
Vol:.(1234567890)

Journal of the Korean Physical Society (2023) 82:286–292
https://doi.org/10.1007/s40042-023-00701-4

Vol.:(0123456789)1 3

ORIGINAL PAPER - CONDENSED MATTER

Fe–Nx active sites in Fe–N–C electrocatalysts synthesized using 
electron beam irradiation

Young Rang Uhm1   · Gwang‑Min Sun1   · Jaegi Lee1   · Chul Sung Kim2   · Ji Hyun Park3 · Taesung Ha3

Received: 7 November 2022 / Revised: 14 December 2022 / Accepted: 15 December 2022 / Published online: 10 January 2023 
© The Korean Physical Society 2023

Abstract
Fe–N–C catalysts synthesized by the electron beam (e-beam) irradiation pyrolysis of Fe and N precursors is studied owing 
to their remarkable activities in the electrochemical oxygen reduction reaction (ORR). The conditions for Fe–Nx formation 
were confirmed by irradiation at 80 kGy under an e-beam energy of 10 MeV and a beam current of 800 μA. The coordina-
tion between Fe and each phenanthroline (phen) isomer (1,7-phen, and 1,10-phen) was effectively controlled by molecular 
structures of monodentate, and bidentate. The pyridinic N % was found to be 70.1% for Fe (1,10-phenanthroline)/KB 
prepared by e-beam irradiation pyrolysis. This catalyst exhibited superior ORR activity and stability in alkaline half-cells. 
The use of precursors with bidentate coordination is important to obtain the effective inducement of Fe–Nx active sites for 
electrocatalysts during ORR.
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1  Introduction

Recently, polymer electrolyte membrane fuel cells (PEM-
FCs) have focused as energy-conversion devices for electric 
motor vehicles because of their high energy-conversion effi-
ciency. [1–3] However, high cost of platinum as a catalysts, 
and non-stability of electrocatalysts for the oxygen reduction 
reaction (ORR) have interpreted the large-scale commer-
cialization of PEMFCs [4, 5]. Hence, there has been inter-
est in non-precious metal catalysts, including heteroatom-
doped carbon [6–9], metal- and nitrogen-co-doped carbon 
(M–N–C) [10, 11], metal chalcogenides [12], and metal 
oxides [13]. Among them, Fe–N–C has significantly prom-
ise ORR activity [14].

Since 1964, when it was first demonstrated that macro-
cyclic molecules with metal-nitrogen gradients were active 
in ORR, studies was conducted to improve the synthesis of 

Fe–N–C catalysts to achieve similar levels of activity and 
stability as those of noble metals (catalysts) [15, 16]. In 
particular, heat treatment above 800 ºC for the synthesis of 
Fe–N–C catalyst is considered an essential step to improve 
the performance and stability of catalysts. However, in addi-
tion to the form of iron placed with nitrogen during the heat 
treatment phase, iron particles clump to form various types 
of iron, such as crystalline iron and iron carbides, which act 
as an active point in Fe–N–C electrocatalysts [17].

The various Fe–N digits that can be present after heat 
treatment in Fe–N–C catalysts are divided into three types: a 
low-spin state (Doublet 1 or D1), an intermediate-spin state 
(Doublet 2 or D2), and a high spin state (Doublet 3 or D3) 
[18, 19].

The difference in the ratio of the active point, Fe–N4 moi-
eties, directly affects the ORR activity [19]. In this study, 
precursor selection using phenanthrolines for Fe–N–C is 
systematical reported as molecular model precursors. With 
two different isomers of phenanthrolines, the coordina-
tion between the iron (Fe) cation and the organic precursor 
(ligand) is effectively controlled.

Radiation-induced synthesis is a promising strategy 
owing to the use of irradiation technique [20], as compared 
to conventional chemical methods. Advantages include 
simplicity and cleanliness, harmless features, easy control 
of metal ion reduction, and lack of impurities. Generally, 
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