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Free energy calculation

The ORR mechanism is divided into dissociative mechanism and associative mechanism. For

the dissociative mechanism, ORR proceeds with the following elementary steps'-2:

0, (g) + * — 20* (1)
20#+H,0(l)+e~— O*+ OH*+OH" )
O*+OH*+ e~— O*+ OH" 3)
O*+ H,0(1)+ e~ — OH*+ OH- ()
OH*+ e~—> OH+* (5)

The associative mechanism proceeds as follows!-2:

05 (g)+ HO(I)y+ e~ + *— OOH*+OH" (6)
OOH*+ e™— O*+ OH 7
O*+ H0(l)+ e~ — OH*+ OH @)
OH*+ e~— OH+* (5)

The reaction Gibbs free energies (AG) of the reactions (1)—(7) can be expressed as:

AG1 = pz0. — to, — M (8)
AG2 = Uossonx T Hon~ — (Hz20+ + Huyoq) + He™) )]
AG3 = lo. + ton- — (Hos+onx T He—) (10)
AGs = fon« + Hon- — (Mo« + Puy0q) T+ He) (11)
AGs = p, + pou- — (Hom« + Me-) (12)
AGs = foou« + Hon- — (Mo, T + Hu,oq) T He™) (13)
AG7 = fos + ton- — (Hoon« + He-) (14)

where u denotes the (electro)chemical potential of the indicated species. These chemical

potentials of the reaction intermediates can be obtained from?:

u. = E, (15)



txx = Ex. + Hx, — TSy, (16)
Uu,00) = En,oa) + Hu,oa) — T'SH,0q)
= Eu,0(g) + Hu,0e) — TSH,0g) + RT X In (P%) (17)
H = Eqiec + Ezpg + [ CpdT (18)
where E, and Ey, are the (DFT) total energies of the clean surface (*) and of surfaces with a
single adsorbed species X, respectively. Hy,, Sx. are the corresponding enthalpies and
entropies, respectively. 7' is the temperature (298.15 K). Ey,0(g), Hu,0(g) and Su,o(g) are the
DFT total energy, enthalpy and entropy of gas H>O, respectively. Enthalpies and entropies for
gas phase molecules have been determined in the ideal gas limit*; for adsorbates, the harmonic
limit was used®. The chemical potential for H>O (g) is calculated at 0.035 bar® because this is
the equilibrium pressure of H,O (1) at 298.15 K. R is gas constant, P, with =1 bar, and
P=0.035bar. For O, the chemical potential is obtained from the experimental formation
energy of O> with respect to water, because DFT tends to underestimate the O, atomization
energy. According to the thermodynamic energy (4.92 eV) released by the reaction of 2H> (g)
+ 02 (g) — 2H20 (1) can be written as®:
Ho,(g) = 2Hu,0) 7492 — 2up, (g) (19)
For poy- and u,.-, we only need the difference pgy- — pe-. To calculate this difference, we

assume the equilibrium H>O (1) <> H" +OH", which relates the chemical potentials as:

Hou— + Up+ = Uu,0(1) (20)

rewritten as:
Uou— — Me—thy+ + Ue= = Un,0q) (21)

Hou~ — He= = Hu,oq) — (Ug+ + He-) (22)



Here, (py+ + Ue-) can be calculated using the computational hydrogen (CHE) approach (H*
+e~ > Y4H, (g))’, so the chemical potential of i+ + u.- can be calculated using:

Hys + e =1/2415, (23)
We describe this equilibrium using the reversible hydrogen electrode (RHE)? as the reference
electrode, which it equals the chemical potential of H" + ¢~ to the chemical potential of 1/2H>
at arbitrary pH (pH2 = 1 bar and 7'= 298.15 K), so uy+ and .- can be expressed as:

Pyt = e (24)

He- = pe® — eUpyg (25)
where Uryg 1s the potential of the electrode relative to the RHE.

Combining equations (23)—(25), the equilibrium can be expressed as:

RHE
Mt + Hem = s + pe

- eURHE :1/2H.H2 - eURHE (26)
Substituting the equation (26) into equation (22) to obtain the following equation:
Hon~ — He~ = HH,00) — (1/2#}12 — eUgrng) (27)

Using equation (27) to replace the term (uoy- — Ue-) in equations, we finally get the reaction

Gibbs free energies:

AG1 = Uz0. — 2pn,00) — 492 + 2uy, — E. (28)
AG2 = [owponx — Hzox — 1/21y, + eUrnyg (29)
AG3 = po. — Hos+oux T Bu,00) — 1/21u, + eUrng (30)
AGa = pons — Mo« — 1/2pty, + eUgne (31)
AGs = p. — Hons T Un,oy — 1/2pn, + eUrng (32)

AGs = poon« — Ex — 2un,00) —4.92 + 3/2py, +eUpue  (33)

AG7 = fio. — Hoons + BHy00) — 1/21u, + eUrne (34)



The overpotential is given by:

1
N =~ AGpay +1.23 (35)

In our work, we also consider solvation energy ASol(X*) defined by the energy difference
between the AE of 20*, O*+OH*, OOH, O* and *OH on the surface with and without water
and the equation as follow”:

ASol(X*) = AEx,imu,0+ — AEx. (36)
Where AEx, ymnu,0, AEx. are the adsorption energies change of each intermediate on surface
with and without water, defined as follows®:
AE30++mH,0+ = E2044+mu,0+ — Ex — MAEny, 0. — MEy,0¢g) — [2En,0(g) - 2EH, ] (37)
AEo.+0H«+mH,0+ = Eoxt0otr+mu,0« — Ex — MAE g, 0. — MEY,0¢) — [2En,0(g) - 3/2En,] (38)

AEooHs+mH,0+ = EooH++mi,0+ — E» — MAE g, 0. — MEy,0(0) — [2EH,0(g) - 3/2En,]  (39)

AE0*+mH20* = EO*+mH20* —E. - rnAEnHZO*< - 1’nEHZO(g) - [EHZO(g) - EHZ] (40)
AEOH*+mH20* = EOH*+mH20* —E. - mAEnHZO* - mEHZO(g) - [EHZO(g) - 1/2EH2] (41)
AEZO* = EZO* —E. - [2EH20(g) - 2EH2] (42)

AEO*—OH* = Eo«—ons — E+ — [2EHZO(g) - 3/2EH2] (43)

AEoons = Eoonx — Ev — [2En,0(g) - 3/2Ew,] (44)
AEO* = EO* - E* - [EHZO(g) - EHZ] (45)
AEOH* = EOH* - E* - [EHZO(g) - 1/2EH2] (46)

Where E20*+mH20*9 EO*—OH*+mHZO*a EOOH*+mH20*a EO*+mH20*a EOH*+mH20*a EZO*a EO*—OH*:
Eoonx> Eox and Egy, are total energy of 20*, O*+OH*, OOH, O* and *OH on surface with

and without water, 7 is the number of water molecules in water layer, m =n—1, AE; . is*:

AEnHZO* = (EnHZO* —E, — nEHZO(g))/n (47)



Finally, the adsorption free energy of each ORR intermediates including the solvation effect
was defined as:

AGads (X*) :AEX*+(AHX* - TASX*) - neURHE +ASO](X*) (48)

AIMD set-up

To elucidate the effect of solvents on the ORR mechanism, we calculated the ab inito
molecular dynamics (AIMD)! employing the “effective screening medium” method!! by
using STATE. Representative of the configurational simulation cells is shown in Scheme S1.
A semi-infinite continuum with an infinite dielectric constant, i.e., a classical conductor, was
located beyond Z = Zi, while another region was characterized by the dielectric constant of
unity, i.e., the vacuum medium. The neutral charge is introduced in this work. An artificial
boundary (Z> = 9.3 A) was placed above the surface and water molecules, restricting their
movement, and maintaining the density at ~1 g/cm’. In Scheme S1, Z3<Z<Z, region is the
contact region of water with vacuum, Z4<Z<Z3 is the “bulk” water region where it corresponds
to regions around 1 g/cm? of the experimental bulk water density, and Zs<Z<Z4 is water contact
region with the surface. The AIMD simulations were sampled by the canonical (NVT)
ensemble employing Nose-Hoover thermostats with a time step of 1.0 fs at a finite temperature
of 400 K. We chose 400 K which is higher than the experiment condition (~300K), this is due
to overestimation of the melting point of ice predicted by DFT!2. Moreover, higher temperature
also helps us explore more local minimum structures of water/NGDY interfaces. Upon these
systems, we performed 18 ps long AIMD simulations with the last 15 ps used for analysis.
Then, we chose the five snapshots with the most hydrogen bond (H bond) networks in the
contact region with the surface (Zs<Z<Z4) within the last 15 ps. Finally, we replace one water
that is near the active site with the ORR intermediate and use equation (35)-(45) to get the

average solvation energy (ASol) of each ORR intermediate.
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Scheme S1 Computational set-up of the simulation (e.g. one snapshot of sp-N1GDY/G). Red,
white, gray, pink, and blue balls are O atoms, H atoms, C atoms in N-doped GDY, C atoms in

G, and N atoms, respectively.



Table S1 Band gap (E;) of corrugated graphene (G), GDY, N (sp-N1, sp-N2, Pyri-N)-doped

GDY, N (sp-N1, sp-N2, Pyri-N) doped GDY/G were calculated by the PBE and HSE06

functional.
E; (eV)

PBE HSEO06 Ref.

corrugated G Zero-gap Zero-gap —
semiconductor  semiconductor

GDY 0.5 0.9 0.89 (HES06)'3/1.10 (GW)*
sp-N1GDY metallic metallic metallic!®
sp-N2GDY metallic metallic —
Pyri-NGDY 0.6 0.97 —
sp-N1GDY/G metallic metallic —
sp-N2GDY/G metallic metallic —

Pyri-NGDY/G metallic metallic —




Ag=-013 e"

Figure S1 The top view and side view of CDD on sp-N1GDY/G (a), sp-N2GDY/G (b), and

Pyri-NGDY/G (c), the yellow, and blue isosurfaces represent charge accumulation and

depletion, respectively. The isosurface value is around 0.00018 e/A>. Bader charge of three N-

doped GDY/G is listed in which Ag = Z — g, where Z is the total valence electrons of atoms (1,

4, and 5 for H, C, and N, respectively) and g is the total Bader electrons.

Table S2 The calculated work function of planar graphene, corrugated graphene, GDY, sp-

N1GDY, sp-N2GDY, Pyri-NGDY, sp-N1GDY/G, sp-N2GDY/G, and Pyri-NGDY/G.

work function

Ref.

planar graphene
corrugated graphene
GDY
sp-N1GDY
sp-N2GDY
Pyri-NGDY
sp-N1GDY/G
sp-N2GDY/G
Pyri-NGDY/G

4.20eV
4.10eV
5.10eV
453 eV
453 eV
493 eV
4.40 eV
4.40 eV
4.62 eV

4.25¢eV1',438 eV 450 eV (Exp.)'®

5.13eV", 6.0 eV (Exp.)"’
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Figure S2 The possible active sites of Oz absorption on sp-N1GDY/G (a,b), on sp-N2GDY/G
(c, d), and on Pyri-NGDY/G (e, 1), sp-N1GDY(OH)/G (g, h), on sp-N2GDY(OH)/G (i, j). Red,
white, gray, pink, and blue balls are O atoms, H atoms, C atoms in N-doped GDY, C atoms in

G, and N atoms, respectively.
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Figure S3 Reaction path of (a) O dissociation, (b) Oz protonation to OOH* and O, dissociation

with one H>O on sp-N1GDY/G. Reaction path of (¢) O2 dissociation, (d) O, protonation to

OOH* and O, dissociation with one H>O on sp-N2GDY/G. Reaction path of (¢) O dissociation,

(f) Oz protonation to OOH* and O, dissociation with one H>O on Pyri-NGDY/G. Structures

corresponding to the initial state (IS), intersystem crossing state/transition state (ISC/TS), and

final state (FS) are shown. Red, white, gray, pink, and blue balls are O atoms, H atoms, C atoms

in N-doped GDY, C atoms in G, and N atoms, respectively.
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Figure S4 Free energy diagram (a) and structures of each ORR intermediate on sp-N2GDY/G
and (b) free energy of each ORR intermediate versus electrode potential (vs. RHE) on sp-
N2GDY/G; Free energy diagram and structures (c) of ORR intermediates on sp-
N2GDY(OH)/G. Red, white, gray, pink, and blue balls are O atoms, H atoms, C atoms in N-

doped GDY, C atoms in G, and N atoms, respectively.
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Table S3 Adsorption energy (AEads/eV) of each ORR intermediate on each surface and distance

(d/A) between O, and surface in vacuum.

AEqds d AEqds AFEqds AFEads AEads AEqds AEads

(02) (20) (0+OH) (OOH)  (0) (OH) (H20)

sp-N1GDY/G -0.60 1.425 -11.71 -9.56 — -6.05 -4.08 -0.11

sp-N1GDY(OH)/G -0.15 3.074 — — -1.23 -4.97 -2.86 -0.09

sp-N2GDY/G -1.37 1.368  -12.81 -10.17 — -7.08 -4.36 -0.18
sp-N2GDY(OH)/G -0.58 1.426  -13.47 — — — — —

Pyri-NGDY/G -0.10 3.100 — — -0.93 -4.98 -2.52 -0.06

Table S4 The calculated Ezpg, TS, and foT CpdT of gas-phase molecules and each ORR

intermediate.

Ezpe/eV TS/eV foT CpdT/eV

20%* 0.18 0.11 0.061

O*+OH* 0.49 0.11 0.062

OOH* 0.45 0.18 0.086

O* 0.10 0.05 0.026

OH* 0.40 0.06 0.037

H20 (g) 0.56 0.58 0.106

Ho (g) 0.27 0.43 0.091

Table S5 Reaction Gibbs free energy of each ORR intermediate on sp-N1GDY/G, sp-
N1GDY(OH)/G and Pyri-NGDY with and without water; reaction Gibbs free energy of ORR

on sp-N2GDY/G and sp-N2GDY (OH)/G without water.

AG) AGa AG3 AGy AGs AGs AG7

sp-N1GDY/G -2.24 -1.07 -0.88 -0.86 0.13 — —
sp-N1GDY/G with -2.49 -1.07 -0.89  -0.85 0.38 — —
water

sp-N1GDY(OH)/G — — — -1.08 -1.15 -0.51 -2.18
sp-N1GDY(OH)/G — — — -1.07  -0.90 -0.77 -2.18
with water

sp-N2GDY/G -3.35 -0.57 -0.88  -0.49  0.37 — —
sp-N2GDY(OH)/G -4.00 1.06(x) — — — — —
Pyri-NGDY — — — -0.74 -147 -0.22 -2.49

Pyri-NGDY with water — — — -0.52  -1.29 -0.48 -2.63




Table S6 Adsorption Gibbs free energy of each ORR intermediate on sp-N1GDY, sp-N2GDY,
sp-N2GDY/G, sp-N2GDY(OH)/G, and Pyri-NGDY without water; sp-N1GDY/G, sp-

N1GDY(OH)/G, Pyri-NGDY/G, and Pyri-NGDY/G with and without water.

AGads AGads AGads AGads AGads

(0%)  (O*+OH*) (OOH¥) (0%) (OH¥)
sp-N1GDY 2.82 1.63 — 0.91 -0.10
sp-N1GDY/G 2.68 1.61 — 0.73 -0.13
sp-N1GDY/G with water 243 1.36 — 0.47 -0.38
sp-N1GDY(OH) — — 4.44 2.26 1.17
sp-N1GDY(OH)/G — — 4.41 2.23 1.15
sp-N1GDY(OH)/G with water — — 4.15 1.97 0.90
sp-N2GDY 1.71 1.13 — 0.48 -0.31
sp-N2GDY/G 1.57 1.00 — 0.12 -0.37
sp-N2GDY(OH)/G 0.92 1.98(X) — — —
Pyri-NGDY — — 4.86 2.41 1.59
Pyri-NGDY/G — — 4.70 2.21 1.47

Pyri-NGDY/G with water — — 4.44 1.81 1.29




AIMD analysis:

To distinguish the water region, the average density profiles of H>O (p) as a function of
Z position on the sp-N1GDY/G (Figure S7a) and Pyri-NGDY/G (Figure S7b) are shown in
Figure 7. In both cases, the first sharply density peak of p is located at c.a. -3 A (surface is
located at c.a -6 A) and extends up to -1 A. Therefore, the region with -6.0 A <Z <-1.0 A is
defined as the contact region between N-doped GDY and water solvents. The water density of
the contact region is estimated to be around 1.4 g-cm, which is similar to that of the
water/graphene interface surfaces?’. Within the region of -1.0 A < Z < 7.0 A, water density
oscillated and gradually decreased the bulk water density (~1.0 g/cm?). Thus, we defined this
region as the “bulk” water region. Above 7.0 A until 9.3 A (artificial boundary) appears another
peak, called the water contact region with the vacuum. We mainly focus on the contact region
with the surface (-6.0 A < Z <-1.0 A) to investigate the H bond networks.

Structural properties of water/N doped GDY are evaluated by radial distribution
functions (RDF) and average coordination number (Noo) of H2O. We calculated and plotted
the RDF(s) between oxygen atoms, R(r), and Noo of the “bulk” region, and the contact layer
with the surface on sp-N1GDY/G and Pyri-NGDY/G are shown in Figure S8 and Table S7.
The RDF(s) curve and Noo of the “bulk” region in both cases are similar to that obtained from
the experiment at around 400 K?!-22, The higher temperatures result in an overall softening of
the structure, with diminishment of the first and second peaks, and a rise in the first minimum
(tmin=3.6 A) compared with that at room temperature (rmin=3.3 A). We performed the average
coordination number (Noo) of H,O in the contact region with the surface (-6.0 A <Z <-1.0 A)
on both cases averaged over 5 ps (Figure S9). The results suggest that in 15 ps, the coordination

number of water molecules is basically unchanged.
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respectively.
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Figure S8 Oxygen-oxygen RDF(s) (goo(r)) for the “bulk” region (black line) and for the contact

region with the surface (red line) on sp-N1GDY/G (a) and Pyri-NGDY/G (b).

Table S7 Coordination number No, of the contact layer and the “bulk” region, Temperature (7),

the value of first minimum rmin in the goo(r) of N-doped GDY/G compared with that of

experiment values for bulk water.

bulk water contact region water
I'max Tmin Noo T I'max I'min Noo T
sp-N1GDY/G 2.8 3.6 5.30 400 2.8 3.6 4.06 400
Pyri-NGDY/G 2.8 3.6 5.27 400 2.8 3.6 4.08 400

experiment'’ 2.8 3.6 5.20 423 — — — —




~
&
-’

g 44 sp-N1GDY/G m contact region
=
=42 ]
: e A= S m > —— '.?.-/.- >I - Average
S 40} ~——
=
5
= 38
)
S
© 36t
1 1 1 | | | | 1 | | |
25 35 45 55 65 75 85 95 105 115 125
Simulation time (ps)
(b)
E 4.4 Pyri-NGDY/G m contact region
g 4.2 - - "~
= IR e Sy e m g8~ — — — — — | Average
= . / —
8 40
|5
|
= 38
S
e
© 36t
1 1 Il 1 1 1 1 1 1 1 1

25 35 45 55 65 75 85 95 105 115 125
Simulation time (ps)

Figure S9 The average coordination number of H>O in contact region with the surface (-6.0 A

<Z<-1.0 A) on sp-N1GDY/G (a) and Pyri-NGDY/G (b) over a varying length of 5 ps.
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Figure S10 Top view (left) and side view (right) of H bond network on the sp-N1GDY/G in
400 K (a) and 0 K (b) and Pri-NGDY/G in 400 K (c¢) and 0 K (d) with 3x3 supercell. Red,
white, gray, pink, and blue balls are O atoms, H atoms, C atoms in N-doped GDY, C atoms in
G, and N atoms, respectively. The green dashed lines represent the H bond networks. We regard
an H bond as being formed when the O—O distance of adjacent water molecules is smaller than

3.5 A and the angle between the O—H vector of one molecule and the O—O vector is smaller

than 30°%3,



Table S8 The AEny,0. and ASol of each ORR intermediate on sp-N1GDY/G with ice-like

bilayer layer and five snapshots from AIMD, n is water number.

AEny,0+ n ASol ASol ASol ASol ASol
(eV/H20) (20%) (O*+OH*) ~ (OOH*)  (0*)  (OH¥)

Ice-like bilayer -0.45(H-up)/ 16 -0.31 -0.26 -0.32 -0.28 -0.27

-0.46(H-down)

AIMD-1 -0.43 18  -0.28 -0.28 -0.20 -0.27 -0.22
AIMD-2 -0.42 17  -0.26 -0.27 -0.26 -0.26 -0.21
AIMD-3 -0.41 17  -0.28 -0.28 -0.29 -0.28 -0.29
AIMD-4 -0.41 17  -0.23 -0.23 -0.28 -0.23 -0.26
AIMD-5 -0.43 19 -0.20 -0.20 -0.27 -0.20 -0.21
Average with 5 AIMD - —  -0.25 -0.25 -0.26 -0.25 -0.24

snapshots




Table S9 The AE,y,0. and ASol each ORR intermediate on Pyri-NGDY/G with ice-like

bilayer layer and five snapshots from AIMD. n is the water number.

AEny,0+ n ASol(OOH*)  ASol(O%*) ASol(OH*)
(eV/H20)
Ice-like -0.45(H-up)/ 16 -0.27 -0.45 -0.21
bilayer -0.46(H-down)
AIMD-1 -0.43 17 -0.20 -0.39 -0.21
AIMD-2 -0.44 17 -0.20 -0.40 -0.10
AIMD-3 -0.43 17 -0.23 -0.32 -0.13
AIMD-4 -0.43 17 -0.37 -0.37 -0.15
AIMD-5 -0.40 17 -0.31 -0.46 -0.33
Average with — — -0.26 -0.40 -0.18

5 AIMD
snapshots

Table S10 The adsorption Gibbs free energy of each ORR intermediate on sp-N1GDY/G, sp-

N1GDY(OH)/G, and Pyri-NGDY/G with and without water using PBE+D2 functional.

AGags AGads AGags AGads

(O*+OH*)  (OOH*) (0%) (OH¥)

sp-N1GDY/G 1.38 — 0.70 -0.16
sp-N1GDY/G with water 1.06 — 0.40 -0.44
sp-N1GDY(OH)/G — 4.23 2.18 0.97
sp-N1GDY(OH)/G with water — 3.86 1.88 0.69
Pyri-NGDY/G — 4.58 2.20 1.35
Pyri-NGDY/G with water — 4.30 1.67 1.09




Table S11 The AE,y,0. and the ASol of each ORR intermediate on sp-N1GDY/G and Pyri-

NGDY/G with ice-like bilayer using PBE+D2 functional.

AEny,0+ ASol ASol ASol ASol ASol
(eV/H20) (20%) (O*+OH*) (OOH*) (0%) (OH*)
H-up H-down
sp-N1GDY/G  -0.56 -0.57 -0.33 -0.32 -0.37 -0.30 -0.28
Pyri-NGDY/G  -0.56 -0.57 — — -0.28 -0.53 -0.26
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