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Computational Methodology:
We have carried out density functional theory (DFT) based electronic structure calculations to
investigate the energetics and optical responses of experimentally synthesized 2% W and Ti co-
doped monoclinic BiVO4 of sheelite type structure. W and Ti were supposed to replace V sites
instead of Bi sites, on the basis of the reported work that V site substitution has a smaller
formation energy.! Projector augmented wave (PAW) formalism implemented VASP (Vienna
Ab-initio Simulation Package) program has been used throughout the calculations,? ® to simulate
the optical absorption cross-section. The core electrons behaviour and the interaction between
valence electrons and the ion can be described properly in the PAW approach. The Perdew-
Burke-Ernzerhof (PBE) form of generalized gradient approximation (GGA) has been employed
as the exchange-correlation functional to obtain the optimized configuration of pristine and W
and Ti co-doped BiVO4 and consequently the respective optical absorption cross-section.* The
Brillouin zone has been sampled by 3x3%3 Monkhorst Pack scheme of k-points. The energy cut-
off of the plane wave basis set describing the valence electrons has been set at 520 eV after
energy convergence check. To calculate the optical absorption cross-section, we have increased
the number of bands as double of the initial one so that there will be enough number of
unoccupied states for allowed HOMO-LUMO transitions. For determining the Density of States,
the k-points have been doubled of the initial k-points. The structure has been optimized until the
calculate Hellman-Feynman forces are smaller than 0.01eV/A.

The frequency dependent dielectric function &(®) = e1(w)+ie2(®) has been calculated. The
imaginary part of the dielectric function can be derived from the Fermi golden rule, which is

eventually turns as the optical absorption cross section:

am?e? |, 1 *
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where the indices ¢ and v refer to conduction and valence band states respectively, and uck is the
cell periodic part of the electronic wave functions at a specific k —point.

A 2x2 supercell of W doped BiVO4 (010) surface with a vacuum region of 15 A was chosen to
investigate the surface property. The (010) surface was used because it is the most stable surface
under the realistic conditions.>” During the calculation, self-consistent periodic Density
Functional Theory (DFT) calculations were employed. The Generalized Gradient Approximation
(GGA), in the form of the Perdew-Burke-Ernzerhof (PBE) approximation was used to calculate
the exchange-correlation energy. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme was
chosen as the minimization algorithm. DFT-D correction was applied during the dispersion
corrections. Hubbard U-corrections to the d electrons of V (LDA+U, effective U(V)=2.5 eV) and
spin-polarization were performed during the calculations. Ultrasoft pseudopotentials in
reciprocal space were used, where the electron configuration of the valence was set as O-2s22p*,
Ti-3523p°®3d%4s?, V-3p®3d34s?, W-5p®5d*6s?, and Bi-5d°6s26p°. Gaussian smearing scheme with
the smearing width of 0.05 eV with 30% empty band was applied in the calculation. The external
stress and hydrostatic pressure were set at 0 GPa. The energy cutoff was set at 380 eV and the
SCF tolerance 1.0x10® eV/atom. The convergence criteria for the structure optimization and
energy calculation were set to an energy tolerance of 5.0x10° eV/atom, a maximum force
tolerance of 0.01 eV/ A, 0.02 GPa and a maximum displacement tolerance of 5.0x10* A,
respectively. 2x1x1 k-points sampling was used for the surface calculations. The Fermi level is
simply defined as the valence band maximum (VBM) for n-type semiconductors and insulators
in the CASTEP code and some other codes.? °

Adsorption and surface energies calculation.
The adsorption energy (E,4s) between surface and adsorbed particles was computed by equation

2.



Eads = Emolecule+surface - Emolecule - Esurface (2)

“where Epolecure+surface 1S the total energy of the system, including the adsorption molecules
and the BiVOs facet; Epnolecule 1S the optimized energy of adsorption molecules, which can be
derived from the reference species including H>O and Hz. For example, Eon= En2o - 0.5EH2. The
energy of H2O and H; are -468.71 eV and -31.55 eV respectively.!® Egy face iS the energy of
BiVO4 facet.” In the definitions, the higher negative value of E,q4 indicates a more stable
adsorption on the plane. All the calculated energies reported herein include Zero-Point Energy

(ZPE) correction.!! The surface energy (y) can be calculated by the following equation 3:

1
¥ =57 (Esiap — NEpuic) ©)
where Eg;,p, 1S the total energy of the slab model, E}, i is the total energy per unit cell of the bulk,

n is the number of unit cells that the slab model contains, and A is the surface area of the slab

model.
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Fig. S1 TG-DTA curves of the transparent gel dried at 120°C.

Fig. S1 shows TG-DTA curves of the dried gel. 3 stages of weight loss were observed at below
250 °C, 250-330 °C and 330-600 °C in the TG curve. The first weight loss might come from the
evaporation of ethylene glycol in the gel. The following sharp weight loss is due to the
combustion of resultant organics in the gel, corresponding to an exothermic peak at around
300 °C. The third weight loss is the removal of the residual organic components and reaction of
the inorganic components to form BiVOs. A corresponding exothermic peak at 456 °C was
observed, which is the formation temperature of BiVOs. Thus, in this study, we take 500 °C as

the sample preparation temperature to ensure complete formation of BiVOa.
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Fig. S2 Light absorption efficiency of pristine BiVOa.
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Fig. S3 Photocurrent of pristine BiVO4 with 0.1 M Na>SOa.
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Analysis for the front and back illumination photocurrent

For front-side illumination, the photo-excited carriers are generated mostly near the BiVOs-
electrolyte interface region. Thus, electron will transport a relatively long path to the FTO before
reaching the counter electrode, while hole travels a relatively short distance to the electrolyte. On
the contrary, from the back side illumination, the photo-excited carriers are mostly generate near
the FTO-BiVO; interface region. Thus, electron will transport a relatively short path to the FTO,
while hole travels a relatively a longer distance to the electrolyte. Hence, Front and back
illumination photocurrents can reflect the relative transport property of electron and hole. Higher
front illumination photocurrent indicates better electron transport. Otherwise, higher back

illumination photocurrent indicates better hole transport.
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Fig. S4 X-ray diffraction patterns of pristine, W doped BiVO4 and W-Ti codoped BiVOa.

Peaks from FTO substrates have been mark with *.

~——W doped BiVO,
W,Ti codoped BiVO,

—— W doped BiVO,
W,Ti codoped BiVO,

Intensity {(a.u.)

Intensity (a.u.)

L e

255 250 245 470 465 460 455 450
Binding Energy (eV) Binding Energy (eV)



Fig. S5 (a) W 4d and (b) Ti 2p core-level X-ray photoelectron spectroscopy (XPS) of W

doped BiVO4 and W-Ti codoped BiVOa.
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Fig. S6 Raman spectra for W doped BiVO4 and W-Ti codoped BiVOa.
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Fig. S7 EDX of (a) W doped BiVO4 and (b) W-Ti codoped BiVOa.

Table S1 Energetics and Volume changes of pristine and doped BiVOs based on DFT

calculations.
Structure Total Energy Total Volume Volume
Energy Difference Volume Difference Difference (%)
(eV) (%) vs (A3) (%) vs BiVOs+2%W
[eV/atom] Pristine vs Pristine
Pristine [ -707.225 1255.08
BiVO4 [-7.36]
BiVO4s+2% | -710.119 0.41 1261.70 0.53
w [-7.39]




BiVOs+2% | -710.761 0.49 1265.85 0.86 0.33

(W+Ti) [7.40]

In this study, we employed sol-gel method to prepare BiVVOg4 thin films for facile doping
of different elements. X-ray diffraction shows all peaks of pristine, W doped BiVO4 and
W-Ti codoped BiVO4 agree well with monoclinic BiVO4 without any other impurity
phases (Fig. S3). This demonstrates monoclinic BiVO4thin film can be easily synthesized
by this sol-gel method. Moreover, this method is facile for doping mono or multiple
elements. XPS were tested to verify the doping (Fig. S4). However, only W can be
identified in the XPS spectra. Ti signal overlaps with the signal of Bi 4d3/2 at around
465eV, thus, only a broad peak of Bi 4d3/2 was observed. Many reported XPS wide scan
indicate such a peak at around 465 eV.2 13 Due to the large peak intensity of this peak,
our capability to resolve Ti 2p3/2 peak is greatly reduced. Raman was then used to
characterize Ti doping. W doped BiVOs was as the reference in the analysis. Fig. S5
shows the Raman spectra for W doped BiVO4 and W-Ti codoped BiVOas. The strongest
peak at 833 cm™ of W doped BiVOys is attributed to the symmetric stretching modes of
VO, tetrahedra.'* ® With codoping Ti, a marginal shift appears in the VO, tetrahedra
vibration, which indicates Ti is incorporated into BiVOs lattice occupying the V site.
Though the shift is small, the results is highly repeatable and consistent with the reported
results by Mullins et al, in which a slight shift in Raman was also observed after doping
Mo or W into BiVOys single crystal.’® Moreover, we also considered the formation of the
doping from theoretical view. The formation energies were given in Table S1. It is found

that W mono doping or W-Ti codoping are not difficult, formation energies of which are



close to that of pristine one. And in experiment a lot of research work has reported the W
doped BiVOs and great enhancement has been observed due to the enhanced electron
density, which suggests that W can be easily doped into BiVO4.1" 18 Since W-Ti codoping
has a quite similar formation energy with mono W doping, it is reasonable to believe that
W-Ti can also be doped into BiVO4. Elemental information was also analyzed by Energy-
dispersive X-ray spectroscopy (EDS), which showed that W concentration was around 2.8
at% in W-doped BiVO4 and Ti and W concentations were 3.2 at% and 3.3 at%

respectively in W-Ti codoped BiVOs (Fig. S6).
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Fig. S8 The photocurrent at 1.23 V vs. RHE of nominal 2 at% W doped BiVVO4 codoped with

different amount of Ti.



Fig. S9 Top view SEM images of (a) W doped BiVO4 film and (b) W-Ti codoped BiVO4

film. Cross-section SEM images of (c) W doped BiVOs film and (d) W-Ti codoped

BiVOs film.
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Fig. S10 Light absorption efficiency of W doped BiVO4 and W-Ti codoped BiVO; films.
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Fig. S11 Photocurrents of W doped BiVOs and W-Ti codoped BiVO4 films under

AML1.5G illumination with hole scavenger Na>SOzs. Dark currents were shown in dash

lines.
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Fig. S12 Light absorption efficiency of FTO.



Effective Mass Calculations:
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Fig. S13 Band structure for calculation of the effective mass (a) pristine BiVOs, (b) W doped

BiVOg4, and (c) W-Ti codoped BiVOa.
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Fig. S14 Crystal Structure of (a) pristine, (c) W-doped and (d) W-Ti co-doped BiVOs. (b)
Polyhedra perspective of pristine BiVO4. BiOg polyhedra has been represented by magenta color.
Bi, V, O, W, Ti are represented by magenta, blue, red, grey and green colours. (¢) DOS of

pristine and doped BiVOa.

Monoclinic BiVO4 possesses a layered structure of alternate arrangement of Bi and V cation,
along the crystallographic ¢ axis (Fig. S13a). In monoclinic BiVOa, two polyhedra units, VO4
tetrahedra (red polyhedra in Fig. S13b) and BiOg dodecahedra (magenta polyhedra in Fig. S13b)
linked to each other by edge sharing. The distortions of these two polyhedra create even number
(2 and 4) of oxygen neighbour of tetrahedra and dodecahedra, respectively. The substitution of V
by W (Fig. S13c) and also co-doping of W-Ti (Fig. S13d) increase the cell volume of pristine
BiVO4 by 0.53% and 0.86 % respectively. This change in volume can be attributed to the volume
of doped polyhedra that induces distortion in the neighbouring polyhedra. Doping with W creates
volume change in VO4 polyhedra on the order of + 0.1-0.2A% and in BiOs polyhedra + 0.3-0.8A3.
Similar phenomenon is also observed in case of co-doped W-Ti system, with a higher degree of

distortion than W doping, which leads to a higher volume change. It is worth mentioning that the



energy change (total and energy/atom) of the system (as depicted in Table S1) leads to a higher
stability with W doping and W-Ti codoping.

Fig. S13e shows the density of states of pristine, W-doped BiVO4 and W-Ti codoped
BiVOs. Mono and co-doping with W and W-Ti have no much impact on the band gap of
pristine BiVOs of around 2.0 eV, which is consistent with the light absorption
measurement (Fig. S10). Meanwhile, comparing W mono and W-Ti codoping, there is a
very small change in band gap (0.01 eV), which agrees well with the hole absorption peak

in Fig. 3c in the main text.
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Fig. S15 Open circuit potentials of pristine, W doped, W-Ti codoped BiVOa.
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Fig. S17. The adsorption structures and energies of OHags, Oags and OOHags involved in a water
splitting process on clean, W doped and Ti doped BiVO4 (010) facets. The unit of bond length is

A and the adsorption energy is eV. The “@ signs stand for adsorption state on the facet.



Thermodynamics of the chemical reaction are calculated in four steps. The first step is the one
that adsorbed H>0O moiety is dissociated at the active sites with the interaction of the photo-
generated surface hole. A surface hole (h™) reacts with an adsorbed H2O to release a proton and
creates an OHags radical. Then, the OHags will release another H adatom to generate an O adatom.
This process will consume more energy due to the high positive value of Gibbs energy change
(AG). After that, the generated O adatom is extremely electrophilic and immediately obtains an
electron by bonding to an adjacent H>O. The last step is O-O separation from surface with the
help of potential bias. Researches indicated that the V atom is not an active site because it cannot
be further oxidized on a perfect surface.!® 2° Thus, V site is not considered for calculation of
adsorption of reacting species. Fig. S15 illustrates detailed information about the adsorption of
several key species on different sites. As indicated, the adsorption energies of OHags On Bi atom
are -0.90 eV, -2.49 eV and -1.18 eV for clean, W doped and Ti doped BiVO4 (010) facets
respectively. Therefore, the doped surface can greatly improve the adsorption ability especially
for the W doped surface. Furthermore, doped atoms in the surface can also adsorb the species,

indicating the doped atoms may be the active sites on the surface.
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