C  E3H g e} M-N-C Fujes M2 e 543
ZMEL 0.71-0.78 VO EL Ep¢t 70 mV dec? AHS wiEgoz bk 39 Wk A el gl
yje]e] 22 Tafel slope YERHo], a4 =3 B4 45 BOHQ I8 Fsic. 7 vl 9s 7%t
Hop 9gh Ak 3 Wk S-S /IR0 5 ZuiE diAE e YA SR HE A
8] Co-1207} O-FeN4C-O Fulle 088 V 9] & & AU 3lon, FF dAxies F oo 23
2 AR Bose)E HA AFE 719 Safol] 243 Bud 7= AAE sl s e A7 A
35S LRGN olgfgt HlwE M-N-C Sui7F R, a2y &8 He FuE ddske d $6S
AAl ABHA] AL w2 Z&I TS Al E et dok olEd Ae] 2de A HaE
o T des SEgth AFA ] Akl AAY oA gk AlAEle] B
s 7Kt Zle s Z|giE
3.3 8
HAle| 2
A =39 84 Eu) 5 N-CNT9} N-HMPC=
S8 PR 90 7150 BHS e R A B APE 204hAE SRSk Ad )
& B el WF N Zohe] AU AAZ AL elg A
FERL Aok o]HE Fule B2 &4 79 2x4
T ARAS AFsH, 355 238 B= T+ 26l
XA BASE Qla HE m&4F Y] 98 W
NAE AHL 7R E3] dAe] =3 e 3= 1. A. Ullah, J. Hussain, M. Waqar, M. Humayun, and M. R.
= 2k 39 HkS ABS AREls #A @aE o Khan, (?ptimiz.ing oxygen reduction efficiency with a
§ U AT Al s oo il doed catn ey o
Z A F A TS AA = e 4 102918 (2025).
TZE JusHA 2dsie] 84 B9 2EE 9], 2. C. Cambier, M.-A. Leroy, B. Ter-Ovanessian, J.
FTA X AAIE B8 EF A9 EAlL jAE= Galipaud, M. Bugnet, C. Heau, and B. Normand, Role of
Agko] Z=g 3T} oxygen on functional properties of TiO.N, coating for
S MN-C Zvuje 722 Copda) =o Zu) polymer .elec.trolyte membrane fuel cell’s bipolar plate,
S0z ol W 7| Zuje] gokoz ha] o Thin Solid Films, 832, 140829 (2025).
= - e v = - 3. G Kumar, D. Punetha, and S. K. Pandey, Performance
T¥3 3tk Fe-N-C, Co-N-C, Fe-Zn-N-C¢} 72 analysis of polymer electrolyte membrane fuel cells:
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