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Supplementary text
Cyclic Voltammetry

Figure S3b shows the dark cyclic voltammetries (CVs) performed with a slow scan rate of 5 mV/s,
the same employed for the FEXRAV measurements. In /0nm@BVO, two overlapping anodic
waves around 1.37 and 1.45 V are visible before the onset of the OER current, counteracted by a
broader wave in the cathodic scan centered at about 1.3 V. The absence of these waves in the bare
photoanode indicates that they mark a change in oxidation state of atoms in the co-catalyst layer,
and in fact their average potential agrees with the one reported in literature for the Co™™ and
Co™V transitions (15), respectively. Consistently, in the /nm@BVO photoanode the anodic wave
is still visible although very weak, while the broad reductive wave is not detected due to the
extremely thin cocatalyst layer and the overlapping capacitive current of the highly porous
material.

Furthermore, /0nm@BVO shows a cathodic wave in the 1.0 = 0.6 V scan interval, which is not
detected in the other photoanodes and can therefore be tentatively ascribed to a second reduction
process specific of the CoFeOx overlayer. The FEXRAYV analysis will show that this is indeed the
case and reveal the same process on the thin overlayer thanks to its element-specific sensitivity.
Finally, a reduction wave is detected on all samples in the 0.6 = 0.4 V scan interval, which has
previously been ascribed to the filling of shallow intra band gap states of BiVOs corresponding to
the passage of vanadium from the V"V state to the V! one. This wave is superimposed on a large
cathodic current, which has been observed also in WO3 thin films without BiVOs and has been
attributed to the WYV reduction (23).

Incident Photon to Electron (IPCE) and UV-Vis spectroscopy

The strong reduction of IPCE values for the 10nm@BVO sample is due to poor charge transport
and decreased optical transmittance across the thick co-catalyst overlayer. This is confirmed by
the UV-Vis spectra. Indeed, Figure S4b clearly shows that the thick co-catalyst overlayer enhances
the absorption in the 500-400 nm range, thus lowering the photon flux on the WO3/BiVO4
heterojunction. Overall, the UV-Vis spectra represent a combination of the absorption spectra of
WOs3 and BiVOs4, with the main absorption occurring in the 400-450 nm range.

Photoelectrochemical Impedance Spectroscopy (P-EIS)

Representative Nyquist plots as a function of the applied voltage are reported in Figure S5,
showing that the equivalent circuits proposed achieve a satisfactory fitting of the experimental
points, with relative errors < 10%. The models chosen are different depending on the thickness of
the CoFeOx film. For /mm@BVO the data were fitted using two serially connected RC meshes:
R2/CPE] that describes the FTO/WOj3 interface and the nested mesh where R3/CPE2 models the
charge transfer across the WO3/BiVOs interface with an additional charge transfer layer
(R4/CPE3) describing the transfer through the CoFeOx overlayer.

For the /0nm@BVO photoanode, fitting was performed using only two serially connected RC
meshes, where R2/CPE1 describes the FTO/WOs interface as before, while the second (R3/CPE2)
models the CoFeOx/electrolyte interface. In the presence of a thick CoFeOx overlayer, the nested
circuit resulted in large errors and small semiconductor capacitance, indicating that the interfacial



charge transfer process is dominated by charge transport through the thick co-catalyst wherein the
photogenerated holes are transferred. This is consistent with the strong recombination features
observed in the chopped j/V curves (Figure 1a).

Non-ideal capacitances are modelled as constant phase elements (CPE) according to:

ZepE = Ty onT (S1)
The equivalent capacitance was obtained using the formula (5/):
1 i-n
C=Tn XR.J (52)

Where T is the CPE admittance, n is the CPE exponent and Rcrt is the parallel charge transfer
resistance.

The equivalent circuits describe well the j/V characteristics of the photoanodes, as shown by the
good correlation of the real part of the total impedance with the reciprocal derivative of the j/V
curve. (Figure S6).

Intensity Modulated Photocurrent Spectroscopy (IMPS)

For the IMPS measurements, light was provided through a UV LED (385 nm) with 18 mW/cm?
DC intensity, adding an AC intensity modulation that had an RMS amplitude of 10% of the DC
part. Chopped LSVs under the same DC light intensity are presented in Fig. S7, exhibiting
behavior closely resembling that observed under simulated sunlight conditions, with the exception
of a different saturation current.

Operando PEC-XAS - Experimental setup description

In order to perform operando measurements, we developed an experimental setup fully integrated
with the beamline, which allows to control the main experimental parameters directly from the
control room. The scheme is reported in Figure S9. The potential applied to the cell and the
resulting current can be monitored with the potentiostat, feeding this data directly to the acquisition
system of the beamline for a precise synchronization between electrochemical and fluorescence
data. A compact light source based on a high-power white LED was placed into the chamber,
allowing the illumination of the photoelectrode either from the back or the front (through the
electrolyte and the Kapton window). The emission spectrum of the LED is reported in Figure S9c.
The emission power of the LED was tuned to obtain the equivalent illumination of 1 sun
(100mW/cm?).

The design of the PEC cell (Figure S9b) used for operando measurements was inspired by previous
works (21,52) and re-designed by us to meet our experimental needs, arising from the type of
measurement, the type of sample, and the specific beamline. The key features of our PEC cell are:
. It is 3D printed (we can share the CAD file if needed);

. The substrates on which the samples are deposited do not need to be tailored for exclusive
use with the operando PEC cell, and substrates of various thicknesses and sizes (from a minimum
of 10 x 15 mm to a maximum of 40 x 40 mm);



. Reduced electrolyte thickness (~100 um) in front of the sample to prevent X-ray signal
attenuation;

. Channeled electrolyte flow above the sample for more efficient bubble removal.

In addition, thanks to the use of a pulseless 3D printed peristaltic pump, the flux of the electrolyte
in the cell can be controlled for enhancing mass transport and removing gaseous product from the
electrode’s surface.

The cell was attached to the motorized stage of the chamber (Figure S9b, left) usually employed
for samples positioning, allowing to move it and change the measurement spot to avoid X-ray
damage during long measurements. The synchronization between the potentiostat, the light source
and the peristaltic pump was ensured by an Arduino microcontroller and a custom LabVIEW
control program. The main chamber can be both put under vacuum or filled with helium gas for
reducing X-ray attenuation.

Extended X-ray Fine Structure (EXAFS)

The results of EXAFS analysis are reported in the following. It must be noted that in Inm@BVO
the second coordination shell contribution to the EXAFS is almost fully damped in vacuum, as
indicated by the lack of a second peak in the FT-EXAFS (Fig S10, Table S1 data). Consistently,
the coordination number for the Co-Co scattering path is lower than 1, pointing out a highly
disordered structure. However, a second peak appears upon equilibration with the electrolyte, with
Nco-co and rco-0 conforming with the values observed for thicker catalyst layers.

Fixed Energy X-Ray Absorption Voltammetry (FEXRAYV)

Fixed Energy X-ray voltammetry was performed at BM08 (LISA) beamline at ESRF, Grenoble.
Fig S13 (red line) shows the fluorescence signal normalized with the incident beam at a fixed
photon energy, corresponding to the maximum derivative of the absorption spectrum (7723 eV)
recorded at open circuit potential. The orange plot corresponds to the opposite of the derivative of
the FEXRAYV signal. The blue plot is the current recorded during the experiment and the grey plot
is the potential applied to the cell.



Supplementary Figures
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Figure S1. Morphological éharactérizatin: SEM micrographs 0 O3/BiVO4 with increasing
CoFeOx deposition time, namely a) 300s, b) 1200s and c) 1800s. d,e,f) Corresponding cross-
sectional views highlighting the COFeOx layer (yellow). Scale bar 200nm.
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Figure S2. CoFeOx Thickness estimation: Linear fit of the CoFeOx overlayer thickness, as
determined from FE-SEM cross-sections, vs deposition time.
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Figure S3. Dark electrochemical characterization: Cyclic voltammetries at 5 mV/s for the three
photoanodes.
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Figure S4. Spectral efficiency: a) IPCE spectra recorded at 1.57 Vrue and b) UV-Vis spectra.
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Figure SS. Electrochemical impedance: P-EIS Nyquist plots and respective equivalent circuit
models for a) Inm@BVO (deposition time=30 s) and b) 10nm@BV O (deposition time=300 s).
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Figure S6. Electrochemical impedance: R vs dV /9] in a) Inm@BVO (deposition time=30 s)
and b) /0nm@BVO (deposition time=300 s).
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Figure S7. Monochromatic chopped voltammetries: Chopped light linear sweep voltammetries
with the same DC light conditions of IMPS.
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Figure S8. IMPS analysis: IMPS measurements for the three samples (squares) at different
potentials and corresponding fit with DRT Lasso regolarization algorithm (solid lines): a) bare
WO3/BiVO4; b) Inm@BVO and c¢) 10nm@BVO. Legend is showed only for a) but colors are the
same across the three pictures.



a) CONTROLROOM EXPERIMENTALHUTCH

POTENTIOSTAT

[l

D i HUTCH RELE \
dl

PERISTALTIC PUMP
ELECTROLYTE |
RESERVOIR X-RAY DETECTOR

X-RAY

3D PRINTED PEC
FLOW CELL

[

LED DRIVER

WHITE LED HELIUM ATMOSPHERE

HEAT SINK
COOLING FAN

) Electrolite flow out
Electrodes socket
Photoanode \
A
I X fluo
Electrolite flow in
Xin
c)

12 T T T T T T

LED emission spectrum

Intensity (A. U)

0.0 -

! I I I I ! I
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure S9. Operando PEC-XAS setup: Experimental setup developed for operando X-ray
absorption measurements integrated with LISA beamline at ESRF, Grenoble. (a) Scheme of the
experimental setup with all the main components: potentiostat, microcontroller for pulseless
peristaltic pump, electrolyte reservoir, 3D printed cell and white LED. (b) Design of the cell: left
— picture of the cell in the vacuum chamber, right — cross-section of the cell. (¢) Emission spectrum
of the white LED used for operando measurements.
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Figure S11. XANES analysis - Co K-edge XANES of a) /nm@BVO, b) 10nm@BVO, and
¢)10nm@FTO measured at selected potentials, in dark (solid lines) and under AM 1.5G irradiation
(dotted lines). In the inset, zoomed view of the potential- and light- dependent edge shift.
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Figure S12. EXAFS data analysis: — a) Co—O interatomic distance and b) coordination number
determined from fitting the first Co—O coordination shell in FT-EXAFS at selected applied
potentials in the dark. The error bars for the coordination numbers and Co—O distances are
provided by the standard EXAFS fitting procedure.
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Figure S13. FEXRAY raw data: FEXRAYV data as a function of time: fluorescence signal
normalized to the incident beam at a fixed photon energy (Ixrr), corresponding to the maximum
derivative of the absorption spectrum recorded at open circuit potential (red line), its derivative
(—dlIxgr/dt, orange), current measured during the experiment (blue), potential applied to the cell
(grey). Several cycles were performed in order to confirm the stability of the sample and the
reproducibility of the results. White LED light was also turned on during some cycles to simulate
sun illumination.
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Supplementary tables

Table S1. Results of fitting EXAFS data.

AE, Tco—0 Ar 2 Tco—Co Ar 2 R-fac.
N AN, 2 o o“(0 Ac N, AN, o 2 o“(Co Ac
(eV) o [ (A) (A) ( ) Co Co (A) (A) ( ) (c%)
10““&:@;“) 332 366 028 1901 0010 0001 0013 678 145 2849 0017 0006  0.006 41
W0nm@FTO 454 475 026 1900 0006 0001 0002 871 175 2864 0019 0005  0.005 22
+0.2VRruE
0nm@FTO 550 475 089 1905 0009 0001 0006 1LI 169 280 0013 0006 0004 43
+1.1 Vrue
0nm@FTO 5, 581 147 1885 0008 0002 0010 956 204 2857 0023 0004  0.006 21
+1.7 VrRuE
10“"(‘1%“0 288 277 013 1923 0010 0003 0004 852 211 283 0010 0024 0005 22
nm@BVO 4, 345 035 1887 0012 0002 0001 832 291 287 0018 0007  0.008 38
+0.2 Vrue
10mm@BVO 0 416 117 1887 0010 0001 0019 1022 203 2836 0034 0001  0.006 5.6
+1.1 Vrue
nm@BVO o5 47 057 1872 0012 0001 0000 1123 325 2821 0031 0007  0.008 6.7
+1.7 Vrue
lnmg;}VO 02 433 %% 5033 0004 0003 0008 043 085 295 0035 0009 0027 9.9
Inm@BVO 5.5 35 041 1883 0004 0002 0001 358 157 280 0022 0001 0017 7.0
+0.2 Vrue
lf{"]@&:? 500 412 058 1880 0009 0004 0001 258 175 2839 0024 0007 0010 6.6
Inm@BVO 541 407 042 1884 0008 0001 0007 381 28 2901 0021 0012  0.006 7.6

+1.7 VruE
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