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Table S1. Total energies in eV/atom of M′′2M′C2O2 in different configurations. The total energies of the most stable 
configurations are set as zero energy.

configuration I configuration II configuration III

Mo2TiC2O2 0.17 0.00 0.09 

W2TiC2O2 0.18 0.00 0.10 

Mo2ZrC2O2 0.14 0.00 0.07 

W2ZrC2O2 0.14 0.00 0.08 

Mo2HfC2O2 0.15 0.00 0.08 

W2HfC2O2 0.16 0.00 0.09 
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Table S2. Band gaps in eV of selected M′′2M′C2O2 for the test of U values of GGA + U. Note that the SOC 
interaction is considered in the related calculations.

U (eV) Mo2TiC2O2 W2HfC2O2

0 0.04 0.28

1 0.05 0.29

2 0.06 0.31

3 0.08 0.34

4 0.11 0.38

5 0.15 0.45
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Figure S1. Phonon dispersions of (a) Mo2TiC2O2, (b) W2TiC2O2, (c) Mo2ZrC2O2, (d) W2ZrC2O2, (e) Mo2HfC2O2, 
and (f) W2HfC2O2.
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Figure S2. Variation of total energy during AIMD simulation at 300 K for (a) Mo2TiC2O2, (b) W2TiC2O2, (c) 
Mo2ZrC2O2, (d) W2ZrC2O2, (e) Mo2HfC2O2, and (f) W2HfC2O2.
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Figure S3. Projected band structures of (a) Mo2TiC2O2, (b) W2TiC2O2, (c) Mo2ZrC2O2, (d) W2ZrC2O2, (e) 
Mo2HfC2O2, and (f) W2HfC2O2 in GGA. The Fermi level is set to zero energy.
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Figure S4. Projected band structures of Mo2TiC2O2 in GGA + U, where (a) U = 0 eV, (c) U = 1 eV, (e) U = 2 eV, 
(g) U = 3 eV, and (i) U = 4 eV. Projected band structures of W2HfC2O2 in GGA + U, where (b) U = 0 eV, (d) U = 1 
eV, (f) U = 2 eV, (h) U = 3 eV, and (j) U = 4 eV. The Fermi level is set to zero energy.
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Figure S5. Projected band structures of (a) Mo2TiC2O2, (b) W2TiC2O2, (c) Mo2ZrC2O2, (d) W2ZrC2O2, (e) 
Mo2HfC2O2, and (f) W2HfC2O2 in GGA + U (U = 4 eV). The Fermi level is set to zero energy.
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Figure S6. Electronic band structures of Mo2TiC2O2 in (a) GGA, (c) GGA+ U (U = 4 eV), and (e) HSE. Electronic 
band structures of W2HfC2O2 in (b) GGA, (d) GGA+ U (U = 4 eV), and (f) HSE. The SOC interaction is considered 
in the calculation of the band structures. The Fermi level is set to zero energy.
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Figure S7. Projected band structures of Mo2TiC2O2 in (a) GGA, (c) GGA+ U (U = 4 eV), and (e) HSE. Projected 
band structures of W2HfC2O2 in (b) GGA, (d) GGA+ U (U = 4 eV), and (f) HSE. The SOC interaction is considered 
in the calculation of the band structures. The Fermi level is set to zero energy.
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Figure S8. Projected band structures of Mo2TiC2O2 (a) in equilibrium, (c) at strain  = 5%, (e) at strain  = 10%, and 
(g) at strain  = 15%. Projected band structures of W2TiC2O2 (b) in equilibrium, (d) at strain  = 5%, (f) at strain  = 
10%, and (h) at strain  = 15%. The Fermi level is set to zero energy.
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Figure S9. Projected band structures of Mo2HfC2O2 (a) in equilibrium, (c) at strain  = 5%, (e) at strain  = 10%, 
and (g) at strain  = 15%. Projected band structures of W2HfC2O2 (b) in equilibrium, (d) at strain  = 5%, (f) at strain 
 = 10%, and (h) at strain  = 15%. The Fermi level is set to zero energy.
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Figure S10. The fitted band structures to DFT and MLWFs for (a) Mo2TiC2O2 and (b) W2HfC2O2.
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Figure S11. Energy levels of , , and  states at  point vs strain  curves of |𝑀′′ ― 𝑑 +
𝑧2 ⟩ |𝑀′′ ― 𝑑 +

𝑥𝑦,𝑥2 ― 𝑦2⟩ |𝑀′′ ― 𝑑 ―
𝑧2 ⟩

(a) Mo2CO2 and (b) W2CO2. Energy levels of , ,  and  states at  |𝑀′′ ― 𝑑 +
𝑧2 ⟩ |𝑀′ ― 𝑑 +

𝑥𝑦,𝑥2 ― 𝑦2⟩ |𝑀′ ― 𝑑 +
𝑥𝑧,𝑦𝑧⟩ |𝑀′′ ― 𝑑 ―

𝑧2 ⟩
point vs strain  curves of (c) Mo2Ti2C3O2 and (d) W2Hf2C3O2. Note that a compression strain is adopted in 
W2Hf2C3O2, different from the tensile strain in the others.
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Figure S12. Projected band structures of Mo2CO2 (a) in equilibrium, (c) at strain  = 5%, (e) at strain  = 10%, and 
(g) at strain  = 15%. Projected band structures of W2CO2 (b) in equilibrium, (d) at strain  = 5%, (f) at strain  = 
10%, and (h) at strain  = 15%. The Fermi level is set to zero energy.
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Figure S13. Projected band structures of Mo2Ti2C3O2 (a) in equilibrium, (c) at strain  = 5%, (e) at strain  = 10%, 
and (g) at strain  = 15%. Projected band structures of W2Hf2C3O2 (b) in equilibrium, (d) at strain  = -5%, (f) at 
strain  = -10%, and (h) at strain  = -15% (the symbol “-” represents the compression strain). The Fermi level is set 
to zero energy.
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Figure S14. Projected band structures of Mo2Ti3C4O2 (a) in equilibrium, (c) at strain  = 5%, (e) at strain  = 10%, 
and (g) at strain  = 15%. Projected band structures of Mo2Ti4C5O2 (b) in equilibrium, (d) at strain  = 5%, (f) at 
strain  = 10%, and (h) at strain  = 15%. The Fermi level is set to zero energy.
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Figure S15. Atomic projected band structures of Mo2TiC2O2 with large-gap coating layer (a) h-BN, (c) 
fluorographene, (e) graphane, (g) MoS2. Atomic projected band structures of W2HfC2O2 with large-gap coating 
layer (b) h-BN, (d) fluorographene, (f) graphane, (h) WS2. The Fermi level is set to zero energy.
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Figure S16. Atomic projected band structures of Mo2TiC2O2 with large-gap coating layer fluorographene (a) in 
equilibrium, (c) at strain  = 5%, and (e) at strain  = 10%. Atomic projected band structures of W2HfC2O2 with 
large-gap coating layer fluorographene (b) in equilibrium, (d) at strain  = 5%, and (f) at strain  = 10%. The Fermi 
level is set to zero energy.


