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Quantitation of surface hole concentration using probe molecules

The probe molecule reaction selected for this study was the oxidation of [Fe(CN)s]*", used to
map surface hole sites and quantify surface hole concentration. This reaction proceeds via
outer-sphere electron transfer, meaning the probe does not strongly interact with the electrode
surface, and electron transfer occurs without bond breaking or formation. Consequently,
introducing the redox species into the electrolyte does not affect the flatband potential of the
BiVO. photoelectrode. The probe concentration was set at 10 mM in a 0.1 M potassium
phosphate buffer. Photocurrent measurements were carried out using a nanoelectrode-based
probe positioned 30 nm above the BiVOs surface to detect the reaction product, with the net
photocurrent calculated by subtracting the dark current. The increased photocurrent on the
nanoelectrode, sensing the amount of the generated product molecule, titrates the concentration
of surface hole density according to the first-order redox reaction: [Fe(CN)¢]* + h" =
[Fe(CN)s]>". The effective area where the nanotip can collect the product molecules is
determined to be ~76 nm due to the diffusion effect of the redox molecules in aqueous

solution'234,

Kinetic model of carrier dynamics

The kinetic model of carrier dynamics to describe the transient SPV values applied here is
based on the Poisson and continuity equations. A charge neutrality was performed within the
BiVOs4 thin film layer. The densities of trap states in the grain boundaries (Ngss) and surface
trap states in the grain surfaces (Ngss) are taken into consideration. Due to a net-charge balance,
we have:

Ap(x,t) — Ngpse — Ngss,e = AN(X, £) — Ngps,n — Ness,n
where Ap(x, t) is the excess density of photogenerated holes, An(x, t) is the excess density of

photogenerated electrons, ngp; ¢ 1s the electron density in trap states in GBs, ngp p, 1s the hole



density in trap states in GBs, nggs  is the electron density in trap states in GSs, and nggs p 18

the electron density in trap states in GSs. The charge separation distance is assumed to be the

BiVOs4 layer thickness, L. The density of photogenerated free carries at t = 0 is setting by:
Ap(x,0) = An(x,0)

The rate equations for excess photogenerated holes and electron contains the transfer and back

transfer rate constants for holes and electrons in GBs and GSs are listed below:

Ap(t)
AL —Kyp(t) + Kppprro — Cp (p(©)n(t) — n;%) — p(t)06ps nVnNgas,e
— p(t)0gsnVnNgss,e
An(t)
At = —K.n(t) + Knpnero — Cp(p(On(t) — niz) - n(t)UGBs,eve (NGBS - nGBs,e)
nGSs,e
- n(t)GGSs,eUe (NGSS - nGSs,e) +
GSs,e
Aprro
AL —Knp(t) — KnpPrro
Angrg
A —K.n(t) — Kepnpro
AnGB :
Tse = n(t)UGBs,eve (NGBS - nGBs,e) - p(t)UGBs,hvhnGBs,e
AnGSs,e nGSs,e
= n(t)ogss,eVe (NGSS - nGSs,e) — —p(t)OesnVnNgsse —
At TGSs,e

where K, K, and K, K.}, are the transfer rates and back transfer rate constants of holes and
electrons, respectively; Cp, 1s the radiative recombination constant in BiVOs4; n; is the density
of intrinsic charge carriers in BiVOs film; 0¢pspn, Ogssn> O6Bse» Ogss,e 1S the capture cross
sections for holes and electrons trapped in GBs and GSs, respectively; vy, v, is the thermal
velocity of holes, thermal velocity of electrons, respectively; N;ps, Ngss 1S the density of traps
in GB and GS per unit volume, respectively; prro, Nrro 1S the hole and electron density

transferred to back FTo layer, respectively; 7gg5 15 the electron lifetime at interface traps in



GS. To describe the SPV amplitude, a net-charge balance was performed within the BiVOs film
according to charge neutrality. By resolving the excess density of holes and electrons, we will
have SPV in the following:

Ap(t) — An(t) — NGBs(t))
£0&y

SPV(t) = L (

where &, €, is the dielectric constant of vacuum and the relative dielectric constant of BiVOa.
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Supplementary Figure 1 a, Scanning photoelectrochemical microscopy (SPECM)
measurements performed in a custom-designed electrochemical cell integrated with an optical
fiber. b, SEM side view of the AFM-SECM cantilever and top-mounted nanoelectrode. c,
Simulated cyclic voltammetry curve of the SPECM probe in a 5 mM redox couple solution. d,
Simulated steady-state concentration distribution of the reactant molecules around the

nanoelectrode in a 10 mM redox mediates solution.
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Supplementary Figure 2 Mott-Schottky plots of the BiVO4 film photoelectrodes in 0.1 M
KPi buffer electrolyte with and without different concentration of K4Fe(CN)s or K4Fe(CN)g

redox mediator.
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Supplementary Figure 3 a, Schematic illustration of the spin-coating process for synthesizing
the BiVOa photoelectrode films. b, AFM image of the BiVOs film annealed at 450 °C for 10
hours. ¢, AFM image of the BiVO. film annealed at 500 °C for 5 hours. d, Grain size
distribution histogram for the film annealed at 450 °C for 10 hours, with an average grain size

of 317.5 £ 0.5 nm. e, Grain size distribution histogram for the film annealed at 500 °C for 5

hours, with an average grain size of 206.7 + 0.5 nm.
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Supplementary Figure 4 a, SEM image of the BiVOa4 sample annealed at 450 °C for 10 hours.

b, SEM image of the BiVO. sample annealed at 500 °C for 5 hours. ¢, UV—vis absorption

spectra of the two BiVOa electrodes.
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Supplementary Figure 5 a, AFM (top) and KPFM (bottom) images of BiVOs film annealed
at 450 °C under dark conditions. Scale bars: 300 nm. The representative three GBs are marked

by gray lines. b, CPD line profiles of the GBs extracted from the KPFM image.
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Supplementary Figure 6 Photoelectrochemical performances of the two kinds of BiVOg4
samples in 0.1 M KPi solution under AM 1.5 illumination. Three typical photoanode samples

for each kind of BiVOs film were measured.
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Supplementary Figure 7 Real-time nanotip and substrate currents from the SPECM image
under dark and illuminated conditions for redox molecule mapping. The sample surface was
biased at 0.4 V to oxidize the redox mediator, while the nanotip was held at —0.1 V to collect

the generated species. The time-resolved current profiles of both the nanotip and the BiVOa
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Supplementary Figure 8 Representative AFM topography images of the BiVOs film surfaces
in 0.1 M KPi with/without 0.1 M K4[Fe(CN)s], respectively in the first scan trace. a, Real-time
topography image of the BiVO4 photoanode surface annealed at 500 °C obtained in redox
mediates electrolyte. b, Topography image of the BiVO4 surface annealed at 500 °C under PEC

water oxidation conditions.
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Supplementary Figure 9 a, SPECM image acquired by varying the different lift height from
10 nm to 100 nm. b, Corresponding AFM height image of photoanode surface. ¢, Linear sweep
voltammetry of tip and substrate acquiring with different lift height. This result shows that there
is no obvious spatial difference in the photocurrent and SPECM images when lifting different

tip heights from 10 nm to 100 nm.
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Supplementary Figure 10 Real-time nanotip current and substrate current of the SPECM
imaging under dark and light condition for mapping redox molecules. The inset is the enlarged
figure of the nanotip current. The real-time i-t curves demonstrate that the photocurrent of both
nanotip and BiVO4 photoanode increased within the sample interval (0.1 s) once the incident
light was turned on. The tip current reached up to dozens of picoamperes to satisfy better signal

to noise ratio when the substrate photocurrent was about only 40 pA-cm™.
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Supplementary Figure 11 a, AFM height image of BiVO4 acquired under dark condition. b,

SPECM image of the BiVO4 film acquired under dark condition.
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Supplementary Figure 12 a, Linear sweep voltammetry of the nanotip and BiVO4 substrate
under chopped light condition. b, Enlarged plots of the current density of the nanotip and
BiVO4 substrate as a function of applied potential. Chopped J-V curves were used to confirm

the photocurrent response of both the photoanode and the nanotip for water oxidation process.
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Supplementary Figure 13 a, AFM height image of the BiVOj4 surface when the nanotip was
biased at -0.6 V (vs. Ag/AgCl) to collection O2 molecules. b, 2D oxygen evolution reaction
image under illumination conditions. ¢, Statistical histograms and calculation of the

photocurrent of charge transfer and realistic oxygen evolution reactions on the GBs and GSs,
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Supplementary Figure 14 a, 3D height image of the BiVO4 surface with 450°C annealing
temperature and 10 hours annealing time when the nanotip was biased at -0.1 V to probe redox
molecules. b, 3D-morphology image with overlaid charge transfer image under illumination
conditions. ¢, Line profiles along the white dashed shown in a and b, simultaneously showing
the morphological line profile and the corresponding charge transfer photocurrent of the

nanotip.



30 pA

Photocurrent of mapping O
C d 4 8 12 16 20 24 228 32
454
.35 124
_— 104
§ 30 E ol
£ 154 -3°§ .
g t w24
= 0+ 35 £
[7] .25 0 50
< 2 S 2
E'“" 8 .
c
-30-4 -20(2‘ 6
8
-45 91 mmes
T T T T T 15 124 @@ GB
0.5 1.0 16 20 25 3.0 65 70 75 80 85 90 95 100 105 110
Section (“m) Photocurrent of mapping Fe[(CN)e]" (PA)

Supplementary Figure 15 a, 2D oxygen evolution reaction image of the BiVO4 surface with
450°C annealing temperature and 10 hours annealing time under a light illumination of 30
mW/cm™ and a bias of +0.4 V conditions. b, 3D photocurrent image with overlaid topography
image under illumination conditions. ¢, Line profile along the white dashed shown in b
simultaneously showing the morphological line and the responding OER photocurrent of the
nanotip. d, Statistical histograms of the photocurrent distributions of charge transfer and

realistic oxygen evolution images on the GBs and GSs, respectively.
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Supplementary Figure 16 a, Current-voltage (J—V) curves of the BiVO4 photoanode films

annealed at 500 °C under dark and light condition in the presence of 5 mM redox mediates.
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Supplementary Figure 17 a, Local current-voltage (i—E) curves of the nanotip and substrate

under dark and light condition. b, Semilogarithmic plot versus overvoltage (Tafel curve) of the

BiVO4 photoelectrode.
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Supplementary Figure 18 Photocurrent of both the nanotip and BiVO4 photoelectrode under

different incident light intensity at biased voltage at 0.2 V and 1.4 V, respectively.
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Supplementary Figure 19 Statistical current distribution analysis of photoelectrochemical

water oxidation under different bias voltage.
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Supplementary Figure 20 Logarithmic plots of photocurrent against biased voltage at grain

boundaries and facets.
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Supplementary Figure 21 a, LSV curves of BiVO4 photoelectrode under different incident
light intensity. b, LSV curves of the nanotip under different incident light intensity located 30

nm above the BiVO4 surface while biased with -0.6 V for detecting O».
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Supplementary Figure 22 Transient photocurrent (TPC) curves of BiVO4 photoelectrode

under biased voltage from 1.0 V to 1.8 V, showing no surface back recombination process.
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Supplementary Figure 23 a, b, ¢, X-ray photoelectron spectroscopy (XPS) of Bi 4f, V 2p, and

Ols of the two kinds of BiVO4 samples, respectively.



Supplementary Figure 24 a, High-resolution transmission electron microscopy (HRTEM)
image of the specimen cross-section, showing the BiVOa layer annealed at 500 °C coated on
fluorine-doped tin oxide (FTO) glass. b, Selected area electron diffraction (SAED) pattern of
the polycrystalline BiVOs film. ¢, HRTEM image of the BiVOa. photoanode cross-section. d,

Magnified HRTEM view of the yellow boxed region in c.



Supplementary Figure 25 a, High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) using the same cross-sectional specimen of polycrystalline
BiVO; films. b, ¢, d, Element’s mapping of Bi, V, O elemental of a vertical cross-section,

respectively.



Supplementary Figure 26 a, b Cross sectional O element distributions of the BiVO4 film

annealed at 500 °C and 450°C, respectively.



Photovoltage (mV)

Supplementary Figure 27 Modulated surface photovoltage spectroscopy of the BiVOs films
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annealed at 500 °C and 450 °C, respectively.
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Supplementary Figure 28 2D pseudocolor plot of transient photovoltage spectrum (TPV) of
BiVO; electrodes annealed at 450 °C.



10 pA

Supplementary Figure 29 Pc-AFM image with overlaid 3D morphology image of BiVO4 film

annealed at 500 °C
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Supplementary Figure 30 a, Schematic of the pc-AFM measurement on the cross-section of
the BiVO;4 electrodes annealed at 500 °C. b, AFM morphology image of the cross-section of
the BiVOy electrodes. ¢, Pc-AFM image with overlaid 3D morphology image of the cross-

section of the BiVOj electrodes. d, Photocurrent line profile across the GBs and grain interior.
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Supplementary Figure 31 a, AFM morphology image of the BiVO4 electrodes annealed at

450 °C. b, Corresponding pc-AFM imaging of the BiVOs4 electrode under 6 V, 10% light

intensity.
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