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Investigation on Oxygen Reduction Reaction Mechanism on
S Doped Fe-NC Isolated Single Atoms Catalyst

Lu, Xiaoqing* Cao, Shoufu Wei, Xiaofei Li, Shaoren Wei, Shuxian*
(School of Materials Science and Engineering, China University of Petroleum, Qingdao 266580, China)

Abstract Heteratom-doped Fe-NC catalyst is promising for highly efficiently oxygen reduction reaction (ORR). In this
work, density functional theory with the Vienna 4b initio Simulation Package (VASP) has been employed to systematically
study the electronic structure regulation mechanism and oxygen reduction promoting mechanism on sulfur atom doped
Fe-NC catalyst. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within a generalized gradient approxi-
mation (GGA) was used in this work. The computataional hydrogen electron model was used to calculate the changes in
Gibbs free energy. To consider the influence of S doping proportion, we build FeNSx models with 1~4 S atoms. The ther-
modynamic stability of catalysts was firstly considered based on formation energy, following by electronic structure analysis
through Bader charge analysis and densities of states. Then, the oxygen adsorption ability was considered based on oxygen
adsorption configurations and energies analyses. At last, reaction overpotentials were calculated based on computational hy-
drogen electrode model to study activity of catalytic sites. The results show that the catalyst doped with few sulfur atoms
around the active sites of FeN4 could remain stable. Three possible ORR promoting mechanisms of S atoms doping were
investigated. Firstly, the doping of sulfur atoms would reduce the band gap of the catalyst, thus improving the conductivity of
the catalyst, which is beneficial to electrocatalytic oxygen reduction reactions. Secondly, the doping of a small amount of S
atoms can improve the affinity between oxygen and the catalysts, which is also important for oxygen reduction reaction. At
last, the introduction of four S atoms in the system would reduce the overpotential of ORR, thus improving the activity of the
active sites to catalyze the oxygen reduction reaction. Our results predict that few S atoms doping would improve ORR per-
formance of the Fe-NC catalyst through reducing band gap, improving ability to adsorb oxygen, and improving catalytic ac-
tivity of FeNy site. This work may give a new insight into regulation rules of heteratom doping on single atom catalysts
based on carbon materials.

Keywords Fe-NC catalyst; heteratom doping; oxygen reduction reaction; density functional theory
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Figure 1 The optimized structures of FeN, and FeNSx

Blue spheres represent nitrogen atoms, yellow spheres represent sulfur
atoms, and gray spheres represent iron atoms, shown here. The number is
the length of the Fe-nl bond
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Table 1 Formation energy of catalysts and specific calculation parame-
ters

E(FeNSx)/eV  u(C)eV  u(S)eV E(FeNs)/eV EdeV

FeNSla —421.13 —926 —0.94 —42940 —0.06
FeNS1b —420.58 —9.26 —0.94 —42940 0.50
FeNS2 —413.02 —926 —0.94 —42940 —0.27
FeNS3 —404.91 —926 —0.94 —42940 —049
FeNS4 —397.82 —926 —094 —42940 —1.74
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Table 2 Bader charge analyses of catalysts

FeNy (le]) FeNSla(le]) FeNS2 (le]) FeNS3 (le]) FeNS4 (le))

Fe —1.08 —1.05 —1.02 —0.90 —1.14
N 1.11 1.17 1.17 1.18 1.21
S1 —0.75 —0.77 —0.78 —0.15
S2 —0.81 —0.70 —0.72
S3 —0.95 —0.83
S4 —0.42
5 0
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Figure 2 Densities of states of (a) FeN,, (b) FeNSla, (c) FeNS1b, (d) FeNS2 and (e) FeNS3

Acta Chim. Sinica 2020, 78, 1001—1006

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

http://sioc-journal.cn 1003



¥ F R

o side-on W B #4 BY IR B BE A — 1.93 eV, FHELTAE
FeN, fEALFIFRT MBI, FSAE FeNS1 HEALFIZRTH T
W B RS, R WATE FeN AL ARSI AN — SR T
Fen] LASE SR B R 0, TP E R RS A
PERE. THARSEIRERM, —A S T BAMEAFIH, &
S T LA side-on R B A4 B W B A A AL R SR T, 7
FeNSlafiEfbiil b, HURMEEN—2.18 eV, 4hZ 0 S JiE
TFHBAROLE, HLTFHBE—A S FEFHELT, A<
(R BT e M. 7F FeNS2 fifLFI 1, | MWim T
side-on Wy [ #4284, IR M RE N —2.16 eV, E A LA end-on
Ty RN B OV B BE O —2.06 eV, 7E FeNS3 4k 5722 1,
ASNRA end-on WA, HIRHEEN—1.97 eV, ]
P REAIR T4 SAE FeN, HEALFIR I I GE. 75 FeNS4
AT R T, AR I BN end-on, R B RE A
—1.97 eV. FESAE S Ji T 1544 Fe-NC #4471 38 1h1 1% b
AR, BINDRM S Ji 745 44 T DASE = A5 e
AARRIEETT, 5 S BB A, R PRI AU
W% Fft e

End-on adsorption Side-on adsorption
FeN,
FeNS1
FeNS2
FeNS3
s) B
FeNS4 ;
o« i
-1.97 eV

B3 ST REMR A R

Figure 3 The optimized adsorption configurations of oxygen
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Figure 4 Reaction energy diagram for the catalysts during ORR and
optimized adsorption configurations of reaction intermediates
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Table 3 Reaction energies of oxygen reduction reaction

AG/eV AG,/eV AGs/eV AGy/eV
FeN, —0.27 —0.91 0.48 0.70
FeNSla 0.06 —1.38 0.52 0.79
FeNS2 0.21 —1.61 0.57 0.82
FeNS3 0.01 —1.09 0.32 0.76
FeNS4 —0.17 —0.80 0.29 0.68
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