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With the extensive application of photoelectric catalysis in various fields, the
electron behaviors are of obvious importance to investigate the mechanism of
photoelectrochemistry’3. The quantization of the electron behaviors will display an
intuitionistic observation plat to reveal the photocatalytic mechanism. Density-
functional theory (DFT), as one of the solutions to the Schrédinger equation as shown
in Egs.(1-2), is usually employed exclusively for the treatment of electronic behaviors,
such as the band structure, density of states and even electronic transportation behaviors
through interface* °. And the properties of the electronic ground states and excited states
could also be shown in a direct or indirect way by the calculation of DFT®’.

E(p)=T(p)+U(p)+Exc(p) 1)

Where, E(p) is the total energy. The terms on the right are, in order, the kinetic
energy of a system of non-interacting particles of density p, the classical electrostatic
energy due to coulombic interactions and all many-body contributions to the total

energy, in particular, the exchange and correlation energies.
[~ 2+ V@) + V() + Ve @], (1) = €0,(r) 2)
Here, €; and ¢,(r) are occupied KS eigenvalues and eigenstates, respectively.
V(r) and Vy(r) are the ionic and Hartree potentials, respectively, and Vy.(r) =

S8Exc(p)/6p is the exchange—correlation potential. When the molecular orbitals are

orthonormal, the p(r) could be defined as follows.

p()=ilo,)| (3)

By solving the Schrddinger equations, the electron properties and the total electron
density (TED) of any suitable system could be easily displayed. As usual, the situations
where DFT calculations have limited accuracy in the calculation of electronic excited

states because of the assumption of wave functions of electron density which are named

spin-restricted as shown in Eq.(3). Nevertheless, the ¢,(r) is based on molecular

orbital (MO)8, which is a mathematical function describing the wave-like behavior of
an electron in a molecule®. This function could be used to investigate the chemical or

physical properties through the calculation of the electron properties. The MOs may be
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occupied by spin-up () or spin-down (f) electrons. The same i for both a and S
electrons is known as a spin-restricted calculation, and the different ¢i for a and S
electrons is named as a spin-unrestricted or spin-polarized calculation. In the
unrestricted case, o« MOs and  MOs could be defined to form two different charge
densities, and their sum show the total charge density and their difference display the
spin density. The excited states always mean that the electrons are excited from ground-
states, so the partially spin-restricted wave function could be used to define the
excitation states® 19, as illustrated in Fig.1. When the scattered energy is absorbed by
electrons, the electrons will be excited to the higher MO, and the electron states and the
multiplicity of the system can be to raise!!. The ground state always performs the lowest
formation energy, which could be calculated through structural optimization analysis.
Besides, the multiplicities of ground-state and excited-state can be confirmed.
Therefore, a suitable multiplicity state of spin-unrestricted calculation could provide a

picture of electrons distribution changes.
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Fig.1. Schematic illustration of the electron for spin-restricted, spin-unrestricted and ground-state, excited-state

The BIOVIA Materials Studio DMoL® module is used for offering an effective
method to investigate the electronic behaviors, such as the deformation density,
Mulliken population analysis and the electron density difference to directly or indirectly
provide the electron transfer process (ETP). As with photoelectric catalysis, the ground-
state properties have been widely studied. However, very little information is available
in the description of processes such as charge carrier generation, transport, and

recombination'?, which requires a detailed understanding of several excited-state
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properties. Although recent studies observed the bulk charge separation of BiOX, for
instance, the internal electric field affected electrons should tend to migrate to the
surface™® 4, little was known about electron-transfer processes on their surfaces. To
describe the surface-electron-transfer processes, theoretical calculations on the
Mulliken population analysis'® ¢, deformation density, the electron density difference
were carried out to understand the ETP in detail.

Mulliken charges

Mulliken charges used to be carried out from the Mulliken population analysis*®
16 by computational chemistry based on the linear combination of atomic orbitals
method. Moreover, the Mulliken charges could estimate the partial atomic charges to
evaluate electron gain or loss capacity.

Difference distance of A and B atoms (ADag)

The difference distance of A and B atoms (ADag) could be calculated by the A—

B distance (Dag) minus their Van der Waals radius (ra, rs), as shown in Eq.(4).
ADAB=DAB-TA B .. e cs i (@)
Deformation density (DD)

The deformation density based on the electron density distribution could be used
to produce theoretical dynamic deformation density maps of BiOX. The deformation
density is the difference between the molecular and the unrelaxed atomic charge
densities, which could tell us the formation of the bonds between atoms!’- 18, as shown
Eq.(5).

Pa®) = p(1) = Zapa(r = Re) (5)

Where p(r) is the molecular charge density and p,(r — R,) is the density of
the free atom a located at coordinates R,,.

Effective mass (m*)

As shown in Eq.(6), m* is estimated by the two order derivative of energy
(E) to wave vector (k).

M*=h2(A2E/AK2) Leenereeeeeieneeeie (6)
Electron density difference (EDF)



Caculations about the electron density difference (EDF) through the final state

minus the initial state are obtained through Eq.(7) °.
Mp =p,—p, (7
Where Ap is the electron density difference, p,and p, are the final and initial

states of total electron density, respectively.

To gain the initial and final electron density states, the Multiplicity were employed
to understand the electron states. Structural optimization analysis of BiOX revealed that
the BiOX when the singlet and doublet were employed (Tables S5~S6), which could be
regarded as ground/initial states?®. At the same time, the finitial states were obtained

through the introductions of the doublet and triplet.
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Revised Fig.S1. Density of states around the valance band for BiOF(001) surfaces
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Revised Fig.S2. Band structures and densities of states of BiOCI(001) and BiOCI-
O(001) surfaces
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Revised Fig.S3. Band structures and densities of states of BiOBr(001) and BiOBr-
O(001) surfaces
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Revised Fig.S4. Band structures and densities of states of BiOI(001) and BiOl-
0O(001) surfaces
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Fig.S5. The layer identifier numbers of BiOX(001) surfaces



Fig.S6. The distances among F, Cl, Br, I, Bi and O atoms.
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Fig.S7. The distributions of equipotential lines of deformation density calculations
for BiOX(001) surfaces
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Revised Fig.S9. The total electron densities of initial states (p,) and final states (p,)
as well as the electron density difference (Ap, Ap=p,—p,) for BiOCI(001) surfaces
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Revised Fig.S10. The total electron densities of initial states (p,) and final states
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Revised Fig.S11. The total electron densities of initial states (p,) and final states
(p,) as well as the electron density difference (Ap, Ap=p—p,) for BiO1(001) surfaces
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(p,) as well as the electron density difference (Ap, Ap=p,—p,) for BiOF-O(001)
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Revised Fig.S13. The total electron densities of initial states (p,) and final states

(p,) as well as the electron density difference (Ap, Ap=p—p,) for BiOCI-O(001)
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Revised Fig.S14. The total electron densities of initial states (p,) and final states

(p,) as well as the electron density difference (Ap, Ap=p,—p,) for BiOBr-O(001)
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Table S1. The work functions (®) of BiOX(001) and BiOX-O(001) surfaces and
the quantity changes (A®, A® = ®siox(o01) - Deiox-o(001)) between BiOX(001) and
BiOX-0O(001) surfaces

D(eV) D(eV) D(eV) D(eV)

BiOF(001) 3.40 BiOCI(001) 3.18 BiOBr(001) 3.10 BiOI(001) 2.97
BiOF-O(001) 346  BiOCI-O(001)  3.35  BiOBr-O(001) 3.35  BiOI-O(001)  3.29

AD 0.06 AD 0.17 AD 0.24 AD 0.32

Table S2. The covalent/atom radius, van der Waals radius, lonic radius and
electronegativities of F, CI, Br, I, O and Bi atoms

F Cl Br | (0] Bi
Covalent/Atom radius () ~ 0.64% 0.992 1.14% 1.23% 0.662 1.55%
Van der Waals radius(A) 1.47% 1.75% 1.85% 1.98% 1.52% 2.07?%2
Electronegativity 4,08 3.08 2.8% 2.5% 3.568 1.9%
d?’E

Table S3. Calculated effective mass (m* = hz/m-) for electrons (me*=m*/mo, mo:
the mass of an electron) and holes (mn*=m*/mo) along ¢ direction

BiOF BiOF-O BiOCI BiOCI-O BiOBr BiOBr-O BiOl BiOI-O

me* 1.1705 0.0905 0.1857 0.1089 0.0487 0.0889 0.1572 0.0627

mp* -0.1524 -0.1974 -0.1175 -0.0651 -0.1125 -2.4802 -0.1664 -0.8035

Table S4. The lattice parameters and surface area values for BiOX(001) surfaces

BiOF (001) BiOCI(001) BiOBr(001) BiO1(001)
a=b (A) 7.6372 8.0038 8.0656 8.263
c(A) 30.8504 33.2861 35.169 34.9483
a=p=y(°) 90 90 90 90
Surface area value (A?/site) 3.65 4.00 4.07 4.27

Table S5. The formation energies (Ha) of BiOX(001) surfaces

BiOF(001) BiOCI(001) BiOBr(001) BiOI(001)
Singlet  -485787.277021 -491551.276630 -525371.977066 -594911.679096
Doublet  -485787.276721 -491551.276367 -525371.974181 -594911.678719
Triplet  -485787.275766 -491551.275558 -525371.973319 -594911.677569
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Table S6. The formation energies (Ha) of BiOX-O(001) surfaces

BiOF-O(001) BiOCI-O(001) BiOBr-O(001) BiOI-O(001)
Singlet -485712.095786 -491476.147287 -525296.850320 -594836.557203
Doublet -485712.096314 -491476.147791 -525296.850857 -594836.557795
Triplet -485712.094064 -491476.113010 -525296.849245 -594836.555299
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