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1. Computational methods

All calculations were performed by using the Vienna ab initio Simulation Package
(VASP)!? based on the density functional theory. The projector augmented wave (PAW)
method was used to describe the ion-electron interactions.®> The generalized gradient
approximation (GGA)* with the Perdew-Burke-Ernzerhof (PBE)’ functional was used to
describe the electronic exchange-correlation interactions. The Van der Waals (vdW) effect was
described by using Grimme’s DFT-D3 correction method.® The cutoff energy was set to 500

eV for the plane-wave basis set. The convergence criterion for energy and force during
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geometrical optimization was set to 105 eV and 102 eV/A, respectively. The Brillouin zone
was sampled with a 3 x 3 x 1 Monkhorst-Pack mesh grid” during optimization. The vacuum
space of 20 A was used to avoid the interlayer interaction in the z direction. The solvent effect
was considered by using the implicit solvent model as implemented in VASPsol with the
dielectric constant of 78.4 for water.® Ab initio molecular dynamics (AIMD) simulations was
performed to examine dynamical stability of the designed catalyst, and the algorithm of the
Nose thermostat was carried out to simulate a canonical ensemble® for 10 ps with a time step
of 2 fs. Bader charge analysis was performed to investigate the charge transfer process.!? The
calculation details for the HER, OER and ORR under acidic condition are listed in the
followings content.

The formation energy (Ef) and dissolution potential (Ug;s) are defined as the following

equations:
Ef = (Etotal - Esubstrate - 3ETM)/ 3 (1)
Udiss = Udisso (bulk) - Ef/ne (2)

Where, Eiy and Egpsiaee are the total energies of TMNO4,-HTP system and N;O4-HTP
substrate, respectively. Eqy is the total energy of a metal atom in its most stable bulk structure.
Uyiss® (bulk) is the standard dissolution potential of bulk metal, n is the number of electrons
involved during the dissolution process. Since Eqy is referenced with respect to its bulk metal,
systems with negative values of E; are evaluated to be thermodynamically stable against the
clustering of TM atoms. Systems with positive values of Uy vs standard hydrogen electrode
(SHE) are considered to be electrochemically stable.

The descriptor ¢ involving the TM site and its nearest neighboring N/O atoms was

calculated as following:

X
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Here, 04 refers to the valance electron number of the TM atom, Y,y refers to the average
electronegativity of the TM atom and its nearest neighboring N/O atoms, and y refers to the
electronegativity of the O atom. Y,y is defined as (ytv + nyno0)/(n + 1), where ¥y and yno
refers to the electronegativities of the TM and N/O atoms, respectively, and # is the number of

N/O atoms (in this work, 7 is 4).

2. HER



Under the standard conditions of U = 0 and pH = 0, the whole HER process can be described
by the following equation (4):
H"(agte > 12H,(g) (4)

The overall HER reaction mechanism includes a three-state diagram, that is, an initial
state H " (aq) + e -, an intermediate adsorbed H* and the final product 1/2 H, (g). The total
energy of H* (aq) + e ~ is equal to that of 1/2 H, (g) under the standard electrode voltage
condition.!! To evaluate the HER catalytic activity of one catalyst, the difference Gibbs free
energy of adsorbed hydrogen (AGy+) was calculated by using the following equation (5) as a
key descriptor for the HER activity!?:

AGy+= AEy++ AEzpg - TASy+  (5)
Here, AEy« refers to the adsorption energy of hydrogen and defined as AEp+=E auiyst+i—
Ecatatys—1/2E2,g, Ecatalysi+ir+ refers to the total energy of the hydrogen adsorbed on the catalyst,
Ecatatyst 18 the total energy of the clean catalyst without hydrogen adsorbed, and Eys is the energy
of a hydrogen molecule in the gas phase. AE p is the difference in zero-point energy between
the adsorbed hydrogen and hydrogen in the gas phase. ASy+ is the entropy difference between
the adsorbed state and the gas phase of hydrogen. The values of AEzpg and ASy+ can be obtained
from the vibration frequency calculations of the system. AEzpg can be calculated by AEzpg =
Ezpe (H*) — 1/2Ezpg (H,), obtained from the vibrational frequencies calculation for the adsorbed
hydrogen. The contributions to ASy+are small, thus, can be neglected. The ZPE and the entropy

of the adsorbed adsorbents have the close values even on different systems.

3. OER and ORR

The overall OER process includes a four-stage pathway, which can be described as follows in
the acidic environment:

2H,0 — 4H"+ O, +4e-  (6)
The four electron reaction paths of OER are defined as equations (a) - (d) as reported in the

previous literature!3:

H,0 (/) +* — HO* + H' + e- (a)
HO* —O* + H' + e- (b)
O* + H,0 () — HOO* + H' + e- ()

HOO* — *+0,(g) + H' + e- (d)



Where * represents active sites on the catalyst, (/) and (g) is the liquid and gas phase,
respectively, and O*, HO* and HOO* are the corresponding adsorbed intermediates. The
Gibbs free energy (AG) of each elementary step under the U = 0 and pH = 0 condition was
calculated by the following equations (6a~6d):

AG,=Gyio++1/2Gip.¢Gippo—Ge (6a)
AGy=Gow+1/2G ¢ Griow (6b)
AG=Gyi00++1/2G.g~GorGino, (6¢)
AGg={4.92eV+2Gi10,2G112 ¢} +1/2Gipa 4+ Go—Grioo* (6d)

Where we defined Gx+=Ex++ZPEx+-TSx«, X refers to HO*, O* and HOO¥*. Here Ex is the
DFT total energy of the corresponding X* system under the polarization solvent model
calculation. ZPEx~ refers to the zero-point energy of X*. Here we only include the zero-point
energy of X*, while keeping the catalyst * fixed. TSx=+ is the calculated entropy term of the
adsorbed intermediate. Finally, G+=E-« is the total energy of catalyst under the DFT solvent
model calculation. Due to the poor description of DFT for the high-spin ground state of the O,,
we used Goo g+ 4Ghze - 2Gm20,= 4.92 eV to obtain the free energy of O, in the gas phase.!* It
is also difficult to directly calculate the Gibbs free energy of H,O in the liquid phase (Gyz0,).
It is customary to calculate the liquid phase Gibbs free energy from its vapor phase counterpart
at their equilibrium pressure when they have the same Gibbs free energies. Then, Guo ;= Emo
+ ZPEw0 - TShao. Where, Eyyg is total energy of H,O in the gas phase obtained from the DFT
calculation; ZPEp,0 is the zero point energy; TSyyo is the entropy term of the gas phase (in
equilibrium with the liquid phase). We took the values of 0.67 eV and 0.41 eV for the TSyy0
and TSy, respectively.!> The free energy changes for the above four OER processes can be
described as AG, = AGyo+, AGy = AGo+ - AGyox, AG. = AGyoo* - AGo+, and AGy4 = 4.92 -
AGyoo+, As the most important measure of the catalytic activities for OER, overpotential 1 of

OER (n°FR) was calculated by equation (7):

max {AG,, AGv, AGc, AGg}

nOER = . —-1.23  (7)

ORR, as a reverse reaction of the OER, its overpotential (n°®R) can be calculated by the

following equation (8):
min {AG,, AGy, AG, AGa}

. ®)

While, because HER, OER and ORR occur under different electric potentials, thus there

nORR =123 —



is no competitive selectivity among them. In detail, as shown in Figure Sla, for the water
splitting system, when the applied positive potential is larger than 1.23 V, the corresponding
OER can take place at the anode of the cell; when the applied negative potential is lower than
0, the HER can take place at the cathode side of cell. For the metal-air battery, the ORR can
take place when the applied positive potential range is from 0 to 1.23 V, while the OER can

take place when the applied positive potential is larger than 1.23 V.

()4 (b)a

ing

Water
splitt

.

ORR OER

® > o
oy 1.23V ov 1.23V
vs RHE vs RHE vs RHE

HER vs RHE

Metal-air
battery

\ &

Figure S1 Schematic diagrams show the work potential range of (a) HER and OER for
electrocatalytic water splitting, and (b) ORR and OER for metal-air batteries. The two
equilibrium points, 0 and 1.23 V vs. reversible hydrogen electrode (RHE) are the equilibrium

potential for the hydrogen- and oxygen-based electrocatalytic reactions.

4. The polarization curves simulation of OER and ORR

For a given electrochemical process O + ne = R under one electric potential U, it can be used
the well-known Nerst equation to link the concentrations of the reactant and the product!® by
the following equation (9):

U = Up+ ~zn (C—) )

Here, U, refers to the equilibrium potential of the reaction at the standard state, R refers to the
universal gas constant, 7 refers to the temperature, n refers to the electron transfer number, F
refers to the Faraday constant, and Cp/Cy, refers to the concentration of the reactant/product in
this reaction.!” Therefore, the exchange current density j, can be calculated by the following
equation (10):

jo = anCOEXp[ Ueqg — Uo)] = nFkCH—*C%  (10)



Where £ refers to the reaction rate constant, U,, refers to the equilibrium potential, and a refers
to the transfer coefficient. So, the electrochemical polarization equation can be defined by

equation (11):

L aF (1-a)F
j=Jo|exp (—gm —exp Cm)] (1)

Where n = U - U, refers to the overpotential deviated from the equilibrium potential and j of
the overall current density. The exchange current density j, can be used to evaluate the catalytic
activity of one catalyst. Following the electrochemical catalysis mode developed by Nerskov,!3

the reaction rate constant k can be defined as follows:

AGmale

k= koexp[ -

T (12)

Where k, and AG,,, refers to the Boltzmann constant and the Gibbs free energy change of the
potential-determining step, respectively. In the electrochemical polarization model,'® kg is

defined as the equation (13):
ko= - (13)
Where £ refers to the Planck constant. Therefore, the exchange current density j, of the

electrochemical reaction when the reaction approaches its equilibrium state can be described

as the following equation (14):

AGmax:|

] kyT
Jo= nFCOTexp[ — T

(14)

Hence, the overall current density j can be calculated by the follows equation (15) according

to the overpotential n'3:

kpT
j=nFC 07} exP

kpT
=nFC OTexp

AG‘max aF
k,T _ RT"

AGmax aF (1 — a)F
il [eXP (=77 —exp(——Fpr—M)

(15)

The OER and ORR need to overcome the reaction kinetic energy barriers, and the onset
potential generally represents the reaction potential at which the current begins to deviate from
the baseline.!® In this work, the calculated polarization curves for the OER and ORR was

calculated as literature reported.?’
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Figure S2 Calculated density of states (DOS) for (a) FeN4-HTP, (b) CoN4-HTP, (c) NiNy-
HTP, (d) RuN4-HTP, (e¢) RhN,-HTP, (f) PAN,-HTP, (g) FeN;0O5-HTP, (h) CoN;O5-HTP, (i)
NiN;O3-HTP, (j) RuN;O3;-HTP, (k) RhN,05-HTP, (1) PdN,03;-HTP, (m) FeN,O,-HTP, (n)
CoN,O,-HTP, (0) NiN,O,-HTP, (p) RuN,O,-HTP, (q) RhN,O,-HTP, (r) PdN,O,-HTP, (s)
FeN;O;-HTP, (t) CoN;O;-HTP, (u) NiN3;O;-HTP, (v) RuN3;0O;-HTP, (w) RhN;O,;-HTP, (x)
PdN;0;-HTP, (y) FeO4-HTP, (z) CoO4-HTP, (A) NiO4-HTP, (B) RuO4-HTP, (C) RhO4-HTP,
and (D) PdO4-HTP. The Fermi level is set at the zero of energy (dashed line in figures).
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Figure S3 Calculated partial density of states (PDOS) for the d orbital of TM and p orbital of
N/O atoms for (a) FeN4-HTP, (b) CoN4-HTP, (c¢) NiN4-HTP, (d) RuN,-HTP, (e) RhN,-HTP,
(f) PdAN4-HTP, (g) FeN,;05-HTP, (h) CoN;O5;-HTP, (i) NiN;05-HTP, (j) RuN;O3-HTP, (k)
RhN;O5-HTP, (1) PdN;03-HTP, (m) FeN,O,-HTP, (n) CoN,O,-HTP, (0) NiN,O,-HTP, (p)
RuN,0,-HTP, (q) RhN,O,-HTP, (r) PdAN,O,-HTP, (s) FeN;O,-HTP, (t) CoN3;O;-HTP, (u)
NiN;O-HTP, (v) RuN;O;-HTP, (w) RhN3;O;-HTP, (x) PdN;O;-HTP, (y) FeO4-HTP, (z)
Co0O4-HTP, (A) NiO4-HTP, (B) RuO4-HTP, (C) RhO4-HTP, and (D) PdO4-HTP. The Fermi

level is set at the zero of energy (dashed line in figures).
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Figure S4 Calculated charge transfer from TM atoms to N,O,4.« substrates of TMN,O4.,-HTP

obtained by Bader charge analysis. The positive value of Bader charge suggests that the charge

1s transferred from TM atoms to the substrates.
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Figure S8 Calculated free energy diagrams of OER and ORR on (a) FeN4-HTP, (b) CoNy-
HTP, (c) NiN4-HTP, (d) RuN4;-HTP, (e) RhN4-HTP, (f) PAN4-HTP, (g) FeN,O5;-HTP, (h)
CoN;03-HTP, (i) NiN;0;-HTP, (j) RuN;05-HTP, (k) RhN,05-HTP, (I) PdN,;05-HTP, (m)
FeN,O,-HTP, (n) CoN,O,-HTP, (o) NiN,O,-HTP, (p) RuN,O,-HTP, (q) RhN,O,-HTP, (r)
PdN,O,-HTP, (s) FeN3;0;-HTP, (t) CoN;0O;-HTP, (u) NiN3;O,;-HTP, (v) RuN;O,-HTP, (w)
RhN;0,-HTP, (x) PdN;0,-HTP, (y) FeO4-HTP, (z) CoO4-HTP, (A) NiO4-HTP, (B) RuO;-
HTP, (C) RhO4-HTP, and (D) PdO4-HTP at zero potential. The grey and pink values are the
rate-limiting step values for OER and ORR.
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Figure S9 Total energy variations of RhN;O3;-HTP as the function of time for AIMD
simulation, and the snapshot of atomic configuration at the end of the AIMD simulation is

inserted.

Table S1 Calculated AGy+ values for different systems, and the unit of AGy«is eV.

System AGpg+ System AGpy+ System AGp+ System AGp+ System  AGpgs

FeN, 0.10 FeN;O; 0.03 FeN,O, 0.08 FeN;O, 0.07 FeOs 0.01
CoNy  0.08 CoN;O; 0.04 CoN,O, 027 CoN;O; 026 CoO; -0.05
NiNy  0.14  NiN;O; 0.19 NiN,O, 0.60 NiN;O; 1.11 NiOs  0.03
RuNs -0.35 RuN;O; -0.40 RuN,O, -032 RuN;O; -035 RuO; -041
RhN, -0.04 RhN;O; -0.24 RhN,O, -0.13 RhN;O; -0.08 RhOs -0.35
PdNy 1.26  PdN;O; 0.28 PdN,O, 0.61 PdN;O; 124 PdO, 0.15
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