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Supplementary Figures:

Fig. S1. PDOS for the NiO(111) surface with (a) Ni termination and (b) O termination. 
The O-terminated surface exhibits pronounced overlap between Ni and O states near 
the Fermi level, particularly within 0-3 eV, indicating strong Ni-O hybridization 
dominated by O 2p and Ni 3d states. This enhanced hybridization is accompanied by a 
reduced density of states at the Fermi level, reflecting improved electronic stability. In 
contrast, the Ni-terminated surface shows strong Ni-derived states near the Fermi level, 
characteristic of under coordinated surface Ni atoms and a less stable electronic 
configuration. 



Fig. S2. COHP diagrams of Cr-O bonds. (a-c) COHP diagrams for a single Cr atom 
segregated at different sites (sub-subsurface, subsurface, and surface) of NiO(100). In 
the energy range from 0 to -8 eV, the bonding interactions are dominated by O 2p-Cr 
3d hybridization, whereas deeper states between -21 and -16 eV arise primarily from O 
2s-Cr 4p and O 2s-Cr 4s hybridization. As the Cr atom migrates toward the surface, the 
O 2p-Cr 3d and O 2s-Cr 4s interactions progressively strengthen, while the O 2s-Cr 4p 
interaction increases at the subsurface and subsequently weakens at the surface.



Fig. S3. COHP diagrams of Cr-O bonds. (a-c) COHP diagrams for two Cr atoms at 
different segregation configurations of NiO(100): (a) both in subsurface sites, (b) one 
in the subsurface and one on the surface, and (c) both on the surface. In the energy range 
from 0 to -8 eV, the interactions are dominated by O 2p-Cr 3d hybridization, whereas 
deeper states between -21 and -16 eV primarily arise from O 2s-Cr 4p and O 2s-Cr 4s 
hybridization. As the aggregated Cr atoms migrate toward the surface, the O 2p-Cr 3d 
and O 2s-Cr 4s interactions progressively strengthen, while the O 2s-Cr 4p interaction 
increases at the subsurface and subsequently weakens at the surface.



Fig. S4. COHP diagrams of Cr-O bonds. (a-c) COHP diagrams for a single Cr atom 
segregated at different sites (sub-subsurface, subsurface, and surface) of NiO(110). In 
the energy range from 0 to -8 eV, the bonding interactions are dominated by O 2p-Cr 
3d hybridization, whereas deeper states between -21 and -16 eV primarily arise from O 
2s-Cr 4p and O 2s-Cr 4s hybridization. As the Cr atom migrates toward the surface, the 
O 2p-Cr 3d and O 2s-Cr 4p interactions are progressively enhanced, while the O 2s-Cr 
4s interaction initially weakens and subsequently strengthens., while the interaction 
between O2s-Cr4s first weakens and then strengthens.



Fig. S5. COHP diagrams of Cr-O bonds. (a-c) COHP diagrams for two Cr atoms at 
different segregation configurations of NiO(111): (a) both in subsurface sites, (b) one 
in the subsurface and one on the surface, and (c) both on the surface. In the energy range 
from 0 to -8 eV, the bonding interactions are dominated by O 2p-Cr 3d hybridization, 
while deeper states between -21 and -16 eV arise primarily from O 2s-Cr 4p and O 2s-
Cr 4s hybridization. As the aggregated Cr atoms migrate toward the surface, the O 2s-
Cr 4s interaction remains relatively constant, whereas the O 2s-Cr 4p and O 2p-Cr 3d 
interactions initially weaken and subsequently strengthen.



Fig. S6. COHP diagrams of Cr-O bonds. (a-c) COHP diagrams for a single Cr atom 
segregated at different sites (sub-subsurface, subsurface, and surface) of NiO(111). In 
the energy range from 0 to -8 eV, the bonding interactions are dominated by O 2p-Cr 
3d hybridization, while deeper states between -21 and -16 eV primarily arise from O 2s-
Cr 4p and O 2s-Cr 4s hybridization. As the Cr atom migrates toward the surface, these 
Cr-O orbital interactions are progressively strengthened, indicating enhanced bonding 
and increased surface stabilization.



Fig. S7: COHP diagrams of Cr-O bonds. (a-c) COHP diagrams for two Cr atoms at 
different segregation configurations of NiO(111): (a) both in subsurface sites, (b) one 
in the subsurface and one on the surface, and (c) both on the surface. In the energy range 
from 0 to -8 eV, the bonding interactions are dominated by O 2p-Cr 3d hybridization, 
while deeper states between -21 and -16 eV primarily arise from O 2s-Cr 4p and O 2s-
Cr 4s hybridization. As the aggregated Cr atoms migrate toward the surface, the O 2s-
Cr 4s interaction initially weakens and subsequently strengthens, whereas the O 2s-Cr 
4p and O 2p-Cr 3d interactions are progressively enhanced.



Fig. S8: (a-d) The COHP plots illustrate the primary interacting orbitals between Cr-O 
in the NiO bulk, in states where two or three Cr atoms are dispersed or aggregated, and 
the nearest neighboring O atoms. In the energy range from 0 to -8 eV, the bonding 
interactions are dominated by O 2p-Cr 3d hybridization, while deeper states between -
21 and -16 eV primarily arise from O 2s-Cr 4p and O 2s-Cr 4s hybridization. Upon Cr 
aggregation, the O 2p-Cr 3d, O 2s-Cr 4p, and O 2s-Cr 4s interactions are all 
significantly enhanced compared to the dispersed configurations, indicating stronger 
cooperative Cr-O bonding in the aggregated states.


