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S1. Some typical monolayer metal oxides searched based on the CALYPSO program

Fig. S1. Some typical freestanding monolayer metal oxides for (a) T phase, (b) H phase, (c) ZrO2, 

(d) HfO2, (e) MoO2, (f) WO3, (g) SnO2 and (h) GeO2 searched by the CALYPSO program. Metal 

and O atoms are marked with green and red spheres, respectively. Dashed frames indicate 

boundaries of primitive cells. 
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Table S1. Lattice parameters of monolayer metal oxides corresponding to the structures shown in 

Fig. S1. 

Materials a (Å) Materials a (Å)

ZrO2
H 3.16 3.16 TiO2

H 2.89 2.89

HfO2
H 3.11 3.11 ZrO2 5.27 5.42

MoO2
T 3.17 3.17 HfO2 5.04 5.07

WO2
T 2.90 2.90 MoO2 4.75 4.75

NiO2
H 2.79 2.79 WO3 6.12 6.12

PtO2
H 3.08 3.08 SnO2 4.79 5.83

GeO2
H 2.83 2.83 GeO2 5.09 5.09

TiO2
T 3.00 3.00
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S2. Convex hull for monolayer metal oxides

Fig. S2. Convex hull for MxO1-x (M represents the metal element). The convex hull as defined by 

the bulk phases is represented by the grey lines. Blue hexagons denote hexagonal phases while red 

squares represent orthorhombic phases. 
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S3. Phonon dispersions of monolayer metal oxides

Fig. S3. Computed phonon dispersions of 18 monolayer metal oxides. 
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Fig. S4. The phonon dispersion around the gamma point for monolayer metal oxides. 
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S4. Born-Oppenheimer molecular dynamics (BOMD) snapshots of monolayer metal oxides 

taken at the end of the simulation. The temperature is controlled at 500 K

Fig. S5. Snapshots of monolayer structures of (a) ZrO2
T, HfO2

T NiO2
T, PtO2

T, GeO2
T, SnO2

T, (b) 

MoO2
H, WO2

H, SnO2
H, (c) InO, (d) GeO, SnO, (e) MoO3, (f) Mo2O5, W2O5, (g) squared SnO-1  

and (h) TiO2 from BOMD simulations with temperature controlled at 500 K. Each simulation is 

lasted for 10 ps.
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S5. O2 adsorption on monolayer metal oxides

 

Fig. S6. Computed adsorption energies (Ead) versus d0, the distance between O2 and monolayer 

InO or SnO2
H. The green dashed line denotes 0 eV for Ead. The blue and red solid points indicate 

the location of O2 physisorption on InO and SnO2
H monolayers, and the blue and red numbers are 

the O2 binding energies on InO and SnO2
H monolayer, respectively. By definition, a positive Ead 

means the endothermic adsorption of O2 molecule, i.e., unfavorable O2 adsorption.
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S6. Water adsorption and dissociation on the monolayer metal oxides

Fig. S7. The atomic structures (top and side views) of H2O adsorption on monolayer (a) SnO, (b) 

SnO-1, (c) GeO, (d) MoO3, (e) Mo2O5, (f) WO3, (g) W2O5 and (h) TiO2. The H, O and metal atoms 

are shown in white, red and green colors, respectively. 
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Table S2. The distance (d) between H2O and these representative monolayers, H2O adsorption 

energy Ead
*1 and dissociated H2O chemisorption energy Ead

*2 on monolayers corresponding to the 

structures in Fig. S7 and Fig. S9, and the reaction of heat (EH) for H2O dissociation process.

Monolayers d (Å) Ead
*1 (eV) Ead

*2 (eV) EH (eV)

SnO 1.63 −0.25 -- --

SnO-1 1.55 −0.28 -- --

GeO 1.73 −0.22 -- --

MoO3 0.75 −0.17 -- --

Mo2O5 -- −0.59 1.04 −1.63

WO3 0.68 −0.21 -- --

W2O5 -- −0.71 1.23 −1.94

TiO2
1 1.04 −0.96 −1.52 0.56

TiO2
2 1.04 −0.96 3.05 −4.01
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Fig. S8. Differential charge densities of H2O chemisorption on the SnO-1 monolayer. The H, O 

and Sn atoms are shown in white, red and green colors, respectively. The orange indicates the 

electron accumulation with isosurface value of 0.03 |e| per Å3.

Fig. S9. The atomic structures of H2O dissociation on monolayer (a) Mo2O5, (b) W2O5, (c) and (d) 

TiO2. The numbers above the structures represent the energy of H2O chemisorption on the 

monolayer. TiO2
1 and TiO2

2 represent two different configurations of chemisorption. The H, O 

and metal atoms are shown in white, red and green colors, respectively. 
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Fig. S10. Reaction pathway for a H2O molecule to dissociate into two O atoms and an H atom on 

the TiO2 monolayer. The horizontal black line segments indicate the energy levels of the initial 

state, transition state, and final state, respectively, with each corresponding atomic structures (top 

and side views) plotted next to the energy level. The blue numbers (from left to right) represent 

the binding energy of the initial state, heat of reaction, activation energy, and binding energy of 

the final state, respectively. The H, O and Ti atoms are shown in white, red and grey colors, 

respectively. 
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S7. Monolayer metal oxides as photocatalyst for water splitting

Our computed (HSE06) band structures of MMOs yield a wide range of band gaps from 1.22 

to 6.48 eV, most of them exceeding the water redox potential (1.23 eV). In addition to the 

magnitude of the band gap, the band edges must also straddle the redox potentials of water for 

possible photocatalytic application. For the water splitting reaction, the redox potential depends 

on the pH value.1 The standard reduction potential for H+/H2 can be calculated from EH+/H2 = −4.44 

eV + pH × 0.059 eV, while the oxidation potential for O2/H2O can be calculated from EO2/H2O = 

−5.67 eV + pH × 0.059 eV. Table 1 presents the computed valence band maximum (VBM) and 

conduction band minimum (CBM) for each MMOs. For pH = 0 (EH+/H2 = −4.44 eV and EO2/H2O = 

−5.67 eV), the band edges of TiO2, GeO, SnO-1, ZrO2
T and HfO2

T all straddle the redox potentials 

of water, suggesting that these layered metal oxides are good candidates as photocatalyst, without 

the external bias voltage under the acidic environment. Under neutral environment of pH = 7 

(EH+/H2 = −4.03 eV and EO2/H2O = −5.26 eV), the band edges of SnO, ZrO2
T and HfO2

T satisfy the 

requirement of water splitting. Overall, the computed band gaps and band-edge positions (HSE06) 

suggest that several MMOs can be suitable photocatalysts for water splitting. The bare energy 

required to split water is 1.23 eV. However, additional energy is required to overcome the 

overpotential for the oxygen and hydrogen evolution processes (OER and HER), and to 

compensate for the positions of the quasi Fermi levels within the bandgaps.2 For pH = 0, EH+/H2 = 

−4.09 eV and EO2/H2O = −6.32 eV, respectively; for pH = 7, EH+/H2 = −3.68 eV and EO2/H2O = −5.91 

eV, respectively. Therefore, only GeO monolayer satisfies the bandgap requirement of water 

splitting. As for the bulk materials, some layered metal oxides have already been proven as 

promising materials for photocatalytic water splitting in experiments, for instance, layered TiO2 

materials,3, 4 and WO3 materials with Mg doping.5 Encouraged by the findings of these bulk oxide 
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materials, the functional metal oxide monolayer (or few-layer) materials predicted in this study 

can be promising candidates for photocatalytic water splitting. 
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S8. Horizontal/longitudinal anisotropic ratio for carrier effective mass and the 

longitudinal/horizontal carrier mobility 

Table S3. Computed horizontal/longitudinal anisotropic ratio for carrier effective mass, and the 

longitudinal/horizontal ratio for carrier mobility along x and y directions. The subscripts m, μ, h 

and e refer to the carrier effective mass, mobility, hole and electron, respectively. 

2D Materials Rm,h Rm,e Rμ,h Rμ,e

MoO2
H 1.00 13.30 1.06 115.74

WO2
H 1.00 18.42 1.20 1.20

NiO2
T 1.03 1.26 1.22 1.95

PtO2
T 1.01 6.42 0.05 1.03

InO 1.05 3.30 1.02 0.69

GeO2
T 1.03 1.00 1.19 1.02

SnO2
T 2.19 1.00 0.43 1.17

SnO2
H 0.58 1.00 2.02 1.16

TiO2 5.07 0.78 0.17 3.92

MoO3 3.20 1.43 13.76 23.70

Mo2O5 1.01 1.17 63.92 85.34

WO3 1.91 1.40 0.97 1.98

W2O5 1.30 1.90 4.33 37.77

GeO 2.27 4.24 1.50 18.60

SnO 0.77 3.71 17.06 8.40

SnO-1 1.00 1.00 1.00 1.00
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S9. Strain–total energy relations and shifts of VBM and CBM under strains of monolayer 

metal oxides

Fig. S11. Strain–total energy relations for monolayer metal oxides. 
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Fig. S12. (a) and (b) Shifts of VBM along x direction; (c) and (d) Shifts of VBM along y direction; 

(e) and (f) Shifts of CBM along x direction; (g) and (h) Shifts of CBM along y direction for 

monolayer metal oxides. The vacuum level is set at zero for reference.
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S10. Electronic properties of selected monolayer metal oxides with including spin-orbit 

coupling effect

Fig. S13. Electronic band structures of HfO2
T, PtO2

T, WO2
H, WO3 and W2O5 monolayers from left 

to right panels. 

Table S4. Effective mass ratio mh/me of hole/electron carriers, deformation potential constant E1, 

elastic modulus C, and hole/electron mobility ratio μh/μe for selected monolayer metal oxides (with 

heavy elements like Pt and W considering spin-orbit coupling. m0 is the electron rest mass. The 

subscript x and y represent the directions defined in Fig.1.

Hole 𝑚ℎ
𝑥 𝑚ℎ

𝑦 E1x E1y Cx Cy 𝜇ℎ𝑥 𝜇ℎ𝑦

m0 eV J•m–2 cm2V–1s–1

PtO2
T 1.27 1.30 8.54 2.05 115.56 127.35 20.47 382.44

WO2
H 0.80 0.80 4.55 5.32 285.47 289.63 454.19 337.07

WO3 2.82 1.45 7.10 9.98 199.86 200.25 14.66 14.46

W2O5 3.84 3.02 3.35 3.17 120.13 20.23 17.26 4.13

Electron 𝑚𝑒
𝑥 𝑚𝑒

𝑦 E1x E1y Cx Cy 𝜇𝑒𝑥 𝜇𝑒𝑦

m0 eV J•m–2 cm2V–1s–1

PtO2
T 1.00 6.52 6.99 2.80 115.56 127.35 19.53 20.57

WO2
H 7.10 0.35 7.13 7.80 285.47 289.63 10.58 181.89

WO3 0.80 0.57 5.26 8.98 199.86 200.25 288.88 136.00

W2O5 2.08 3.96 1.60 2.52 120.13 20.23 165.71 5.91
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S11. Electronic properties of selected monolayer metal oxides, computed by using DFT+U 
method

Fig. S14. Electronic band structures of monolayer metal oxides, calculated by using the DFT+U 

method. The Hubbard U parameters are set as 2.0,6 4.8,7 6.2,7 5.1,8 3.0,8 and 4.2 eV9 for Hf, Mo, 

W, Ni, Pt and Ti respectively. 
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Table S5. Effective mass ratio mh/me of hole/electron carriers, deformation potential constant E1, 

elastic modulus C, and hole/electron mobility ratio μh/μe for monolayer metal oxides using DFT+U 

method. m0 is the electron rest mass. The subscript x and y represent the directions defined in Fig. 

1.

Hole 𝑚ℎ
𝑥 𝑚ℎ

𝑦 E1x E1y Cx Cy 𝜇ℎ𝑥 𝜇ℎ𝑦

m0 eV J•m–2 cm2V–1s–1

MoO2
H 0.72 0.72 15.13 15.10 250.25 235.55 44.45 42.01

MoO3 2.97 0.95 1.14 6.39 179.89 150.81 584.90 48.79

Mo2O5 2.26 2.27 0.60 1.85 92.55 12.56 1058.72 15.05

WO2
H 0.75 0.75 4.90 5.48 286.75 287.69 447.58 359.03

WO3 2.87 1.49 7.38 10.05 198.32 199.50 12.93 13.51

W2O5 3.86 3.15 3.25 3.18 119.05 18.77 7.65 3.56

NiO2
T 1.89 2.01 1.30 1.53 139.77 145.35 473.28 334.11

PtO2
T 1.30 1.30 9.01 2.05 120.29 126.46 81.24 375.36

TiO2 4.44 0.85 3.09 2.61 105.30 84.05 31.91 157.51

Electron 𝑚𝑒
𝑥 𝑚𝑒

𝑦 E1x E1y Cx Cy 𝜇𝑒𝑥 𝜇𝑒𝑦

m0 eV J•m–2 cm2V–1s–1

MoO2
H 6.15 0.48 10.15 3.25 250.25 235.55 15.13 570.03

MoO3 0.75 0.53 2.12 11.50 179.89 150.81 328.95 71.94

Mo2O5 4.21 3.56 0.52 1.67 92.55 12.56 137.85 6.89

WO2
H 7.02 0.35 7.10 7.86 286.75 287.69 9.84 178.93

WO3 0.75 0.55 5.51 8.79 198.32 199.50 179.20 154.09

W2O5 2.05 3.85 1.44 2.60 119.05 18.77 116.39 5.41

NiO2
T 0.70 0.90 2.59 3.29 139.77 145.35 622.35 396.27

PtO2
T 1.12 6.70 7.00 2.95 120.29 126.46 40.02 16.69

TiO2 2.39 3.15 7.28 2.48 105.30 84.05 18.75 33.33
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S12. Computed carrier mobility of multilayer metal oxides 

Table S6. Effective mass ratio mh/me of hole/electron carriers, deformation potential constant E1, 

elastic modulus C, and hole/electron mobility ratio μh/μe for bilayer and trilayer InO. m0 is the 

electron rest mass. The subscript x and y represent the directions defined in Figure 1.

Hole 𝑚ℎ
𝑥 𝑚ℎ

𝑦 E1x E1y Cx Cy 𝜇ℎ𝑥 𝜇ℎ𝑦

m0 eV J•m–2 cm2V–1s–1

Bilayer 2.22 1.37 4.80 7.87 195.21 197.56 45.96 28.12

Trilayer 1.78 1.16 6.98 8.75 292.38 266.12 49.59 43.91

Electron 𝑚𝑒
𝑥 𝑚𝑒

𝑦 E1x E1y Cx Cy 𝜇𝑒𝑥 𝜇𝑒𝑦

m0 eV J•m–2 cm2V–1s–1

Bilayer 0.31 0.31 2.37 6.23 195.21 197.56 7489.94 1097.12

Trilayer 0.31 0.31 3.08 2.85 292.38 266.12 6724.84 7242.34
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S13. Optical absorption properties of selected monolayer metal oxides

Fig. S15. Computed optical absorption coefficients in ultraviolet wave-length region for selected 

monolayer metal oxides. λ is the wavelength. 
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