Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2022

Supplementary Information for

Curvature Effects on the Bifunctional Oxygen

Catalytic Performance of Single Atom Metal-N-C

Xuyan Zhou,*¢ Zeyu Jin,* Jingzi Zhang,*¢ Kailong Hu,*¢ Sida Liu,"" Hua-Jun Qiu,*<"
and Xi Lin®?"*

2 School of Materials Science and Engineering, Harbin Institute of Technology,
Shenzhen 518055, China

b Institute for Advanced Technology, Shandong University, Jinan 250061, China

¢ Blockchain Development and Research Institute, Harbin Institute of Technology,
Shenzhen 518055, China

d State Key Laboratory of Advanced Welding and Joining, Harbin Institute of
Technology, Harbin 150001, China

S-1



Supplementary computational details

The ORR and OER pathways were calculated in detail according to electrochemical
framework developed by Nerskov and his co-workers!. As for ORR, in an alkaline
electrolyte, HoO rather than H;O" may act as the proton donor, so overall reaction
scheme of the ORR can be written as:

O2(g) + 2H20(1) + 4e— 40H" (S1)

Usually, the ORR reaction is the four-electron reaction pathway:

* 1+ Oy(g)+ HO() + e — OH + *OOH (S2)
*00H + ¢ — OH + *O (S3)

*0 + HoO(l) + & — OH + *OH (S4)
*OH + & — OH" + * (S5)

where * represents the catalyst surface and *OOH, *O and *OH species are
oxygenated intermediates.

As the reverse process of ORR, OER is also consists of four elementary steps:

OH + * — *OH + ¢ (S6)

OH- + *OH — *O + H,O(l) + & (S7)
OH' + *O — *OOH + & (S8)

OH- + *OOH — * + Ox(g)+ HyO(l) + & (S9)

The reaction free energy of each step can be calculated by
AG = AEprr + AZPE - TAS - eU (S10)

where AEprr, AZPE and AS are the energy changes in the DFT total energy, zero-point
energy and entropy from the initial state to the final state, respectively. As shown in
Table S9, ZPE is obtained from vibrational frequency calculation. As for H>2O and H:
molecules, their entropy values are taken from the NIST-JANAF thermodynamics
table?, while the entropies of adsorbate and adsorption sites are negligible®. Besides,
the differences between the calculated free energies in vacuum and aqueous solution
(VASPsol) are shown in Table S10 and regular DFT is employed in this work.

The theoretical overpotential 1 is determined by the potential limiting step:

NORR = AGmax/e + 1.23 (S11)
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NOER = AGmax/€ - 1.23 (S12)
In order to establish trends in reactivity, the overpotential is often related to
binding energy differences. The binding energy of the intermediate species to the

surface are defined as:

AG+o= E+0- Ex - Emo+ En2 + AZPE - TAS (S13)
AG+on= Exon - Ex - Emo+ (1/2)En2 + AZPE - TAS (S14)
AG+oon= E+oon - E+ - 2Enm20+( 3/2)Em2 + AZPE - TAS (S15)

where Ex, E«o, Exon and Exoon are the DFT total energies of a clean catalyst surface
and that absorbed by a O, OH and OOH species, respectively; Enzo and En2 are the
energies of a H>O and Hz molecule in a vacuum, respectively.

Then, the reaction free energy of equations (S2-S5) (AG1, AGz, AGs, AGg, ) for

ORR can be calculated by the following equations:

AG1= AGroon - 4.92 (S16)
AG2= AGro - AGroon (S17)
AG3= AGron - AGro (S18)

AGa=- AGron (S19)

The reaction free energy of equations (S6-S9) (AG1, AGz, AG3, AG4, ) for OER can be

calculated by the following equations:

AG1 = AGron (S20)

AG2= AG+0-AGron (S21)
AG3= AG+oon - AGro (S22)
AG4=4.92 - AG+oon (523)

We check for the stability of the SAC against metal atom aggregation by
comparing the difference between the adsorption energies of the metal atom on the
N-doped carbon substrates (Eving) and the bulk cohesive energy (Econ) .

Ebind= Ean - Esubstrate = Emetal-atom (S24)
Ecoh= 1/n*Epulk - Emetal-atom (525)

where n is the number of atoms in the bulk.
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Fig. S2. The structures of reaction intermediates *OH, *O and *OOH.
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Fig. S3. Free energy diagrams of ORR and OER on VN4 with different curvatures.
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Tables

Table S1 Values of U-J parameters for each metal element.

Vv Mn Fe Co Ni Cu

U-J 2.72 3.06 3.29 3.42 3.40 3.87

Table S2 Diameter (D), radius (R) and curvature (K) of each model.

Models D (A) R (A) K (A
(6,0) 4.70 2.35 0.43
(8,0) 6.26 3.13 0.32
(10,0) 7.83 3.92 0.26
(12,0) 9.39 4.70 0.21
(14,0) 10.96 5.48 0.18
(20,0) 15.66 7.83 0.13
Plane 00 00 0

Table S3 Reaction free energies of each step for ORR and overpotentials for VN4, MnN4, FeNa,

CoNy, NiNy, and CuN4. The rate-limiting steps are highlighted in bold font.

Models AG (eV) AG:(eV) AGs(eV) AGs(eV) nOoRR(V)
(6,0) -2.45 -3.27 -0.09 0.89 2.12
(8,0) -2.44 -3.21 -0.05 0.78 2.01
(10,0) -2.44 -3.23 0.04 0.71 1.94
VN4 (12,0) -2.41 -3.17 0.03 0.63 1.86
(14,0) -2.43 -3.09 0.00 0.60 1.83
(20,0) -2.41 -3.03 -0.01 0.53 1.76
Plane -2.40 -3.02 0.03 0.47 1.70
(6,0) -1.56 -2.46 -1.06 0.16 1.39
(8,0) -1.43 -2.45 -1.16 0.12 1.35
(10,0) -1.35 -2.44 -1.12 -0.01 1.22
MnN4 (12,0) -1.34 -2.40 -1.13 -0.05 1.18
(14,0) -1.32 -2.37 -1.12 -0.11 1.12
(20,0) -1.30 -2.35 -1.03 -0.24 0.99
Plane -1.19 -2.33 -0.93 -0.47 0.75
FeNa (6,0) -1.03 -2.37 -1.23 -0.29 0.95

(8,0) -0.93 -2.26 -1.21 -0.52 0.71




(10,0) -0.91 -2.31 -0.71 -0.99 0.52
(12,0) -0.87 -2.2 -0.80 -1.05 0.43
(14,0) -0.84 -2.17 -0.85 -1.06 0.39
(20,0) -0.74 -2.11 -0.89 -1.18 0.49
Plane -0.67 -2.07 -0.92 -1.26 0.56
(6,0) -0.77 -2.31 -0.90 -0.94 0.46
(8,0) -0.68 -2.25 -0.96 -1.03 0.55
(10,0) -0.67 -2.15 -0.95 -1.15 0.56
CoN4 (12,0) -0.61 -2.06 -1.00 -1.25 0.62
(14,0) -0.59 -2.07 -0.98 -1.28 0.64
(20,0) -0.59 -1.91 -1.12 -1.30 0.64
Plane -0.55 -1.79 -1.22 -1.36 0.68
(6,0) -0.66 -1.38 -1.75 -1.13 0.57
(8,0) -0.44 -1.27 -1.86 -1.35 0.79
(10,0) -0.23 -1.24 -1.93 -1.52 1.00
NiNy (12,0) -0.18 -1.20 -1.89 -1.65 1.05
(14,0) 0.02 -1.36 -1.83 -1.75 1.25
(20,0) 0.01 -1.24 -1.8 -1.89 1.24
Plane 0.08 -0.65 -2.24 -2.11 1.31
(6,0) -0.32 -1.10 -1.85 -1.65 0.91
(8,0) -0.27 -1.05 -1.93 -1.67 0.96
(10,0) -0.21 -0.95 -2.06 -1.70 1.03
CuN4 (12,0) -0.18 -0.84 -2.11 -1.79 1.05
(14,0) -0.14 -0.62 -2.26 -1.90 1.08
(20,0) -0.04 -0.66 -2.27 -1.95 1.18
Plane -0.03 -0.53 -2.29 -2.07 1.20
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Table S4 Reaction free energies of each step for OER and overpotentials for VN4, MnN4, FeNy,

CoNy, NiNy, and CuN4. The rate-limiting steps are highlighted in bold font.

Models AGi (eV) AG:(eV) AGs;(eV) AGs(eV) nOoER(V)
(6,0) -0.89 0.09 3.27 2.45 2.04
(8,0) -0.78 0.05 3.21 2.44 1.98
(10,0) -0.71 -0.04 3.23 2.44 2.00
VN4 (12,0) -0.63 -0.03 3.17 2.41 1.94
(14,0) -0.6 0.00 3.09 2.43 1.86
(20,0) -0.53 0.01 3.03 2.41 1.80
Plane -0.47 -0.03 3.02 2.4 1.79
(6,0) -0.16 1.06 2.46 1.56 1.23
(8,0) -0.12 1.16 245 1.43 1.22
(10,0) 0.01 1.12 2.44 1.35 1.21
MnN4 (12,0) 0.05 1.13 24 1.34 1.17
(14,0) 0.11 1.12 2.37 1.32 1.14
(20,0) 0.24 1.03 235 13 1.12
Plane 0.47 0.93 2.33 1.19 1.10
(6,0) 0.29 1.23 2.37 1.03 1.14
(8,0) 0.52 1.21 2.26 0.93 1.03
(10,0) 0.99 0.71 2.31 0.91 1.08
FeNy (12,0) 1.05 0.80 2.20 0.87 0.97
(14,0) 1.06 0.85 2.17 0.84 0.94
(20,0) 1.18 0.89 2.11 0.74 0.88
Plane 1.26 0.92 2.07 0.67 0.84
(6,0) 0.94 0.90 2.31 0.77 1.08
(8,0) 1.03 0.96 2.25 0.68 1.02
(10,0) 1.15 0.95 2.15 0.67 0.92
CoNgy (12,0) 1.25 1.00 2.06 0.61 0.83
(14,0) 1.28 0.98 2.07 0.59 0.84
(20,0) 1.3 1.12 1.91 0.59 0.68
Plane 1.36 1.22 1.79 0.55 0.56
(6,0) 1.13 1.75 1.38 0.66 0.52
NiNy (8,0) 1.35 1.86 1.27 0.44 0.63
(10,0) 1.52 1.93 1.24 0.23 0.70
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(12,0) 1.65 1.89 1.20 0.18 0.66
(14,0) 1.75 1.83 1.36 -0.02 0.60
(20,0) 1.89 1.80 1.24 -0.01 0.66
Plane 2.11 2.24 0.65 -0.08 1.01
(6,0) 1.65 1.85 1.10 0.32 0.62
(8,0) 1.67 1.93 1.05 0.27 0.70
(10,0) 1.70 2.06 0.95 0.21 0.83
CuNy (12,0) 1.79 2.11 0.84 0.18 0.88
(14,0) 1.90 2.26 0.62 0.14 1.03
(20,0) 1.95 2.27 0.66 0.04 1.04
Plane 2.07 2.29 0.53 0.03 1.06
Table S5 Adsorption free energies of *O, *OH and *OOH for each model.
Models AG+o (eV) AG+on (eV) AG+oon (eV)
(6,0) -0.80 -0.89 2.47
(8,0) -0.73 -0.78 2.48
(10,0) -0.75 -0.71 2.48
VN4 (12,0) -0.67 -0.63 2.51
(14,0) -0.60 -0.60 2.49
(20,0) -0.53 -0.53 2.50
Plane -0.49 -0.47 2.52
(6,0) 0.90 -0.16 3.36
(8,0) 1.05 -0.12 3.49
(10,0) 1.13 0.01 3.57
MnNy (12,0) 1.19 0.05 3.58
(14,0) 1.24 0.11 3.60
(20,0) 1.26 0.24 3.61
Plane 1.40 0.48 3.73
(6,0) 1.52 0.28 3.89
FeNs (8,0) 1.73 0.52 3.99
(10,0) 1.71 0.99 4.01
(12,0) 1.85 1.05 4.05

S-12



(14,0) 1.91 1.06 4.08
(20,0) 2.07 1.18 4.18
Plane 2.18 1.26 4.25
(6,0) 1.84 0.94 4.15
(8,0) 1.99 1.03 4.24
(10,0) 2.10 1.15 4.25
CoNy (12,0) 2.25 1.25 431
(14,0) 2.26 1.28 4.33
(20,0) 241 1.30 4.33
Plane 2.58 1.36 4.37
(6,0) 2.88 1.13 4.26
(8,0) 3.21 1.35 4.48
(10,0) 3.45 1.52 4.69
NiNy (12,0) 3.53 1.65 4.74
(14,0) 3.58 1.75 4.94
(20,0) 3.69 1.89 4.93
Plane 4.35 2.11 5.00
(6,0) 3.50 1.65 4.60
(8,0) 3.60 1.67 4.65
(10,0) 3.76 1.70 4.72
CuNy (12,0) 3.91 1.79 4.74
(14,0) 4.15 1.90 4.77
(20,0) 4.21 1.95 4.87
Plane 4.36 2.07 4.89
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Table S6 The valence electrons in the d-orbital (Ng) and electronegativity () for each element.

Elements Ny M
N - 3.04
O - 3.44
Sc 1 1.36
Ti 2 1.54
A% 3 1.63
Cr 5 1.66
Mn 5 1.55
Fe 6 1.83
Co 7 1.88
Ni 8 1.92
Cu 10 1.90
Zn 10 1.65
Y 1 1.22
Zr 2 1.33
Nb 4 1.59
Mo 5 2.16
Tc 5 1.91
Ru 7 2.20
Rh 8 2.28
Pd 10 2.20
Ag 10 1.93
Cd 10 1.69
Hf 2 1.32
Ta 3 1.51
\W% 4 2.36
Re 5 1.93
Os 6 2.18
Ir 7 2.20
Pt 9 2.28
Au 10 2.54
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Table S7 The corresponding descriptor (C) for VN4, MnN4, FeN4, CoN4, NiN4, and CuNy.

C

Models — 0 ®.0)  (100) (12.0) _ (140) _ (200)  Plane
VN; 998 1049 1080  11.00  11.15 1141  12.03
MnNs 1653 1738 17.89 1823 1848 1891  19.93
FeNs 2024 2129 2191 2232 2262 2315  24.40
CoNs 2370 2492 2566 2614 2649 2711 2857
NiNs  27.16 2857  29.40 2995 3036  31.07  32.74
CuNs 3391 3566 3670 3739 3790 3878  40.87

Table S8 The corresponding descriptor (C) for other models.

C

Models = 0 ®0)  (100) (12.0) _ (140) _ (200)  Plane
SeNs 326 3.43 3.53 3.60 3.64 3.73 3.93
TiNg 661 6.95 7.15 7.29 7.39 7.56 7.97
CrNs 1666 1752 1804 1838 1862  19.06  20.09
ZnNs 3330 3502 3605 3672 3722 3809  40.15
YN, 3.3 3.39 3.49 3.56 3.61 3.69 3.89
ZiN, 651 6.84 7.04 7.17 7.27 7.44 7.84
NbN; 1326 1395 1436 1463 1482 1517 1599
MoN: 1727 1816 1869  19.04 1930 1975  20.81
TeNs 1697  17.84 1836 1871 1896 1940  20.45
RuNs 2424 2549 2624 2673 2709 2772 2922
RhNs;  27.86 2930  30.16 3072  31.14  31.86  33.58
PANs 3463 3642 3749 3819 3871 3961  41.74
AgNs 3398 3573 3678 3747 3798 3886  40.96
CdNs 3340 3512 3615 3683 3733 3820 4026
HfN, 650 6.84 7.04 7.17 7.7 7.44 7.84
TaNs 989 1040 1071 1091  11.05 1131  11.92
WNs 1401 1473 1516 1545 1565 1602 16588
ReN: 1699  17.87 1839 1873 1899  19.43  20.48
OsNs 2075  21.82 2246 2288 2319 2373 2501
Ny 2424 2549 2624 2673 2709 2772 2922
PIN, 3134 3296 3393 3456 3503 3584  37.78
AuNs 3545 3728 3837  39.09  39.62 4054  42.73
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Table S9 Zero-point energy (ZPE) and entropy correction (TS) at T =298 K for relevant species.

Species ZPE (eV) TS (eV)
H>O 0.56 0.67
H> 0.27 0.41

*OOH 0.35 0
*OH 0.30 0
*O 0.05 0

Table S10 Adsorption free energies of *O, *OH and *OOH in vacuum and aqueous solution.

VASP VASPsol
Models AG+o AG+on  AGroon  AG+o AG+on  AG+oon

(eV) (eV) (eV) (eV) (eV) (eV)

(6,0) 1.84 0.94 4.15 1.84 0.91 4.10

(8,0) 1.99 1.03 4.24 1.98 1.03 4.20

(10,0) 2.10 1.15 4.25 2.07 1.15 4.24

CoNs (12,0) 2.25 1.25 4.31 2.22 1.25 4.31
(14,0) 2.26 1.28 4.33 2.22 1.27 4.32

(20,0) 2.41 1.30 4.33 241 1.30 4.33

Plane 2.58 1.36 4.37 2.58 1.35 4.35
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