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SUPPORTING INFORMATION

Selection of physical quantities representing the catalytic performance

To investigate the origin of the catalytic performance from the electronic structure of G-SACs
using DFT, we focused on the adsorption energy of oxygen (AEp) and the binding energy of a
single atom (Ey;,q) as physical quantities to represent the catalytic activity and stability,
respectively. Previous studies have shown that the ORR of G-SACs proceeds through a 4e- transfer

pathway, as is given by Equations (1-4).!-2
O, +H'+e +*->00H" (1)
OOH*+H"'+e 2> O0"+H,0 (2
O"+H'+e>O0H" (3)
OH*"+H' +e > H,0+* (4)

where * denotes an adsorbed state on the active site. The Gibbs free energy changes for each step
were described as the adsorption energy of the O, OH, and OOH intermediates. Therefore, the
overpotential representing the catalytic activity could be evaluated by the adsorption energy of
each intermediate. In addition, the adsorption energies of the intermediates at the single active site
are in a scaling relation with each other; thus, the activity of the catalyst can be described with
only the AEqp, which ensures the reliability of the selection of AEg as a physical quantity to

represent the catalytic activity. The AEq is calculated using Equation (5).

AEg=E . ~(Ey,0~En) ~Esupsirate 5)

E EH20 EH E

where 07, , 2, and “substrate represent the total energy of oxygen-adsorbed G-SACs,

H,0, H, molecules in the gas phase using the approaches outlined by Norskov et al.,’> and the



graphene-based substrate, respectively. We selected the binding energy of the single atom (Ey;,q)

as a physical quantity to represent the catalytic stability, and it is calculated using Equation (6).
Ebind = ESACS - Esubstrate - ESA (6)

ESACS, E

where substrate  and Esa represent the total energy of the G-SACs, graphene-based

substrate, and a single metal atom referenced to their metallic states, respectively. The strong
binding energy of the single atom indicates a strong resistance to agglomeration and dissolution

of single atoms owing to their high chemical potential in harsh operating environments.

Details about calculating orbital center and vaccum electrostatic potential corrected Fermi
energy level.

The orbital energy levels of individual orbitals were represented by calculating the orbital center.
The orbital center was calculated as follows,

f ExD(E)dE

Orbital center =
i D(E)dE

where D(E) is the PDOS of the single atom in G-SACs. The FO is selected by the maximum value
of each orbital center.

The Fermi energy of each system was calculated as follows,

_ pDFT DFT
EF_E F _EVacuum

DFT DFT
where E"F is the DFT calculated Fermi energy and Eyacuum is the averaged electrostatic energy

level in the vacuum.
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Figure S1. PDOS for the 3d hybrid orbital and the 3"xy, 3 x? - yz, 3%xz,3%"yz and 3 2% orbitals
of Cu—N-C. The upper and lower lines mean the PDOS before and after oxygen interaction,
respectively. The red and blue regions represent the antibonding and bonding states, respectively,

after interacting with oxygen.
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Figure S2. Schematic illustration of the G-SACs examines in this work. (a) Structure of G-
SACs, in which C, N, and the single atom are shown in black, blue, and orange, respectively. (b)

All 36 elements that we explored as single atoms in this work.
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Figure S3. Calculated PDOS centers versus the corresponding values of AEq for the G-SACs.
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Figure S4. COHP bonding analysis between single atom and N4 for the 36 G-SACs. The dotted

vertical and horizontal lines represent lines where —-COHP is a value of 0 and E-Ey is value of 0,

respectively.
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Figure S5. Calculated Ey;,q of single atoms against the corresponding value of Fermi level for

G-SAC:s of each period element.



(a) ORR 2-D activity plot (b) OER 2-D activity plot
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Figure S6. Trend of the catalytic activity is expressed as a function of the O (x-axis) and OH
(y-axis) adsorption energies at 1.23 V versus the RHE. The z-axis shows the calculated activity.

(a) and (b) represent the 2-D activity plot for ORR and OER, respectively.



Dopant Al Si P

Figure S7. Schematic illustration of dopant-tuned Cu—N—C, in which C, N, the dopant, and Cu
are shown in black, blue, green, and orange, respectively. Three possible doping sites near Cu—N,
are considered, which are named Dy, Dg, and Dc,. The p-block elements B, C, N, Al, Si, and P are
considered as dopants. O, F, S, and CI are excluded owing to the large structural changes they

induce.



(a) ORR 2-D activity plot (b) Calculated overpotential
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Figure S8. Calculated activity for ORR of doped Cu-N-C systems. (a) Trend of the catalytic
activity is expressed as a function of the O (x-axis) and OH (y-axis) adsorption energies at 1.23 V
versus the RHE. The z-axis shows the calculated activity. (b) DFT calculated overpotential of
doped Cu-N-C systems. The black bar and red bar represent Cu-N-C and doped Cu-N-C systems,
respectively. The B, N, Si, and P mean the dopants. The Al doped Cu-N-C is excluded because

this system renders more stable OH adsorption on the Al site than on the Cu site.



Eprr (eV)
Dopants Site D, Site Dy Site D¢
B -417.74 -417.00 -415.81
C -421.08 -421.08 -421.08
N -415.56 -416.48 -416.98
Al -404.89 -401.93 -400.03
Si -410.46 -407.85 -407.49
P -409.23 -407.61 -407.70

Table S1. Relative stability of each site for six dopants. In all dopants except N, the D, site was

confirmed to be the most stable.
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