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Introduction
Single-atom catalysts (SACs) have been considered as a potential candidate for fuel cell appli-
cation due to the fact that they exhibit good oxygen reduction reaction (ORR) activity. In this
study, the ORR catalytic activity of sulfur-doped Co-N4/C catalysts, denoted as Co-N4−xSx/C
(x = 0–4), is systematically studied via density functional theory calculations. The interaction
of the ORR intermediates (*OOH, *O and *OH) with catalysts and the thermodynamics of the
ORR process are also taken into account. In addition, electronic structure analysis is employed
to investigate the source of the ORR activity, which will help to design promising ORR catalysts
with high efficiency at a reasonable price.

Computational methods
Spin-polarized DFT calculations are performed using the Vienna ab initio simulation package
(VASP)1 coupled with the atomic simulation environment (ASE)2. All calculations are done
with the BEEF-vdW exchange correlation-functional3 in which vdW-DF2 non-local correlation
is used to account for non-local van der Waals interactions.

The d-band center of the catalyst can be
calculated:

εd =

∫∞
−∞ E·D(E)dE∫∞
−∞ D(E)dE

where D(E) is the total d states of the metal
atom in Co-N4−xSx/C.

The binding energy of Co (∆Eb) in these
cata lysts can be calculated:

∆Eb = ECo−N4−xSx/C − EN4−xSx/C − ECo

The Gibbs free energy of the intermediates
can be calculated as:

∆G(U = 0V) = ∆Eads +∆EZPE − T∆S

Figure 1: Top and side view of the structures:
(a) Co-N4/C, (b) Co-N3S/C, (c) Co-N2S2/C,
(d) Co-NS3 /C, and (e) Co-S4/C.

• two C atoms in pristine graphene were
removed to create di-vacancy defective
graphene.

• then C atoms around the di-vacancy are
replaced by 4-x (x = 0-4) nitrogen
atoms and x sulfur atoms.

• Co atom is incorporated at the center of
the di-vacancy, as illustrated in the
above Fig. 1(a–e).

Electronic properties and stability of the structures
Table 1: The average bond length of adjacent
C-N and Co-N (dCo-N and dCo-S/Å), binding
energy (∆Eb / eV), Co d-band center (Co(d)
/ eV), the charge of the Co atom, the S, and
the N atom around the double vacancies in
Co-N4−xSx/C systems.
Systems dC-N dCo-N ∆Eb Q(Co) Q(S) Q(N) Co d-

band
center

Co-N4/C 1.376 1.879 -9.38 1.06 - -1.21 -0.71
Co-N3S/C 1.375 1.889 -7.96 0.72 0.16 -1.21 -0.91
Co-N2S2/C 1.375 1.890 -7.45 0.63 0.14 -1.21 -0.96
Co-NS3/C 1.385 1.940 -5.97 0.47 0.14 -1.18 -1.06
Co-S4/C - - -5.97 0.37 0.12 - -1.24

Figure 2: Charge density distributions of a)
Co-N4/C and b) Co-N3S/C.

• Few electrons are distrebuted around the
Co atom as shown in Fig. (2).

• Because the coordinated N and S atoms
(3.05 and 2.58) are more electronegative
than the Co atom (1.88).

• The binding energy of Co in all systems
is negative indicating good stability of
the structures.

• d-band center used to discribe the
activity of catalyst.

• There is a decreasing trend in the d-band
center from Co-N4 /C to Co-S4/C.

• clear correlation between decreasing the
number of N atoms and the d-band
center.

• suggesting that the catalytic activity of
Co-N 4 /C can be tailored through
changing the number of N atoms by
sulfur atoms

Figure 3: Density of states (DOS) of; a) Co-N4/C and b) Co-N3S/C system.
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Adsorption energy of the ORR intermediates on model catalysts
The associative 4 e− pathway is considered
to study the ORR mechanism.

∗ + O2 + H+ + e− →∗OOH
∗OOH + H+ + e− → ∗O + H2O
∗O + H+ + e− → ∗OH
∗OH + H+ + e− → H2O+∗

Figure 4: Optimized adsorption structures of
O2 adsorbed on: a) Co-N4S/C and b)
Co-N3S/C

Table 2: Adsorption energy (Eads) of ORR
intermediates on model catalysts (eV).

System *OOH *O *OH
Co-N4/C 3.12 2.17 0.32
Co-N3S/C 3.39 2.05 0.52
Co-N2S2/C 3.42 1.84 0.51
Co-NS3/C 3.43 1.94 0.57
Co-S4/C 3.50 2.01 0.63

Figure 5: Optimized adsorption structures of
ORR intermediates; a) Co-N4/C, and Co-
N3S/C. Pink, cobalt (Co); blue, nitrogen (N);
yellow, sulfur (S); gray, carbon (C); red, oxy-
gen (O), and white, hydrogen (H).

• The Co atom is the most active
site to adsorb the ORR
intermediates.

• The adsorbtion energy of *OH is
weakened.

• The decreased d-band center is
attributed to the weaker
adsorption energy.

Thermodynamics of the ORR
The Gibbs free energy of the intermediates
can be calculated as:

∆G(U = 0V) = ∆Eads +∆EZPE − T∆S

The ∆Gads can be calculated by the
equations of:
∆G(∗OOH) = ∆Eads(∗OOH) + 0.67
∆G(∗O) = ∆Gads(*O) + 0.11
∆Gads(∗OH) = ∆Eads(∗OH) + 0.34
limiting potential (Ulim):

Ulim = −max{∆G1,∆G2,∆G3,∆G4}/e
Table 3: ORR intermediates adsorption Gibbs
free energies at U = 0 VRHE and the
calculated ORR overpotential (ηORR) on the
considered surfaces.

∆adsG/ eV
Systems OOH* O* OH* ηORR / V
Co-N4/C 3.79 2.28 0.66 0.57
Co-N3S/C 4.05 2.16 0.86 0.37
Co-N2S2/C 4.07 1.93 0.82 0.41
Co-NS3/C10 4.09 2.05 0.91 0.40
Co-S4/C10 4.16 2.28 0.97 0.47
Co-N4S/C10 3.86 2.23 0.72 0.51

limiting overpotential:

ηlim = 1.23 − Ulim = 1.23 + Ulim

Figure 6: Volcano plot for the ORR limiting
potential (UL) against the Gibbs free energy
of ∆adsG(*OH).

Figure 7: The Gibbs free energy diagram of
ORR; a) Co-N4/C and b) Co-N3S/C
catalysts.

Origin of the ORR activity

Figure 8: The Bader charge of the atoms at the active sites of (a) Co-N4/C and (b)
Co-N3S/C catalysts. The charge of N is the average charge of the existing N atoms.

• for Co-N4/C and Co-N3S/C, during the whole ORR process, the charge fluctuation of
the Co atom is obvious (Fig. 8)

• the charge on N atoms remains almost constant.
• This suggests that the ORR activity is mainly due to the Co atom.

Conclusion
In summary, the ORR activities of Co-N4−xSx/C systems were investigated using density
functional theory. Among the studied systems, Co-N3S/C possesses enhanced ORR activity.
The overpotential of Co-N3S/C is 0.37 V which is smaller than that of the Co-N4/C (0.57
V) catalyst. Therefore, we can conclude that modifying the electronic structure of the
central metal atom could enhance the ORR catalytic activity of the Co-N4/C system.

Acknowledgment
The authors wish to acknowledge the organizations who supported participation in the 2022
Workshop on Recent Developments in Electronic Structure:


