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Table S1 The PBE+U formation energies for the O vacancy defect Oy, in the different charge

states with the different supercell sizes (96 atoms 2X2X 1 and 192 atoms 2 X2 X2 supercells) at

the Fermi energy EF=0 under point C conditions.

PBE+U formation energies (eV), EF=0

Valence state q=0 q=1 q=2
IXIX1 4.76 243 0.73
IXIND 4.87 2.59 0.79
AHg 0.11 0.16 0.06

Table S2 Lattice constant of m-BiVO,4 2x2x1 supercell for a different type of vacancies at different
charged states. Experimental lattice constants (Partially Relaxed method) are included. The result
of PBE calculations for Partially Relaxed and Fully Relaxed methods are as listed. The values a, b
and c are in A, the values a, B, and y are in degrees, and volume is in A3. The numbers in parentheses

are the percent differences (%) of volume between the calculated and the experimental results.

Defect species Relaxed e Volume
method a b c a B Y
Oyac Partially 10.39 10.18 11.70 | 90.00 | 90.00 | 90.39 1236.78 (-)

0 Fully 1032 | 1033 | 11.76 | 89.92 | 89.90 | 90.02 | 1253.30 (1.34%)
+1 Fully 1023 | 1036 | 11.70 | 90.15 | 89.70 | 90.00 | 1240.04 (0.26%)
+2 Fully 1029 | 1028 | 11.66 | 90.13 | 89.82 | 90.10 | 1232.93 (-0.31%)

Biy, 0 Fully 1032 | 1032 | 11.70 | 90.00 | 90.00 | 90.01 | 1246.69 (0.80%)
-1 Fully 1037 | 1036 | 11.80 | 90.00 | 90.00 | 90.00 | 1267.13 (2.45%)
-2 Fully 1041 | 1040 | 11.89 | 90.00 | 90.00 | 89.98 | 1236.78 (4.12%)
-3 Fully 10.58 | 10.37 | 12.24 | 90.00 | 90.00 | 90.23 | 1343.57 (8.63%)

Vi 0 Fully 10.36 | 1035 | 11.80 | 90.00 | 90.00 | 90.01 | 1265.37 (2.31%)
-1 Fully 1041 | 10.40 | 11.92 | 90.00 | 90.00 | 90.00 | 1289.70 (4.28%)
-2 Fully 10.38 | 10.53 | 12.05 | 90.00 | 90.00 | 89.61 | 1318.23 (6.59%)
-3 Fully 10.80 | 10.45 | 13.19 | 90.00 | 90.00 | 89.85 | 1488.93(20.39%)
-4 Fully 11.27 10.85 14.05 90.00 | 90.00 | 93.66 1713.78 (38.57%)
-5 Fully 11.42 | 11.03 | 14.11 | 90.00 | 90.00 | 93.96 | 1773.21 (43.37%)




Table S3 Using the Partially Relaxed and Fully Relaxed method (PBE or PBE+U), calculated the
total energies and 1s core levels of O atom (E..) of m-BiVO, for a different type of vacancies at

different charged states.

Relaxed PBE PBE+U

method Total energy Ecore Total energy Ecore
O vac Partially -703.35 -500.48 -627.20 -500.34
0 Fully -703.51 -500.63 -627.20 -500.34
Partially -709.44 -500.46 -633.94 -500.32
-1 Fully -709.62 -500.52 -634.21 -500.38
Partially -716.24 -500.52 -639.96 -500.40
2 Fully -716.29 -500.51 -639.99 -500.38
Bi vae Partially -701.95 -500.86 -625.57 -500.73
0 Fully -702.04 -500.93 -625.74 -500.80
Partially -698.24 -500.81 -621.73 -500.68
-1 Fully -698.55 -501.04 -622.25 -500.92
Partially -694.50 -500.76 -617.85 -500.64
-2 Fully -695.22 -500.76 -618.92 -500.64
Partially -690.70 -500.71 -613.91 -500.59
-3 Fully -692.14 -501.56 -615.84 -501.45
V vac Partially -688.85 -500.59 -617.20 -500.46
0 Fully -689.11 -500.83 -617.64 -500.70
Partially -684.83 -500.56 -613.05 -500.42
-1 Fully -685.53 -500.97 -614.08 -500.84
Partially -680.57 -500.59 -608.66 -500.46
-2 Fully -681.90 -501.17 -610.45 -501.05
Partially -676.50 -500.56 -604.47 -500.44
-3 Fully -679.09 -502.22 -607.91 -502.08
Partially -672.40 -500.55 -600.23 -500.43
-4 Fully -678.24 -503.33 -608.54 -503.12
Partially -668.24 -500.53 -595.95 -500.40
-5 Fully -677.63 -503.51 -608.48 -503.28




Table S4. Calculated enthalpy of formation per formula unit of m-BiVO, and the possible limiting
phases by PBE, PBE+U, and HSE06 functional calculation. Experimental values are provided for

comparison. (unit: eV)

PBE PBE+U HSEO06 Experiment
AH{m-BiVO,) -11.97 -11.39 -11.96 -12.321
AH(VO,) -7.12 -1.73 -7.04 -7.372
AH{(V,05) -16.14 -15.27 -16.54 -16.07 3
/A\H; (Bi,03) -6.23 -6.23 -5.82 -5.953
AH{Ce,03) -11.74 -14.09 -11.03 -18.623
AH{(CeO0,) -10.45 -10.44 -11.02 -11.283

Table S5 Experimental lattice constants used for the PBE, PBE+U, and HSE06 functional total
energy calculations. The values a, b and ¢ are in A, and the values a, b and g are in degrees

K-Points  Space group Experiment
VO, 8x8x12  P4y/mnm a=b=4.5561, ¢=2.8598; a=p=y = 90°4

V,0s  3x8x10  Pmn2l a=11.48, b=4.360, c=3.555; o=p=y = 90°°
Bi,O;  6x4%5 P12,/cl a=5.8444, b=8.1574, ¢=7.5032; 0=90°, B=112.97°, y =90°¢
Ce,O;3  10x10x5  P321 a=b=3.888, c=6.07 0==90°, y = 120°7

CeO, 6x6x6  FM3-M a=b==c=5.411; a=p=y = 90°8




Table S6. The PBE, PBE + U, and HSE06 functional calculated chemical potentials at the

representative chemical potential limits imposed by the formation of competing for binary oxides

for m-BiVOy, as indicated in Fig. S1 and Fig. 1, respectively. All energies are given in eV.

PBE PBE+U
A D E’ F M’ C E o) M
ug -7.77 -3.87 -6.99 -387 -6.87|-753 -699 535 -6.87
uy  -17.06 -1126 -17.84 -12.64 -1599]-12.55 -13.09 -1037 -12.32
Lo 493 736 493 701 542 | 493 -493  -602 -5.16
Hee -1637 -1151 -1637 -1221 -1539|-14.46 -14.46 -12.28 -14.23
HSE06
Anse Duse  Euse  Fuse  Mase
us  -8.05 -436 -436 -727 -6.36
uy  -18.54 -12.39 -1447 -1932 -16.27
Lo -636 -882 -83  -636 -7.35
Hee -17.62 -12.7 -13.74 -17.62 -15.64
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Fig. S1 Accessible range of chemical potentials (yellow/shaded region) for the equilibrium growth
condition of m-BiVO,, which calculate by PBE. Specific points A, D, E’, F, and M’ are chosen as

the representative chemical potentials for the following defect formation energy.
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Fig. S2 The band structures and total density of state calculated for ideal m-BiVO,4 by PBE
functional. The position of the VBM is placed at zero for easy comparison.
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Fig. S3 Accessible range of chemical potentials (light blue /shaded region) for the equilibrium
growth condition of m-BiVO,4 which calculate by HSE06 functional. Specific points Apsg, Dyusg,

Eusk, Fuse, and Mygg are chosen as the representative chemical potentials for the following defect

formation energy.
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Fig. S4 The formation energies (derived from PBE calculated total energies of supercells) of
intrinsic defects Biyse, Vyae, Ovacs Biv, Vi, Oint, Blin, and Vi, in m-BiVOy at different chemical
conditions A, D, E’, F, and M’ (in fig. S1), plotted as a function of the Fermi level concerning the
VBM. The Fermi-level pinnings are indicated by red dashed lines. The Fermi level (EF) at the
valence band maximum (VBM) and the conduction band minimum (CBM) is set to 0.00 and 2.20
eV, respectively. The numbers in the plot indicate the defect charge state; parallel lines imply equal
charge states. For each geometrical defect, only the charge states that are energetically most

favorable at a given Fermi energy are shown.
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Fig. S5 The formation energies (derived from HSEO6 functional calculated total energies of
supercells) of intrinsic defects Biyac, Vyac, Ovacs Biv, Vi, Oint, Blin, and Vi in m-BiVO, at different
chemical conditions Aysg, Duse, Euss, Fuse, and Myse (in fig. S3), plotted as a function of the Fermi
level with respect to the VBM. The Fermi-level pinnings are indicated by red dashed lines. The
Fermi level (EF) at the valence band maximum (VBM) and the conduction band minimum (CBM)
is set to 0.00 and 2.50 eV, respectively. The numbers in the plot indicate the defect charge state;

parallel lines imply equal charge states. For each geometrical defect, only the charge states that are
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energetically most favorable at a given Fermi energy are shown.
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Fig. S6 The PBE calculated results for the formation energies of Ce doping in m-BiVO, using
chemical potentials corresponding to points A, D, E’, F, and M’ in Fig. S1. The energetic value of
the Fermi level pinning is indicated by red dashed lines. The Ef at the VBM and the CBM is set to
0.00 and 2.20 eV, respectively. The numbers in the plot indicate the defect charge state; parallel
lines imply equal charge states. For each defect, only the charge states that are energetically most

favorable at a given Fermi energy are shown.
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Fig. S7 The HSEO06 functional calculated formation energies of Ce doping in m-BiVO, using
chemical potentials corresponding to Aysg, Dusg, Ense, Fuse, and Mygsg (in fig. S3). The energetic
value of the Fermi Level Pinning is indicated by red dashed lines. The Er at the VBM and the CBM
is set to 0.00 and 2.50 eV, respectively. The numbers in the plot indicate the defect charge state;
parallel lines imply equal charge states. For each defect, only the charge states that are energetically

most favorable at a given Fermi energy are shown.
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