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Single Atom Aatalysts in the Oxygen Reduction Reaction
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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-N,;/C catalysts, denoted as Co-N4_,S,/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)! coupled with the atomic simulation environment (ASE)2. All calculations are done
with the BEEF-vdW exchange correlation-functional® 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:
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Figure 1: Top and side view of the structures:
(a) Co-N4/C, (b) Co-N3S/C, (c) Co-N,S,/C,
(d) Co-NS3 /C, and (e) Co-S,/C.

where D(E) is the total d states of the metal
atom in Co-N4_,S,/C.

The binding energy of Co (AEp) in these
catalysts can be calculated:

e two C atoms in pristine graphene were
removed to create di-vacancy defective
AEy, = Econ,_s5,/c — Eny_s,/c — Eco graphene.
e then C atoms around the di-vacancy are
replaced by 4-x (x = 0-4) nitrogen
atoms and x sulfur atoms.

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

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

AGU=0V) = AE,4 + AEzpe — TAS

Electronic properties and stability of the structures

® Few electrons are distrebuted around the

Table 1: The average bond length of adjacent
Co atom as shown in Fig. (2).

C-N and Co-N (dco.n and dcos/A), binding

energy (AE, / eV), Co d-band center (Co(d) e Because the coordinated N and S atoms

/ &V), the charge of the Co atom, the S, and (3.05 and 2.58) are more electronegative
o than the Co atom (1.88).

the N atom around the double vacancies in

Co-Ny_,S,/C systems ® The binding energy of Co in all systems

is negative indicating good stability of
QCo) Q) Q) Co d- the structures.

center

Co-N;/C 1376 1879 -938 106 - 121 071 ® d-band center used to discribe the

Co-N;S/C 1375 1889 -7.96 072 016 -121 -0.91 .
Co-N,S;/C 1375 1.890 -7.45 063 014 -121 -0.96 activity of catalyst.

Co-NS3/C 1.385 1.940 -5.97 0.47 0.14 -1.18 -1.06
Co5e/C - - 597 037 012 - -1.24 ® There is a decreasing trend in the d-band

center from Co-N, /C to Co-S4/C.

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

Systems dcen dco-N AE,

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

Figure 2: Charge density distributions of a)
Co-N4/C and b) Co-N3S/C.
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Figure 3: Density of states (DOS) of; a) Co-N;/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.
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Figure 5: Optimized adsorption structures of
ORR intermediates; a) Co-N4/C, and Co-
% ' : N3S/C. Pink, cobalt (Co); blue, nitrogen (N);

[a] bl yellow, sulfur (S); gray, carbon (C); red, oxy-

& & gen (O), and white, hydrogen (H).

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

e The Co atom is the most active
site to adsorb the ORR

Table 2: Adsorption energy (E.qgs) of ORR intermediates.

intermediates on model catalysts (eV).

e The adsorbtion energy of *OH is

System *OOH *O *OH

CoNs/C 312 217 032 weakened.

Co-N3S/C 3.39 2.05 0.52

Co-NiSﬁ/C 340 184 051 ® The decreased d-band center is

attributed to the weaker
adsorption energy.

Co-NS;/C 343 194 057
Co-S4/C 350 201  0.63

Thermodynamics of the ORR

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

limiting overpotential:

Niim = 1.23 — Ulim =1.23 + Ulim
AG(U=0V) = AE,ys + AEzpe — TAS 0.90

0.851

The AG,qs can be calculated by the a

0.801

equations of: &
> »
= 0.751 %

AG(*OOH) = AE,4("00H) + 0.67 Nz
AG(0) = AGys(*O) + 0.11
AGadS(*OH) = AEads(*OH) + 0.34

limiting potential (Ujin):
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Figure 6: Volcano plot for the ORR limiting

Uiim = —max{AGy, AGy, AG3, AGst/e  potential (UL) against the Gibbs free energy

Table 3: ORR intermediates adsorption Gibbs of A,q4sG(*OH).
free energies at U = 0 Vgue and the , , -

calculated ORR overpotential (7orr) on the E_ om-astv ZEHg) 2 memoarv Sy,

considered surfaces. |
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Systems OOH¥* O¥ OH* norr / V _ T A ‘ _
Co-N4/C 3.79 2.28 0.66 0.57 Reaction Coordinate. Reaction Coordinate.
Co-N3S/C 4.05 2.16 0.86 0.37 _ _ _
Co-N5S5/C 2.07 193 0.82 0.41 Figure 7: The Gibbs free energy diagram of
Co-NS3/C10 4.00 2.05 0.01 0.40 _
Co-5,/C10 416 2.28 0.07 0.47 ORR; a) Co-N4/C and b) Co-N3S/C
Origin of the ORR activity
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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.

e 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.

e This suggests that the ORR activity is mainly due to the Co atom.

Conclusion
In summary, the ORR activities of Co-N4_,S,/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-N,;/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.
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