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Computational details.

The calculation of the Gibbs free energy diagrams was performed by using the concept
of computational hydrogen electrode (CHE) model.!? Accordingly, the Gibbs free energy
change can be calculated by AG = AE + AEzpg — TAS. In this equation, AE is the reaction
energy directly obtained from DFT calculations. AEpg is the zero-point energy correction, 7
is the temperature (7 = 298.15 K), and AS is the entropy change. The post-processing of
energy corrections (zero point energy and entropy) were performed with the help of
VASPKIT code.? Since the solvation-induced overpotential changes in catalytic processes are
typically within 0.10 V, the solvation effects were not explicitly included in this work.*¢

The conventional four-electron (4e”) oxygen reduction reaction (ORR) process has four

elementary steps in the acid environment as follows:

*+ 0, (g) + (H" +e) — *O0H (1)
*OOH + (H* + &) — *0 + H,0 (1) )
*O + (H* + &) — *OH 3)
*OH + (H' + ) — * + H,0 (1) &)

The two-electron (2¢7) oxygen reduction reaction (ORR) process has two elementary

steps in the acid environment as follows:
*+0,(g)+(H" +e)—~ *OOH ()
*OOH + (H" + e) = * + HyO, (1) (6)

The oxygen evolution reaction (OER) process can be regarded as a reverse reaction of

ORR:
* + H,0 (I) = *OH + (H* + ¢) (7)
*OH — *O + (H' + ¢) (8)
*0 + H,0 (1) — *O0H + (H* + ¢) (9)
*O0H — * + 0, (g) + (H' + &) (10)

where * denotes the activity site at the catalyst, and (g) and (1) are the gas and liquid phases.
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The AG~AG, for the formation of *OH/*OOH, *O/*O, *OOH/*OH, and O,/H,O, and the

overpotential (1) of the whole OER/ORR can be calculated as follows:

max (AG))
M2¢-ORR = e +0.70V (11)
max (AG))
N4e-ORR = e +123V (12)
max (AG))

NOER = e -123V (13)
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Table S1. The optimized lattice parameters, the TM-N bond lengths (dy.n), the Bader charge
(Q1ms |e|) of per TM atom, the magnetic moment of per TM atom (Magry) and total magnetic

moment (Mag,,) of the 2D TM;(HITT), using the PBE-D3 functional (¢ = 15 A, a = = 90°,

y=120°).
TM3(HITT)2 a= b/A dTM-N/A QTM/e MagTM/uB Magtot/uB
Fe 25.70 1.86 1.18 2.04 5.70
Co 25.56 1.82 0.97 0.86 2.81
Ni 25.52 1.82 0.90 0.00 0.00
Ru 26.06 1.98 1.09 1.12 3.57
Rh 25.98 1.96 0.88 0.46 2.15
Pd 26.03 1.96 0.76 0.00 0.00
Os 26.04 1.95 1.10 0.00 0.00

Ir 26.04 1.96 0.93 0.52 2.39
Pt 26.07 1.97 0.80 0.00 0.00




Table S2. Structural information of the identified Fe;(HITT)s.
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Fe;(HITT), Coordinates
C 0.38 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.62 0.50
C 0.88 0.38 0.50
C 0.50 0.12 0.50
C 0.62 0.50 0.50
C 0.33 0.83 0.50
C 0.17 0.50 0.50
C 0.50 0.67 0.50
C 0.83 0.33 0.50
C 0.50 0.17 0.50
C 0.67 0.50 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.78 0.50
C 0.22 0.61 0.50
C 0.39 0.61 0.50
C 0.78 0.39 0.50
C 0.61 0.22 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Table S3. Structural information of the identified Co;(HITT)s.
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Co;(HITT), Coordinates
C 0.39 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.61 0.50
C 0.88 0.39 0.50
C 0.50 0.12 0.50
C 0.61 0.50 0.50
C 0.33 0.83 0.50
C 0.17 0.50 0.50
C 0.50 0.67 0.50
C 0.83 0.33 0.50
C 0.50 0.17 0.50
C 0.67 0.50 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.78 0.50
C 0.22 0.61 0.50
C 0.39 0.61 0.50
C 0.78 0.39 0.50
C 0.61 0.22 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Table S4. Structural information of the identified Niz(HITT)s.
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Niz(HITT), Coordinates
C 0.39 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.61 0.50
C 0.88 0.39 0.50
C 0.50 0.12 0.50
C 0.61 0.50 0.50
C 0.33 0.83 0.50
C 0.17 0.50 0.50
C 0.50 0.67 0.50
C 0.83 0.33 0.50
C 0.50 0.17 0.50
C 0.67 0.50 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.78 0.50
C 0.22 0.61 0.50
C 0.39 0.61 0.50
C 0.78 0.39 0.50
C 0.61 0.22 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Table S5. Structural information of the identified Ru;(HITT)s.
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Ru3(HITT), Coordinates
C 0.38 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.62 0.50
C 0.88 0.38 0.50
C 0.50 0.12 0.50
C 0.62 0.50 0.50
C 0.33 0.82 0.50
C 0.18 0.50 0.50
C 0.50 0.67 0.50
C 0.82 0.33 0.50
C 0.50 0.18 0.50
C 0.67 0.50 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.77 0.50
C 0.23 0.61 0.50
C 0.39 0.61 0.50
C 0.77 0.39 0.50
C 0.61 0.23 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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2Z7
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Table S6. Structural information of the identified Rh;3(HITT),.
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Rh3(HITT), Coordinates
C 0.38 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.62 0.50
C 0.88 0.38 0.50
C 0.50 0.12 0.50
C 0.62 0.50 0.50
C 0.33 0.82 0.50
C 0.18 0.50 0.50
C 0.50 0.67 0.50
C 0.82 0.33 0.50
C 0.50 0.18 0.50
C 0.67 0.50 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.77 0.50
C 0.23 0.61 0.50
C 0.39 0.61 0.50
C 0.77 0.39 0.50
C 0.61 0.23 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Table S7. Structural information of the identified Pd;(HITT),.
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Pd;(HITT), Coordinates
C 0.38 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.62 0.50
C 0.88 0.38 0.50
C 0.50 0.12 0.50
C 0.62 0.50 0.50
C 0.33 0.83 0.50
C 0.17 0.51 0.50
C 0.49 0.67 0.50
C 0.83 0.33 0.50
C 0.51 0.17 0.50
C 0.67 0.49 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.77 0.50
C 0.23 0.61 0.50
C 0.39 0.61 0.50
C 0.77 0.39 0.50
C 0.61 0.23 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Table S8. Structural information of the identified Os;(HITT),.

Supporting Information

Os3(HITT), Coordinates
C 0.38 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.62 0.50
C 0.88 0.38 0.50
C 0.50 0.12 0.50
C 0.62 0.50 0.50
C 0.33 0.82 0.50
C 0.18 0.50 0.50
C 0.50 0.67 0.50
C 0.82 0.33 0.50
C 0.50 0.18 0.50
C 0.67 0.50 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.77 0.50
C 0.23 0.61 0.50
C 0.39 0.61 0.50
C 0.77 0.39 0.50
C 0.61 0.23 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Table S9. Structural information of the identified Ir;(HITT),.

Supporting Information

Ir;(HITT), Coordinates
C 0.38 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.62 0.50
C 0.88 0.38 0.50
C 0.50 0.12 0.50
C 0.62 0.50 0.50
C 0.33 0.82 0.50
C 0.18 0.50 0.50
C 0.50 0.67 0.50
C 0.82 0.33 0.50
C 0.50 0.18 0.50
C 0.67 0.50 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.77 0.50
C 0.23 0.61 0.50
C 0.39 0.61 0.50
C 0.77 0.39 0.50
C 0.61 0.23 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Table S10. Structural information of the identified Pt;(HITT),.

Supporting Information

Pt3(HITT), Coordinates
C 0.38 0.88 0.50
C 0.12 0.50 0.50
C 0.50 0.62 0.50
C 0.88 0.38 0.50
C 0.50 0.12 0.50
C 0.62 0.50 0.50
C 0.33 0.82 0.50
C 0.18 0.51 0.50
C 0.49 0.67 0.50
C 0.82 0.33 0.50
C 0.51 0.18 0.50
C 0.67 0.49 0.50
C 0.33 0.77 0.50
C 0.23 0.56 0.50
C 0.44 0.67 0.50
C 0.77 0.33 0.50
C 0.56 0.23 0.50
C 0.67 0.44 0.50
C 0.39 0.77 0.50
C 0.23 0.61 0.50
C 0.39 0.61 0.50
C 0.77 0.39 0.50
C 0.61 0.23 0.50
C 0.61 0.39 0.50
C 0.44 0.83 0.50
C 0.17 0.61 0.50
C 0.39 0.56 0.50
C 0.83 0.44 0.50
C 0.61 0.17 0.50
C 0.56 0.39 0.50
C 0.44 0.88 0.50
C 0.12 0.56 0.50
C 0.44 0.56 0.50
C 0.88 0.44 0.50
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Figure S1. Electron localization function (ELF) map of 2 TM3(HITT),. The isovalues of 0

and 1 represent low and high electron localization, respectively.
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Table S11. The optimized cohesive energy per atom (E..p, €V), and formation energy (Ef, eV)

of 2D TM;(HITT)s.
TM;(HITT), Eeon (€V) Eform (€V)
Fe -5.70 -0.08
Co -5.71 -0.08
Ni -5.71 -0.13
Ru -5.72 -0.02
Rh -5.71 -0.05
Pd -5.64 -0.05
Os -5.77 -0.03
Ir -5.76 -0.05

Pt -5.72 0.03
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Figure S2. Variation of energy of against the time for the ab initio molecular dynamics
simulations of Rh3(HITT),, insert are top and side views of the snapshot of atomic

configuration. The simulation is run under 300 K for 5 ps with a time step of 1 fs.
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Figure S3. The AG+g of different TM3(HITT), systems.

Os

Ir

Pt



Supporting Information

Fe(HITT), OQL‘,Q_ o-o?&ﬂ:-oo ooﬁ"g‘%-oo
“OH

*O0OH *0

R ? f
Rh(HITT), 00-0-O-0-0-0- -00-0-O 000 -00-0-O~0-0=o=

*O0OH *0 *OH

Figure S4. Optimized geometric configurations of the key ORR/OER intermediates on the
screened TM3(HITT), systems.
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