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Figure S1. XRD pattern of carbon paper.

Table S1. Surface energy of HfO, crystal planes.

Planes

A (A?)

Eslab (CV)

Epuik (V)

Y (eV/A2)

(111)
(-111)
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(200)
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50.12
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39.08
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Figure S2. Surface energy curve of HfO, crystal planes.



Computational details of the formation energy:

Figure S3. Schematic diagram of the vacancy types (024, O15, O12, and O9)
in 12 HfO, units.

The formation energy of oxygen vacancies (Efym-ovac) Was calculated using

the following formula: (E¢ym-ovac) = (Eovact1/21(02))- Egpap, Wwhere Egy,c 1s the

structural energy (eV) after oxygen vacancy formation, p(O,) is the chemical

potential (eV) of O,, and Eg,, is the energy (eV) of the complete (111) crystal

plane. Considering the large error in the energy calculation of O, in the triplet

state using DFT, the calculation process combines the ORR experimental values

to calculate pu(O;). That is:

2H, (g, 298.15K,1 atom) + O, (g, 298.15K, latom) = 2H,0 (1, 298.15K, latom) =

AGZ98.15
2H,0 (g, 298.15K, 0.035atom) exp =-492 eV

W(O,) can be derived from the above equation:

1(05 (g, 298.15K, latom)) = 2p(H,O(g, 298.15K, 0.035atom))-2p(H,(g,
AGZ98.15

298.15K, latom)) - exp
Table S2. Statistics data to calculate pu(O5).
EDFT dG (eV) G (CV)
(eV)
H,0 (g, 298.15K, 0.035bar)  -14.22 0.00 -14.22




H, (g, 298.15K, 1bar) 677  -004 -6.81
0 (g, 298.15K, 1bar) -9.90

Table S3. Formation energy for four types of oxygen vacancies.

Eovac_x (GV) Eostab (GV) I3 (02) (GV) Eform-ovac (GV)

Oyca24 -1434.61 -1446.11 -9.90 6.55
Oycals -1434.44 -1446.11 -9.90 6.72
Oveal2 -1434.94 -1446.11 -9.90 6.22
Oyeay -1434.47 -1446.11 -9.90 6.69

Table S4. Calculated free energies of each component involved in reactions

Eprr (V) dG (eV) Giot (€V)
Li,O,*HfO, -369.1329 0.1743 -368.9586
LiO,*HfO, -375.2276 0.0949 -375.1327
LiO,*HfOy -369.8218 0.1279 -369.6940
Lipyix -3.9738 -3.9738
HfO,(111) -361.5251 -361.5251
O, -9.90338
HfO, -361.5251

HfO, -349.9398
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Figure S4. (a) The structure and corresponding adsorption energies of LiOy on
oxygen-defect HfO,(111) plane; calculated total DOS of (b) HfO,(111) and (c)
oxygen-defect HfO,(111) plane.

Figure S5. (a) SEM and (b) TEM images of pure NC nanosheets.
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Figure S6. Charge/discharge curves of pure NC nanosheets under the limited-

capacity mode.



