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S1. Flat-band position and IPCE measurement with fabricated photoelectrodes

Photoelectrodes for flat-band potential and incident photon to charge carrier efficiency (IPCE) measurement
were fabricated by typical electrophoretic deposition (EPD) method. The sample and iodine were added in
acetone, and well dispersed by sonication and stirring. EPD was performed onto 1x1 cm? area of FTO glass
(Pilkington, TEC 8, ~8Q/square) at 55 V for 5 min with another FTO glass as a counter electrode. The
photoelectrode was washed with absolute acetone after EPD and then sintered in a furnace at 400 °C for 30 min

in the air. Copper wires were attached with silver paste and all exposed conducting parts except deposited



sample were covered with epoxy resin.

Mott-Schottky plot was obtained by using a potentiostat (IviumStat, lvium Technologies) at applied frequency
of 500 Hz under dark condition. The flatband potential (¢) can be determined using the x-intercept of the

following equation:
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where C is the differential capacitance of the space-charge region, ¢, is the relative dielectric constant of sample,
€o is the permittivity of the vacuum, Ny is the donor density, ¢ is the applied potential and k is the Boltzmann
constant. The conduction band position is assumed to be same with the flatband potential for n-type

semiconductor. The valence band position is induced by adding the band gap energy.

IPCE was evaluated utilizing a quantum efficiency measurement system (QEX7, PV Measurement) and
potentiostat (Reference 600, Gamry) at 10 nm wavelength scanning rate with 5 second measurement. 3-
electrode system was commonly used with Pt mesh, Ag/AgCl, and 0.5M Na,SO, solution as a counter electrode,

reference electrode, and electrolyte, respectively to estimate flat-band potential and IPCE.

S2. Quantum yield measurements

The quantum yield of the 10% (In, Mo)-doped sample was calculated by the chemical actinometry of potassium
ferrioxalate (K3(Fe(C,0,)3)-3H,0) (1, 2). For the preparation of Kz(Fe(C,0,4);)-3H,0, 1.5M K,C,0, and 1M
FeCl; in water solution were mixed and recrystallized two times resulting in green precipitate. The solution of 6
mM K;(Fe(C,04)3)-3H,0 in 50 mM sulfuric acid solution was irradiated under the same condition as that for
photocatalytic activity measurements for 2 minutes. The irradiated solution was mixed with NaCH;COO-3H,0
buffer solution and 0.1% 1,10-phenanthroline solution as a color indicator. Non-irradiated solution was also
prepared for comparison. The absorbance at 510 nm of the final complex solution was measured by UV-Vis-NIR
spectrophotometer (Cary 5000, Varian) with a cell of 1 cm length. Photon flux is given by:

1= se)V, Lt



where 44 = absorbance difference between irradiated and non-irradiated solutions, V; = the irradiated volume,
V, = the sampling volume for complexation with phenanthroline, V3 = the final volume after the complexation, |
= the optical pathlength of the irradiation cell, t = the irradiation time, @(4) = the quantum yield of ferrous ion
production (1.11 at 510nm), and (/) = absorption coefficient (11100 dm® mol™* cm™ at 510 nm). The final

apparent quantum yield is given by:

AO.Y.(% Number of reacted electrons 100
.Q.Y. = X
QY. (%) Number of incident photons

S3. Turnover number calculations

We have evaluated the turnover number for visible light-driven overall water splitting reactions shown in Figure
4 to justify the stability and durability of RuO, deposited on GBVQq 0. Since it is difficult to define the active
site exactly and to determine its number for photocatalytic reactions, the total number of species (RuO, or
GBVOy,) is used for the calculation following the previous published reference (3). Thus, the obtained

turnover numbers (TON) are low limits of the real value.

GBVOy 19 RuO,/GBVQy 1 Heated RuO,/GBV Oy 19
(Phase 1) for 10 hrs | (Phase I1-1V) for 30 hrs | (Phase V) for 10 hrs
Tot. moles of H, produced 23.05 374 142
(nmol)
Tot. GBVOq 1, moles (mol) 9.40 x 10 9.12 x 10 9.12 x 10
Tot. RuO, moles (mol) - 6.76 x 107 6.76 x 10™
TON w.r.t. GBVOy 10 0.0490 0.820 0.312
TON w.r.t. RuO, - 11.1 421
TOF w.rt. GBVOq 1, (h™) 0.00490 0.0273 0.0312
TOF w.r.t. RuO, (h0) - 0.370 0.421

Turnover number (TON) = [the number of produced hydrogen atoms] / [the total moles of RuO, or GBVOq 1¢].

Turnover frequency (TOF) = TON/time.



Hence, on the most reasonable basis (the moles of co-catalyst RuO,), the continuous operation in Phase 1I-1V

correspond to TON of 11.1 and a turnover frequency of 0.37 h™.

S4. Lattice-strain evaluations
a. Volumetric strain method

The principle of volumetric strain method has already been described in detail elsewhere such as any relevant
textbooks. The following description for volumetric strain is just a brief version of the contents from some

lecture notes.

Strain is related to change in dimensions and shape of a material. When the deformation is along one axis, the

most elementary definition of stain is
strain = change in length / original length

When a material is stretched, the change in length and the strain are positive. When it is stretched, the change in
length and the strain are negative. This conforms with the signs of the stress which would accompany these
strains, tensile stresses being positive and compressive stresses negative. Likewise, we define volumetric strain e

as:
e = change in volume / original volume

The volumetric strain is simply related to the normal strains. Consider a rectangular solid, whose original

volume is given by V, = xyz. When the solid is deformed, the resulting volume is given by
V=x(1+¢&)y(l +&)z(l +&)=xyz(l +ex+teyT & +ecey+e6+8 & +888)
If|ex|<1&|gy|<1&g|<1,

V=xyz(l +ecte,+g)=Vo(l +ete+g)

Now, the volumetric strain becomes

e=(V-Vo/Vo=g+e+g



b. Williamson-Hall method

The crystallite size (D) can be calculated using the Scherrer’s equation (4):

D =kA/(Bpcosb)

where k is the shape coefficient (0.9), A is the wavelength of the incident radiation (1.541874 nm), Bp is the peak

broadening due to small crystallite size, and 0 is the Bragg angle. fp can be expressed as (5)

2 _ BZ _ ﬁ?
D — Pmeasures instrumental

where Breasures 1S the measured peak broadening from XRD patterns, Binsyumentar 1S the instrumental peak

broadening. The peak broadening (Bs) due to lattice strain (¢ = Ad/(2d)) can be estimated as (5)

Bs= 4¢ tand

By using the Williamson-Hall plotting method, the contribution of crystallite size and lattice strain can be

separated (6).

BcosO = kA/D + 4¢ sinb

where f is the sum of the peak broadenings due to the lattice strain and crystallite size (f = p + Bs).
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Figure S1. Shifts and evolution of XRD peaks, and relationship between lattice strain and conduction band edge:
a) Full range XRD patterns, b) Main peaks’ shift, and ¢) & d) Mergence of main peaks of pristine BiVO, and all
GBVO, samples. ) Compressive (minus) lattice strain evaluated by volumetric strain method and conduction
band edge position as a function of doping concentration. f) Compressive (minus) lattice strain evaluated by

Williamson-Hall method and conduction band edge position as a function of doping concentration.
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Figure S2. Monoclinic to tetragonal ratios in pristine BiVO, and all GBVO, samples. Blue colored peaks:
Scheelite-monoclinic-BiVO, reference peaks. Green colored peaks: Tetragonal-BiVO, reference peaks. Orange
colored peaks: Prepared-samples’ peaks. a) Pristine BiVO, b) GBVOg,, ¢) GBVOqs, d) GBVOy 1, €)
GBVOy s.
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Figure S3. Tauc plot of pristine BiVO, and all GBVO, samples.

Figure S4. Powder sample images of pristine BiVO, and all GBVO, samples. a) Pristine BiVO,, b) GBVOy,, )
GBVOO.OS: d) GBVOO.lOy e) GBVOO.lS: f) BiVO.98M00.0204-
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Figure S5. Band structures determined by Tauc and Mott-Schottky plots for Pristine BiVO, and GBVOq 1. a)
Overall band structure, b) Blow-up near conduction band edge.

10



5, I—f—\'—\L _10"""‘- \

AL Madil WD N ey
5,00 KV 2500, 46.0 i
; . .

Figure S6. FESEM images of pristine BiVO, and all GBVO, samples. a) Pristine BiVO,, b) GBVQq;,, ¢)
GBVOO.OS: d) GBVOO.lOy e) GBVOO.lE: f) BiVO.98M00.0204-

11



Figure S7. HR-TEM EDS analysis of GBVO,g,. a) High-angle annular dark-field (HAADF) image of
GBVOygq, particle, b) Bi, c) V, d) In, and €) Mo detectred by elemental mapping. f) HR-TEM image of
GBVOgq, particle.

Figure S8. HR-TEM EDS analysis of GBVOggs. a) High-angle annular dark-field (HAADF) image of
GBVOggs particle. b) Bi, c¢) V, d) In, and €) Mo detectred by elemental mapping. f) HR-TEM image of
GBVOg s particle.
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Figure S9. HR-TEM EDS analysis of GBVO,4,. a) High-angle annular dark-field (HAADF) image of
GBVOy y particle. b) Bi, ¢) V, d) In, and €) Mo detected by elemental mapping. f) HR-TEM image of GBVOy 14
particle.

Figure S10. HR-TEM EDS analysis of GBVOy 5. a) High-angle annular dark-field (HAADF) image of
GBVOy 45 particle. b) Bi, c¢) V, d) In, and €) Mo detectred by elemental mapping. f) HR-TEM image of
GBVOy 5 particle.
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Figure S11. XPS of GBVOq 1. The binding energies indicate that the involved elements are all in their stable
oxidation states of Bi*", V", Mo®", and In®".
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Figure S12. IPCE of GBVQy 4, film. IPCE of GBVO, o photoelectrode was measured at 0.7 V (vs. Ag/AgCI) in
0.5M Na,SO, solution. The backside of GBVOQgy,, photoelectrode was illuminated with QEX7 (PV
Measurements, Inc.) calibrated by a NIST-certified Si photodidode.
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Figure S13. Photocatalytic activities of GBVO, with sacrificial reagents. a) Photocatalytic water oxidation by
pristine BiVOy, BiV(9sM0( 0,04 and all GBVO, samples under the visible-light (A > 420 nm) irradiation. 0.1 g
of photocatalyst powder was dispersed in 100 ml of aqueous AgNO; solution (50 mM) as an electron scavenger.
b) Photocatalytic water reduction by pristine BiVO,, BiV, M0 0,0, and all GBVO, samples under the visible-
light (A > 420 nm) irradiation. 0.1 g of photocatalyst powder was dispersed in 80 ml of distilled water and 20 ml
of CH3OH as a hole scavenger.
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Figure S14. Single In-doped BiVO,, Bi;«InVO,. a) Photocatalytic water oxidation under the visible-light (A >
420 nm) irradiation. 0.1 g of photocatalyst powder was dispersed in 100 ml of aqueous AgNO; solution (50 mM)
as an electron scavenger. b) XRD patterns, ¢) UV-Vis absorption spectra.

16



]
N

| —.— GE‘.\."(:IH_m 0.1 g (1st cycle)
1| —®— GBvO, , 0.1 g (2nd cycle)
|| —&—GBVO,,, 0.1g (3rd cycle)

¥ GBVO, 0.3 g (4th cycle)

= N
Q\D

» o

|
.
|

Amount of gas evolution (umol)
X

20
Time (hr)

|| —m—GBVO, 0.1 (1st cycle)
—— GBVO, . 0.1 g (2nd cycle)
1241 o GBVO, . 0.1 9 (3rd cycle)

—¥— GBVO, ,, 0.3 g (4th cycle)

Amount of gas evolution (umol)

Time (hr)
C

' GBVO, , after OWS
~ A
3
© GBVO, ,, before OWS
e’
2
@ GBVO, , after OWS
2 :
]
et
=
= j GBVO, ,, before OWS

L _L ) A i Y A Jl A b
15 25 35 45 55

2 theta (°)

Figure S15. 40-hour overall water splitting by unmodified GBVOg 19 anq 0.15 Under the visible-light (A > 420 nm)
irradiation in order to test photochemical stability. a) Overall water splitting by unmodified GBVQq 1o, b)
Overall water splitting by unmodified GBVOgs. Both overall water splitting reactions used N, purged
suspension of 0.1 or 0.3 g photocatalyst powder in 100 ml distilled water. Solid and dashed lines indicate
evolved H, and O,, respectively. ¢) XRD patterns of GBV Oy 19 and 0.15 before and after 40-hour overall water
splitting reaction.
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Supplementary Table

Table S1. ICP results of the four GBVO, samples.

Sample Element Wt % Atomic % Composition
2% In, Mo In 0.82 0.024
Bio.g981M0.024V0.680M00,02004
doped BiVO, Mo 0.58 0.020
5% In, Mo In 1.84 0.055
Big.0451Ng.055V0.040M 00 05104
doped BiVO, Mo 1.42 0.051
10% In, Mo In 3.63 0.114
Bio.ggsINg.114V0.889M 0011104
doped BiVO, Mo 2.95 0.111
15% In, Mo In 5.52 0.181
Bios101N0.181V0.823M00 17704
doped BiVO, Mo 451 0.177

Table S2. The estimated carrier density (Np) of BiVO, and GBVOq g5 ¢.10and 0.15 €lectrodes.

The Np values of BiVO4 and GBVOq g5 0.10and 0.15 €lectrodes are estimated by using previously reported method

(7).

Electrode material Np /cm®
BiVO, 1.285E+21
GBVOg g5 1.810E+20
GBVOq19 9.155E+19
GBVOg 15 7.080E+19
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