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Figure S1. PDOS analysis of 30, and O,"".
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Figure S2 The O-O bond length of O, in gas phase calculated by Gaussian and VASP software.
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Figure S3. (a) 2s and 2p orbital PDOS of the original sp? carbon atom and 2p orbital PDOS of the

carbon atom after O, enters the ultramicropore. (b)COHP of O, (g) and O, adsorbed in ultramicropore

of 4.0 A.

Figure S4 (a) The optimized adsorption conformation of O, molecule in slit sp? carbon ultramicropore,

top view and main view), (b) The main view and the top view of the sp? carbons, and the pore diameter
P p Y p

can be regulated from 3.5 A to 7.0 A, the vacuum layer is set to 20A to fully account for the influence

of periodicity.



Bader charge transfer
Linear fit

Y =0.7021 - 0.0652*X
R%= 0.9520

Bader charge transfer (|e])
o o o (=] o
N w w B B
(3] o (3] o (3]
o
Q

35 40 45 50 55 6.0 65 7.0
Pore diameter (A)

Figure SS. The linear fitting curve with Bader charge transfer (y) as the dependent variable and pore
diameter (x) as the independent variable.

The electron transfer between O, and sp? carbon has a high negative linear correlation, charge
transfer decreases linearly with the pore-diameter increasing, responding to the decay of sub-

nanospace confinement.
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Figure S6. The results of the AIMD simulation were obtained using an aperiodic ultramicropore
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model, with O, positioned at the edge and inside the micropore, respectively.



Figure S7. The configurations of absorbed O, in non-mental atom doped carbon ultra-micropore,
including (a) B atom doping, (b) N atom doping, (c¢) S atom doping, (d) P atom doping, (¢) B-N atoms
doping, (f) P-N atoms doping, (g) S-N atoms doping, (h) pyrrole doping (5N-G), (i) pyridine doping
(6N-G). Considering the reasonability of theoretical calculations and experiments, the models of
thiophene-sulfur (S-G) and four P-C bonds (P-G) were employed to explore their effects on oxygen
activation.

Considering the reasonability of theoretical calculations and experiments, the models of
thiophene-sulfur (S-G) and four P-C bonds (P-G) were employed to explore their effects on oxygen

activation.
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Figure S8. PDOS for O, in sp? carbon ultra-micropore of graphitic-N doping. The LUMO level of O,
is lowered to -0.56 eV below the Fermi-level and the gap between HOMO and LUMO is almost

reduced to zero, corresponding to the chemical state of O,



Figure S9. The charge density difference of O, adsorbed in non-metal atom doped carbon ultra-

micropore, including (a) pristine sp? carbon, (b) N atom doped carbon, (¢) B atom doped carbon, (d)

P atom doped carbon, (e) P atom doped carbon, (f) B-N atoms doped carbon, (g) P-N atoms doped

carbon, (h) S-N atoms doped carbon.



Figure S10. The configurations of top view of absorbed O, in different types of graphitic-N doped

carbon ultra-micropore with pore diameter of 4.0 A, and the N doping mass fraction ranges from 0.023

to 0.092.

-membered carbon ring and neighboring

doping concentration (N,) in the six

Regulating the N

carbon totaling 12 atoms at active sites to study the impacts of local nitrogen doping.



Figure S11. The configurations of top view of absorbed O, in graphitic-N doped carbon ultra-
micropore with pore-diameter of 4.0 A, and the N doping mass fraction ranges from 0.023 to 0.291.
We maintained the carbon ring and gradually increased the N doping density over the entire

carbons to observe its effect on oxygen activation.
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Figure S12. The Bader charge transfer and corresponding O-O bond length of absorbed O, in different
types of graphitic-N doped carbon ultra-micropore with pore diameter of 4.0 A, and the N doping mass
fraction ranges from 0.023 to 0.092. The letters on the X axis represent different N doping configurations,
corresponding to the supporting information in Figure S11, and 0 represents the original condition.

The largest charge transfer quantity of O, and the longest O-O bond length of O, can even reach
to 0.67 |e| and 1.32 A as N, is 0.092 (I), far more than that in pure ultra-micropore. The data for 12 is

that the pore diameter increases to 4.5 A.
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Figure S13. The Bader charge transfer and adsorption energy of adsorbed O, in N-doped ultra-

micropore (N, = 0.092), and the pore diameter is 4.3, 4.5 and 5.0 A respectively.
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Figure S14. The frontier molecular orbitals (HOMO and LUMO) of non-mental atom doped carbon,

including (a-b) pristine sp? carbon, (c-d) C4sNy.
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Figure S15. (a) The configuration of H,O adsorbed in the ultramicropore and the configuration after
adding O,. (b) The charge density difference diagram of 4 H,O absorbed in the ultramicropore in
hydrogen bond aggregation situation and dispersion by O, situation, and the charge density difference
diagram of coexistence of O, and H,O. (c) The configuration of dispersed H,O after 10ps AIMD
simulation and the optimal structure of HO and O, molecules without spatial constraints, where O-O

bonds are not stretched.
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Figure S16. Bader charge transfer and corresponding O-O bond length of adsorbed O, with the number

of H,O from 1 to 4.
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Figure S17. Bader charge transfer and corresponding O-O bond length of O, in ultra-micropore of

diameter ranging from 4.5A to 5.0 A with the effect of two H,O molecules.
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Figure S18. PDOS of O, in carbon ultra-micropore of 4.5A, and the number of H,O are 1and 4.

Figure S19. Model of (a) N4G and (b) Fe-N,G.
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Figure S20. Partial density of states (PDOS) of N,G
The PDOS of N4G is characterized by N-p spikes around Fermi-level, and these spikes are related

to the lone pair of electrons located on the N atom around the defect site.

Figure S21. The charge density difference of Cr-N4G and Ni-N4G, and the models of single atom

material including Fe, Ru and Os.
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Figure S22. Model of O, adsorption on (a) Fe-N,4G without the effect of ultra-micropores, and (b) with

the effect of ultra-micropores.

G0—00—00—00—00-—00—0 00000000 00-00-Q 0O00 000000 CO0 0000000000000

0.43 nm
- 00-00—00-§-—00-00-0 00—00—0CGPD000-0 P 00-00-—00-00-00 00—o-t-

Cr Mn Fe Co Ni

O—00
00—00—00—00—00—00—0 o0 00

"&iu 5 g -~ .f)..”_ 2 52
Mo Tc Ru Rh Pd
O0C—0C V6 0C V0 V0 0 0C—00C—DC—DC—O0000D 00—00—00—00—00—00—0 00—00—00—00—00—00—0
!a-.&:-al !..g‘k..!! 5 ‘k o5 se—06 w;&=‘u 86— &
w Re Os Ir Pt

Figure S23. The main view of the molecular model of TM-N,G composites covering 3d, 4d, and 5d

transition metals from VIB to IB group.
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Figure S24. The E,4 and corresponding G,4s of O, on a series of TM-N,4G.
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CIF structure information, all the structures given in the document have been modified and re-
optimized for the original structure of the cif file.
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