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Fig. S1. Calculated density of states (DOS) for (a) FeN4-HTC, (b) CoN4-HTC, (c) NiN4-HTC,

(d) RuN4-HTC, (e) RhN4-HTC, (f) PAN4-HTC, (g) ['N4-HTC and (h) PtN4-HTC. The Fermi

level is set at the zero of energy (dashed line in figures).

Fig. S2. Calculated density of states (DOS) for (a) FeO4-HTC, (b) CoO4-HTC, (¢) NiO4-HTC,

(d) RuO4-HTC, (e) RhO4-HTC, (f) PdO4-HTC, (g) IrO4-HTC and (h) PtO4,-HTC. The Fermi

level is set at the zero of energy (dashed line in figures).

Fig. S3. Calculated density of states (DOS) for (a) FeN;O3;-HTC, (b) CoN;0;-HTC, (c)

NiN;0;-HTC, (d) RuN;05;-HTC, (e) RhN;05-HTC, (f) PAN;03-HTC, (g) IrN;O3-HTC and (h)

PtN;O5-HTC. The Fermi level is set at the zero of energy (dashed line in figures).

Fig. S4. Calculated density of states (DOS) for (a) FeN,O,-HTC, (b) CoN,0,-HTC, (c)

NiN,0,-HTC, (d) RuN,0,-HTC, (¢) RhN,O,-HTC, (f) PAN,O,-HTC, (g) IrN,O,-HTC and (h)

PtN,O,-HTC. The Fermi level is set at the zero of energy (dashed line in figures).

Fig. S5. Calculated density of states (DOS) for (a) FeN;O;-HTC, (b) CoN3;O;-HTC, (c)

NiN3;O;-HTC, (d) RuN;O;-HTC, (e) RhN;0;-HTC, (f) PAN;O0,-HTC, (g) IrN50,-HTC and (h)

PtN;O;-HTC. The Fermi level is set at the zero of energy (dashed line in figures).

Fig. S6. Calculated partial density of states (PDOS) for the p orbitals of N atoms and d orbitals

of TM atoms for (a) FeNy-HTC, (b) CoN4-HTC, (c) NiNy4-HTC, (d) RuN4-HTC, (e) RhNy-

HTC, (f) PAN4-HTC, (g) IrN4-HTC and (h) PtN4-HTC. The Fermi level is set at the zero of

energy (dashed line in figures).

Fig. S7. Calculated partial density of states (PDOS) for the p orbitals of O atoms and d orbitals

of TM atoms for (a) FeO4,-HTC, (b) CoO4-HTC, (¢) NiO4-HTC, (d) RuO4-HTC, (e) RhO,-

HTC, (f) PdO4-HTC, (g) IrO4-HTC and (h) PtO,-HTC. The Fermi level is set at the zero of

energy (dashed line in figures).

Fig. S8. Calculated partial density of states (PDOS) for the p orbitals of O/N atoms and d

orbitals of TM atoms for (a) FeN;03;-HTC, (b) CoN;03-HTC, (¢) NiN;0;-HTC, (d) RuN,;O:;-
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HTC, (e) RhN,;03;-HTC, (f) PAN;03-HTC, (g) IrN;0;-HTC and (h) PtN;05;-HTC. The Fermi
level is set at the zero of energy (dashed line in figures).

Fig. S9. Calculated partial density of states (PDOS) for the p orbitals of O/N atoms and d
orbitals of TM atoms for (a) FeN,O,-HTC, (b) CoN,0,-HTC, (c) NiN,O,-HTC, (d) RuN,0,-
HTC, (e) RhN,0,-HTC, (f) PdAN,O,-HTC, (g) IrN,O,-HTC and (g) PtN,0,-HTC. The Fermi
level is set at the zero of energy (dashed line in figures).

Fig. S10. Calculated partial density of states (PDOS) for the p orbitals of O/N atoms and d
orbitals of TM atoms for (a) FeN;O,-HTC, (b) CoN;O,-HTC, (c) NiN3O,-HTC, (d) RuN;O;-
HTC, (e) RhN;O,-HTC, (f) PAN;0,-HTC, (g) IrN30,-HTC and (h) PtN;O;-HTC. The Fermi
level is set at the zero of energy (dashed line in figures).

Fig. S11. Calculated charge transfer from TM atoms to N,O,, substrates of TMN,O4-HTC
obtained by Bader charge analysis. The positive value of Bader charge suggests that the charge
is transferred from TM atoms to the substrates.

Fig. S12. (a) Calculated d-band center values for all the designed TMN,O,.,-HTC catalysts.
Gibbs free energy of intermediates corresponding to the d-electron numbers of (b) TMN,-HTC,
(c) TMO4-HTC, (d) TMN,0;-HTC, () TMN,0O,-HTC, and (f) TMN;O;-HTC catalysts.

Fig. S13. Gibbs free energy of intermediates corresponding to the d-band center of (a) TMNjy-
HTC, (b) TMO4-HTC, (¢) TMN;05-HTC, (d) TMN,0,-HTC, and (¢) TMN;0O,-HTC catalysts.
Fig. S14. Calculated free energy diagrams of OER and ORR on (a) FeN4-HTC, (b) CoN4-HTC,
(c) NiN4-HTC, (d) RuN4-HTC, (e) RhN4,-HTC, (f) PAN4-HTC, (g) IrN4-HTC and (h) PtNy-
HTC at zero potential. The yellow and pink values are the potential-determining step values
for OER and ORR.

Fig. S15. Calculated free energy diagrams of OER and ORR on (a) FeO4,-HTC, (b) CoO4-HTC,
(c) NiO4-HTC, (d) RuO4-HTC, (e) RhO4-HTC, (f) PdO4-HTC, (g) IrO4-HTC and (h) PtO,-
HTC at zero potential. The yellow and pink values are the potential-determining step values
for OER and ORR.

Fig. S16. Calculated free energy diagrams of OER and ORR on (a) FeN;05;-HTC, (b) CoN;0O5-
HTC, (c) NiN;05-HTC, (d) RuN;0;-HTC, (e) RhN;05;-HTC, (f) PdN;0;-HTC, (g) IrN,0s-
HTC and (h) PtN;0;-HTC at zero potential. The yellow and pink values are the potential-
determining step values for OER and ORR.

Fig. S17. Calculated free energy diagrams of OER and ORR on (a) FeN,O,-HTC, (b) CoN,0,-



HTC, (c) NiN,O,-HTC, (d) RuN,O,-HTC, (e) RhN,O,-HTC, (f) PdN,O,-HTC, (g) IrN,O,-
HTC and (h) PtN,O,-HTC at zero potential. The yellow and pink values are the potential-
determining step values for OER and ORR.

Fig. S18. Calculated free energy diagrams of OER and ORR on (a) FeN;O;-HTC, (b) CoN30;-
HTC, (c) NiN;O;-HTC, (d) RuN;0,-HTC, (e) RhN;O;-HTC, (f) PdN;0,-HTC, (g) IrN;0;-
HTC and (g) PtN;O;-HTC at zero potential. The yellow and pink values are the potential-
determining step values for OER and ORR.

Fig. S19. Total energy variations of (a) CoN3O,-HTC and (b) RhN;0;-HTC as the function of
time for AIMD simulation under 500 K condition. The snapshot of atomic configurations at
the end of the AIMD simulation are inserted.

Fig. S20. Total energy variations of (a) CoN,O,-HTC and (b) RhN,0O,-HTC as the function of
time for AIMD simulation under 500 K condition. The snapshot of atomic configurations at
the end of the AIMD simulation are inserted.

Fig. S21. Total energy variations of (a) CoN;O3;-HTC and (b) RhN;05;-HTC as the function of
time for AIMD simulation under 500 K condition. The snapshot of atomic configurations at
the end of the AIMD simulation are inserted.

Fig. S22. Total energy variations of (a) CoO4,-HTC and (b) RhO4-HTC as the function of time
for AIMD simulation under 500 K condition. The snapshot of atomic configurations at the end
of the AIMD simulation are inserted.

Table S1. The detailed average bond length between TM and N/O atoms change after different
TM doping.

Table S2. For comparison, the calculated overpotentials for the OER (n°ER) and ORR (n°RR)
on the 2D-MOF materials are listed. The unit for nis V.



1. 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- (1)
The four electron reaction paths of OER are defined as equations (a) - (d) as reported in the

previous literature [1]:

H,0 () + * > HO* + H' + e- (a)

HO* —O* + H' + e- (b)
O* + H,0 (/) ~ HOO* + H* + e- (c)
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 (1a~1d):

AG,=Go++1/2Gip ¢ Gipo—Ge (1a)

AGy=Go++1/2Gyp ¢ Grior (1b)
AG=Groo+1/2Gi ¢ Go—Gioy (1c)

AGy={4.92¢V+2G120-2G1 g} +1/2Gi1. g+ G+ Grioos (1d)

Where we defined Gy+=Ex+«tZPEx+-TSxx, 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. ZPExx 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 Gopg + 4G g - 2Gip0,= 4.92 €V to obtain the free energy of O, in the gas phase [2].
It is also difficult to directly calculate the Gibbs free energy of H,O in the liquid phase (G0,)-
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, Gy0,;= Emo
+ ZPEwm0 - TSmao. Where, Eyyo is total energy of H,O in the gas phase obtained from the DFT
calculation; ZPEy,0 is the zero point energy; TSy,0 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 TSy0
5



and TSp,, respectively [3]. The free energy changes for the above four OER processes can be
described as AGa = AGHO*: AGb = AGo* - AGHO*, AGC = AGHOO* - AGo*, and AGd =492 -
AGhoo+, As the most important measure of the catalytic activities for OER, overpotential 1 of

OER (n°ER) was calculated by equation (2):
max {AG,, AG,, AG, AG,}

nOER - 1.23

€ 2
ORR, as a reverse reaction of the OER, its overpotential (n°%®R) can be calculated by the
following equation (3):

min {AG,, AG,, AG, AG}

€ 3)

noRk =123 -

2. The detailed crystal information for the calculation of chemical potential of metal
atoms

The corresponding most stable bulk structure of Fe, Co, Ni, Ru, Rh, Pd, Ir and Pt is the body-

centered cubic (BCC), hexagonal close-packed (HCP), faced-centered cubic (FCC), HCP,

FCC, FCC, FCC and FCC, respectively.

3. The catalytic selectivity of the ORR

The rate constant k can be obtained based on the Arrhenius equation: k = 4 exp(-AGpps/kgT).
Here, A, kg and T refers to the pre-exponential factor, the Boltzmann constant and the
temperature of 298.15 K, respectively. Hence, we can obtain the following equation:
In(ksys/kpyi11y) = [AGpps(Pt(111) - AGpps(sys)]/ksgT. Here, kg and kpyii1) refer to the rate
constant of the ORR on the screened electrocatalysts and ORR on the benchmark catalyst
Pt(111), respectively. The selectivity of a certain catalyst can be estimated from the ratio of
rate constants ko, and kypoy as shown in the following equation: In(koy/knno) = [AG(H,0; -
AG(O*)]/kgT. Here, ko, and ky,o, refers to the rate constant of O* formation from HOO* and

H,0, formation from HOO*, respectively.

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 Nernst equation to link the concentrations of the reactant and the product [4]
by the following equation (4):

RT

U="U,+ n—Flni.ffz,i(—)

(4)

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 Co/Cy refers to the concentration of the reactant/product in

this reaction [5]. Therefore, the exchange current density j, can be calculated by the following

equation (5):

aF
o = nFkCoexp| - —(Upy = Ug)| = nFkC! ;*C%

)
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 (6):
)

(6)

j=jo

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
et al., [ 1] the reaction rate constant k can be defined as follows:

AG

max

k = kyexp

b

(7)
Where k&, and AG,.x refers to the Boltzmann constant and the Gibbs free energy change of the
potential-determining step, respectively. In the electrochemical polarization model [6], 4 is
defined as the equation (8):

h 8)
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 (9):
7



k), T
jo =nFC, A exp

AG

max

)
Hence, the overall current density j can be calculated by the follows equation (10) according

to the overpotential n) [6]:
ka AGmax

i = nFC,——

U e

k,T
= nFCOTexp

max
Ty

k,T  RT

.""'.( akF ) ((1 - a)F )
expl( - —mn) - ex
p RTT] P RT N

(10)

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 [7]. In this work, the calculated polarization curves for the OER and ORR was
calculated as literature reported [8]. In detail, the potential U that prompts the OER and ORR
catalytic process to proceed spontaneously was defined as the lowest potential. As known, Upgr
is usually higher and Uggg is lower than the standard O,/H,0 potential of 1.23 V versus RHE
at 298 K. The overpotential using the standard reaction potential is used to indicate the strength

of the catalytic effect. Therefore, based on the equation 10, the jogr and jorr values can be

obtained from the following equations 11 and 12, respectively:

. ka AGor  aF
Jogr = nFCOTexp - KT - ﬁ(UOER -1.23)| (Upgr = 1.23) (11)
ka AGmax aF
Jorr = NFCo——exp| - T 27(1:23 = Uogg) | (0< Uggg < 123) (12)

The expression corresponding to each curve is derived from the following equation 11. The
change in Gibbs free energy for the potential-determining step (AGyax) can be directly obtained
from the calculated free energy diagrams of the OER and ORR. Thus, based on the equations
11 and 12, the change in current density as a function of potential can be obtained from the

following equation 13:

k,T AGYER g
nFCop——exp|—————— — (Upggr — 1.23)|, Uopgr = 1.23
() = h k,T RT 13
)= k,T AGORR  qF _ (13)
HFCOTE’XP — ka = ﬁ(123_ UORR) i 0< UORR =23

Moreover, in this work, as above defined, the Co and o refers to the concentration of the
eactant/product in this reaction and the transfer coefficient, respectively. The values of Cp and

a that reference previous literature [8] are taken as 1.0 x 103 mM and 0.5, respectively.
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Fig. S1. Calculated density of states (DOS) for (a) FeN4-HTC, (b) CoNy4-HTC, (¢) NiN4-HTC,
(d) RuN4-HTC, (e) RhN4-HTC, (f) PAN4-HTC, (g) IrN4-HTC and (h) PtN4,-HTC. The Fermi

level is set at the zero of energy (dashed line in figures).
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Fig. S3. Calculated density of states (DOS) for (a) FeN;O5;-HTC, (b) CoN;O5;-HTC, (c)
NiN]Og,-HTC, (d) RuN103-HTC, (e) RhN]O3-HTC, (f) PdN103-HTC, (g) II'N]O3-HTC and (h)
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Fig. S4. Calculated density of states (DOS) for (a) FeN,O,-HTC, (b) CoN,O,-HTC, (c)
NiNzOz-HTC, (d) RuN202-HTC, (e) RthOz-HTC, (f) PszOz-HTC, (g) Ieroz-HTC and (h)
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Fig. S19. Total energy variations of (a) CoN3;O;-HTC and (b) RhN3;0,-HTC as the function of

time for AIMD simulation under 500 K condition. The snapshot of atomic configurations at

the end of the AIMD simulation are inserted.

=560
5101 con,0, (a) RhN,0,
500 K 500 K
-576 - e
-582 =576
2;-588 - 5i-584 1
5 2
5 =
-594 4 -592
)
-600 —J -600 -
T T T T T
0 1000 2000 3000 4000 5000 0 1000

(b)

Time (x2 fs)

2000 3000 4000 5000
Time (x2 fs)

Fig. S20. Total energy variations of (a) CoN,O,-HTC and (b) RhN,O,-HTC as the function of

time for AIMD simulation under 500 K condition. The snapshot of atomic configurations at
the end of the AIMD simulation are inserted.
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for AIMD simulation under 500 K condition. The snapshot of atomic configurations at the end

of the AIMD simulation are inserted.

Table S1. The detailed average bond length between TM and N/O atoms change after different
TM doping of TMN,O,4.,-HTC catalysts. From the bond length between TM and N/O of all the
designed TMN,O,4-HTC catalysts, it can be concluded that the doping of different TM atoms
on different N,O,,-HTC substrates has impact on the bond length of adjacent TM-N and

TM-O, mostly this is because the different atomic radii of TM and N/O atoms.

Catalysts dTM—N (A) dTM—O (A) Catalysts dTM—N (A) dTM—O (A)
FeNy 1.84 / RhN;0, 1.91 1.97
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CoNy
NiNy
RuN4
RhN,
PdN,
IrNy
PtN,
FeO,
Co0Oy
NiOy4
RuOy4
RhO4
PdO,
IrO4
PtO4
FeN;0,
CoN;0,
NiN3;0,
RuN;0,

1.82
1.82
1.92
1.92
1.93
1.92
1.93

1.84
1.81
1.82
1.95

1.85
1.83
1.83
1.96
1.97
1.98
1.96
1.98
1.86
1.85
1.85
2.00

PdN;0,
IrN;0,
PtN;0,
FeN,O,
CoN,O,
NiN,O,
RuN,O,
RhN,0O,
PdN,0O,
IrN,O,
PtN,0O,
FeN,0;
CoN ;03
NiN; 04
RuN;0;
RhN; 04
PdN,0;
IrN,0;
PtN,0;

1.93
1.92
1.93
1.85
1.82
1.82
1.92
1.91
1.93
1.91
1.93
1.85
1.81
1.81
1.92
1.89
1.91
1.90
1.91

1.96
1.96
1.97
1.85
1.83
1.83
1.95
1.96
1.96
1.95
1.96
1.85
1.84
1.85
1.93
1.96
1.96
1.95
1.97

Table S2. For comparison, the calculated overpotentials for the OER (n°FR) and ORR (n°RR)

on the 2D-MOF materials are listed. The unit for nis V.
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Catalysts Methods nOER NORR Reference
Ir5(HITP), MS/DMol3 / 0.31 [9]
Rh;(HITP), MS/DMol3 / 0.37 [9]
Rh-HAB-CP VASP/PBE 0.32 / [10]
Fe-HAB-CP VASP/PBE / 0.52 [10]
Rhs(C¢O4)s VASP/PBE / 0.36 [11]

FelT VASP/PBE / 0.52 [12]

Ir;(HIB), MS/DMol? / 0.47 [13]



Co-CAT MS/DMol? / 0.46 [14]

Co-pyridine-N;  VASP/PBE 0.37 0.50 [15]
Co-N, MS/DMol3 0.69 0.47 [16]
Rh3(CS50;), VASP/PBE / 0.42 [17]
CoN;0, VASP/PBE 0.29 0.55 This work
RhN,0, VASP/PBE 0.43 0.20 This work
RhO, VASP/PBE 0.33 0.39 This work
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