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Abstract

In this work we demonstrate the feasibility of hard X-rays operando XAS in photoelectrochemistry.
WOz, one of the most studied photoanodes for water splitting and for environmental remediation, is
here studied at the W Ly-edge. This guarantees the direct observation of the W 5d band.

The material, that is preliminary fully characterized in terms of its photoelectrochemical features, is
studied in a three-electrode spectroelectrochemical cell, while X-ray absorption is measured in the X-
ray absorption near edge structure (XANES) region.

The recording of differential spectra and the monitoring of X-ray absorption at constant energy are
used to compensate for the little XANES differences expected in the dark and under visible light
illumination, which otherwise risks to be masked by experimental errors and/or after signal
manipulation for data analysis.

The results point to the filling of the W tyq orbitals under illumination, that is followed by a structural
rearrangement that compensates for the accumulation of electrons in the conduction band under open

circuit (OC) conditions.
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1. Introduction

The need for the efficient exploitation of renewable energy sources calls for the development of
suitable energy conversion devices. In particular, solar energy harvesting requires the use of an energy
vector capable of storing sunlight energy to compensate its intermittent nature. Hz is the best
candidate to this role, and photoelectrochemical water splitting (PEC-WS) guarantees the production
of high purity Ho.

In PEC-WS, a semiconductor immersed in solution and coupled to a counter-electrode is illuminated
by solar light. Light absorption by the semiconductor causes the formation of electron/hole pairs,
which are separated and can drive two half-reactions thanks to the electrical field generated within
the semiconductor at the semiconductor/liquid junction (SCLJ). Quite often, this requires the help of
an external applied potential (bias). For n-type semiconductors, the anodic reaction (that proceeds by
the transfer of holes to water) occurs at the semiconductor surface while the cathodic reaction is
driven at the counter-electrode.

In the case of water splitting, the anodic process is the oxygen evolution reaction (OER):

2H,0 — 4e¢ + 4H" + Oy Q)

That is a complicated reaction due to the need of exchange 4 electrons for each O2 molecule.
In addition, electron-hole recombination, either in the bulk of the semiconductor or at surface defects
represents the major parasitic phenomenon limiting the solar-to-hydrogen efficiency.
Several methods for better understanding the physical-chemistry of the SCLJ have been proposed so
far[1], starting from the analysis of photocurrent transients to time-resolved absorption
spectroscopy[2]. X-ray absorption spectroscopy (XAS) represents a powerful tool in that allows
determining the oxidation state and the chemical surrounding of an absorbing atom. Moreover, XAS
deals with the excitation of core (non-valence) electrons: this is key to make the technique element
selective.
XAS is a bulk technique, as hard X-rays have a penetration depth of the order of microns. This
represents a major drawback in studying interphases, since XAS averages the properties of all
absorbing atoms within the X-ray beam. Notwithstanding this, operando XAS in electrochemistry
proved to be effective in probing absorption phenomena and in determining the nature of active sites
in inner sphere reactions[3][4][5]. In photoelectrochemistry, the use of operando XAS is quite
scarce[6], being limited to a poor number of studies, i.e. of hematite photoanodes[7] and of relevant
overlayers. In the latter case, the operando experiment involved the detection of any XAS spectral
change of the overlayer (IrOy, thus at the Ir Ly edge) while the semiconductor was in the dark or
illuminated[8][9]. This limited number of papers is likely due to (i) the limited access to synchrotrons
and (ii) to the difficulty in detecting, with significant statistics, the subtle spectral differences between
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a photoelectrode in the dark and under illumination. In fact, together with the aforementioned limit
of surface selectivity (where photogenerated charges might accumulated and be detected),
recombination strongly limits the number of long-living photogenerated charges. Indeed, while short-
living charges can be detected by ultrafast time resolved XAS, this has never been realized under
operative, photoelectrochemical conditions.

We foresee two possible solutions. The first one deals with the ad-hoc preparation of a sample with
a very high surface-to-bulk ratio. In this way, charges stored at the interface could be better detected.
However, this kind of sample likely represents a poor performant photoelectrode and the “operando”
conditions are not fully satisfied. The second option consists in carrying out specific XAS techniques
for direct comparing “dark” and “light” conditions, making minor changes (in the order of a few
percent in the absorption coefficient, ) well evident above the experimental error.

In this work, we implement the second strategy for the operando study of WOs3, one of the most
studied and promising n-type semiconductors for PEC-WS. We developed two complementary
methods:

1) The acquisition of differential spectra Az for each X-ray photon energy the acquisition was
performed both under visible light and in the dark to minimize possible systematic errors. This
ensures that for each energy value the absorption coefficient under light and dark conditions is
measured under the same instrumental conditions and can be directly subtracted.

2) The X-ray energy is kept constant, at values corresponding to the highest contrasts between the
absorption coefficient of different standards phases. Obviously, this implies to record spectra of
standard materials. This approach is similar to the one that we adopted for FEXRAV (fixed energy
X-ray absorption spectroscopy)[10-12] where, under operative conditions and during the acquisition
of the absorption coefficient, the electrode potential is varied at will. In the case of
photoelectrochemical phenomena, this approach can be used to immediately compare the absorption
coefficient under light and in the dark, recording the photocurrent and the spectroscopic information
in sync, without the need of any data treatment.

As model system, we chose WOs3, one of the most studied visible absorbing n-type semiconductor to
be used as photoanode for water splitting and for wastewater remediation.[13]

Moreover, X-ray absorption at the W Ly-edge (10.204 keV) implies the excitation, in the X-ray
absorption near edge structure (XANES) region, of 2p to 5d orbitals. This reflects on the possibility
of a direct observation of the occupancy of the 5d band of W.

In this work, we show that operando XAS for the study of an SCLJ is feasible and that it allows the

direct observation of the semiconductor bands under working conditions.



2. Experimental

2.1 Preparation of WO3 photoanodes

H>WO4 was generated from 2.5 g of Na,WO4 (AlfaAesar) by addition of 20 ml of concentrated HCI
(Aldrich), followed by several washings in order to eliminate NaCl. The colloidal suspension of
H>WO was obtained by addition of 2 g of oxalic acid (Aldrich) at 60 °C. Transparent nanocrystalline
electrodes cast onto well cleaned FTO (Pilkington TEC 7) glass were prepared by sequential spin
coating deposition of the HoWO4 precursor prepared by adding 20% w/w Carbowax (Aldrich, 15000—
20000 u) and triton X-100 (Fluka) (1 drop/2 g of colloidal precursor) to the H2WOa4/oxalic acid colloid
[21]. After each deposition the electrode was heated at 550°C for 30 min in air. Up to six spin coated
layers afforded nanocrystalline electrodes having a thickness of ca. 1.5 um. All electrodes have

geometrical active area of 1 cm?.

2.2 Photoelectrochemical and Electrochemical measurements.

Linear sweep voltammetry (LSV) curves of the WO3 photoanodes under solar simulated illumination
(ABET AM 1.5 G) were recorded with an Autolab PGSTAT 302/N in a three electrode cell containing
0.5 M NaxSOs, at a scan rate of 20 mV/s in the -0.2/1.5 V vs. SCE interval. Shuttered curves were
obtained by manually shutting the illumination source. Photovoltage measurements were performed
by zero current chronopotentiometry by preconditioning the photoanode at 300 mV vs. SCE for 180
s. The photovoltage relaxation with time, following restoration of the dark conditions was fitted with

a biexponential function (1) in to extract the relative time constants

y =y, +Ae ¥t 4 A,e ¥/t (1)

Incident photon to current efficiency (IPCE) spectra were collected with a previously described
apparatus and [14] under constant 1.5 V vs. SCE bias. Uv-Vis spectra were obtained in transmission
mode with a JASCO UV-570 spectrophotometer.

Cyclic voltammetry was recorded with scan speeds ranging from 10 mV/s to 100 mV/s between -
0.2/1.5 V vs. SCE in the dark.

In the following data presentation and discussion all measured potentials vs SCE, were converted to
the RHE scale.



2.3 Operando XAS. X-ray Absorption Spectra at the W-L,; edge were acquired in the fluorescence
mode at the LISA beamline [http://www.esrf.eu/UsersAndScience/Experiments/CRG/BMO08] at
ESFR (European Synchrotron Radiation Facility), using a Si(311) double crystal monochromator, Pd
mirrors with a cut-off energy of 20 keV for the harmonic rejection and a 13-element Ge fluorescence
detector. The energy calibration was performed by measuring the Absorption Spectrum of a metallic
W foil at the W-L,;y edge. Spectra of reference samples (powders) were acquired in the transmission
mode and used as standards. For those measurements, a proper amount of sample (to give a unit jump
in the absorption coefficient) was mixed with cellulose and pressed into a pellet.

All data were obtained at room temperature. Az spectra (light minus dark) were obtained by collecting
the W Li-edge XANES in UV-Vis in light and dark conditions and in parallel: for each energy value,
the acquisition was performed both in presence and in absence of UV-Vis illumination before moving
to higher energy values in order to minimize systematic errors. The acquisition time for each point
was set to 10 s. In order to check for possible sources of spurious signals in Az, due to casual
variations in the fluorescence vyield, each of the Ay data collection was repeated at least 3 times,
obtaining the same results above the noise level for each of the repetitions.

The UV-Vis illumination was achieved by means of a 400 nm LED.

The LED light is focused at the back of the photoelectrode. The latter is lodged in a
spectroelectrochemical cell, filled with 0.1 M aqueous Na>SOj4 (in Milli-Q grade water) with a three-
electrodes configuration, using a AgCI/Ag (1M KCI) and a Pt wire as reference and counter electrode,
respectively.

The electrode potential is controlled by a CH Instruments 633d potentiostat.

The cell is made of a silicon rubber structure that holds two plastic walls transparent to visible light.
The window in front of the working electrodes is made of thin Mylar® foil to guarantee a low X-ray
absorption.

X-ray signal extraction and normalization was performed by means of the ATHENA code, belonging
to the set of interactive programs IFEFFIT [15,16]. The pre-edge back ground was fitted by means of
a straight line and the post edge back ground by means of a cubic spline. At each of the stationary
potentials investigated in this work, (A, light-dark) spectra were obtained first by normalizing each
of the spectra in dark and light condition at unit absorption at ca. 200 eV after the edge, and then by

subtracting the normalised dark spectrum from the analogous spectrum in light conditions.



3. Results and discussion

3.1General Photoelectrochemical Properties

Figure 1 shows the absorption spectrum of the transparent WO3 films extending up to 460 nm, with
the absorption increasing towards UV wavelengths. The indirect band gap, using the Tauc analysis
employing IPCE data (to avoid optical interference effects of the thin film) is 2.58 eV, consistent
with the 2.6 eV reported for monoclinic WO3 [17][18].

The morphology of these mesoporous films has been reported in various previous contributions, and
AFM and SEM microscopies have shown them to consist in a network of roughly spherical
nanoparticles having ca. 50 nm diameter assembled in a film with a thickness of 1.5+0.2 pum
[14,19,20].

A typical LSV curve recorded under solar simulated illumination is reported in Figure 2 and is
consistent with the typical behaviour of an n-type electrolyte junction with the photoanodic current
rising with increasing anodic potential. The photocurrent onset occurs at ca. 0.75 V vs. RHE while
the limiting photocurrent, which corresponds to the maximum hole transfer rate to the electrolyte, is
observed for V > 1.7 V vs. RHE. In neutral sodium sulfate, hole transfer results in the oxidation of
both water to dioxygen and of sulfate anions to persulfate, with the second hole scavenging pathway
dominating over the first [21]. In the entire anodic scan range, from 0.75 V vs. RHE onwards, the
dark contribution (blue line) to the current is negligible, as confirmed by the good match of the steady
state curve with the photocurrent transients obtained by chopping the light source. The IPCE
spectrum, Figure 2 (right) is consistent with the absorption spectrum, showing the photoconversion
onset at 460 nm. The photoconversion maximum of 45 % is reached at ca. 350 nm, followed by a
decrease due to the cell optical glass transmission. Given that the light harvesting efficiency (LHE)
approaches unity at 350 nm, and that IPCE(A) = @¢/nNerNinterface LHE(A) With unitary ¢,/

(quantum vyield of electron and hole generation) we can conclude that the maximum IPCE is
determined by the product 7¢-Minterfaces Which contains the hole transport efficiency from the
semiconductor to the interface (7,,-) and the scavenging efficiency n;terrace- Since in the presence
of organic hole scavengers like methanol or formic acid the IPCE of these WOs3 films reaches or even
exceeds 100 % [22], we can conclude that interfacial hole transfer is the rate limiting step, rather than
transport.

The chronopotentiometric experiment reported in Figure 3 top, is helpful for evaluating the flat band
potential and the existence of long-living charge trapping phenomena. During the experiment, the
electrode is first anodically polarized at a potential where no faradaic processes are observed (i.e. >

0.95 V vs. RHE), then held in the dark while measuring the open circuit potential (OCP) until the
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achievement of an almost steady potential; illumination is finally switched on after 300 s from the
beginning of the experiment. As soon as illumination is on, a sudden drop of the potential towards
less positive values occurs as photogenerated holes are scavenged (at least partially) by the electrolyte
(either water or SO+ ions), while electrons accumulate in the solid under open circuit conditions. A
first 150 mV drop between 0.75 and 0.6 V happens in ca. 7 s, followed by slower 30 mV drift in ca.
170 s. At the end of the illumination step, the negative drift is not yet completed, suggesting that a
slow and progressive filling of states continues to occur under steady illumination. As this drift is
small, in the range of few mV, a reasonable estimate of the flat band value of WOz can still be obtained
from the photovoltage plateau attained under illumination. The value of ca. 570 mV vs. RHE can be
therefore assumed as a good figure. The voltage recovery due to charge recombination in dark
conditions is extremely slow and clearly multiexponential with at least two lifetimes, one of the order
of 50 seconds, and the other one of 460 s: these lifetimes have only a qualitative meaning, given that
the recombination Kinetic is far from being complete after 1000 s.

The multiexponential kinetics is symptomatic of multiple electron recombination pathways which
can involve reaction with surviving holes, scavenging by oxygen (a very slow process with WO3)
[23], reaction with oxidant species like persulfate and hydrogen peroxide generated by hole injection
into the electrolyte during the light cycle. With the exception of the electron-hole recombination in
the bulk of the solid, the other electron recapture events are generally slow bimolecular multi-electron
processes, allowing for the persistence of an excess of negative charge stored within the mesoporous
film for at least several hundred seconds. Charge compensation thus occurs by means of a cation flux
from the electrolyte into the mesoporous network. Cyclic voltammetry in the dark, Figure 3 bottom,
reveals clear diffusion controlled waves centred at ca. 0.55 V vs. RHE, in good agreement with the
flat band estimate from the photovoltage study. This process corresponds to injection of electrons

into empty states of the semiconductor accompanied by the diffusion of ions from the electrolyte.

3.2 Operando XAS

Figure 4 reports a pictorial scheme for the spectroelectrochemical cell used for this work. It consists
of a pouch with polyethylene terephtalate walls separated by silicon spacers. The working electrode
is back illuminated by a 5 mW 400 nm LED. In front of the sample, a thin Mylar® window (10 zm)
is glued in order to minimize undesired X-ray absorption by the cell.

The volume of the electrolyte in front of the sample is controlled by using parafilm® spacers at the
back of the electrode, to minimize X-ray absorption by the electrolyte solution while avoiding
excessive ohmic drop contributions. Four spacers (about 2x2 mm? each) are stuck onto the electrode

back at the four corners before immersion in the electrolyte.



The choice of a high power LED comes from the need of increasing the rate of photocarriers
generation, to enhance their effect in the XAS spectra.

Figure 4 reflects the choice of this experimental setups in terms of a cyclic voltammetry recorded at
20 mV s on a WOs3 photoanode in the dark and under 400 nm LED illumination. These curves were
recorded in the described spectroelectrochemical cell and in the experimental XAS hutch, before the
recording of a XAS spectra. Here two different electrodes belonging to same preparative batch are
compared. The one measured in the beaker cell was actually one of those used during XAS
experiments, whose J/E was measured to confirm photoanode stability following repeated
spectroelectrochemical experiments.

Although slight variations in photoelectrode response are possible, depending on sample preparation
and, more importantly on photoelectrode history (i.e. previous illumination and polarization cycles),
we can observe that the photoanodic onset, one of the main relevant figures for our operando
experiments, are practically coincidental in both cell configurations. The higher IR drop in the XAS
photoelectrochemical cell, expected given the cell design with larger inter-electrode distance, results
however in a more rectilinear shape (ohmic behavior) of the photocurrent/voltage characteristics,
leading to lower slope of the J/E curve. Nevertheless, despite a degradation of the J/E characteristics,
the magnitude of the photocurrent in the XAS cell is, for equivalent voltages out to 1.2-1.3 V vs
NHE, still fully comparable to that of the conventional cell. It should be recalled that in order to limit
bubble formation under illumination, we limited the applied potential to 1.3 V. Within this potential
interval, the similarity between the amount of carriers generated and extracted from the
semiconductor/electrolyte junction in both cells, allows to validate and extend our spectroscopic
results also to other working conditions where cells with better iR drop characteristics can be
conveniently used.

Figure 5, left panel, shows the W Ly-edge spectra of WO3 as it is, after annealing in air for 1 h at
900 °C, after reduction in a flux of gaseous NH3z at 900 °C for 12 h, and of a sodium tungsten bronze.
The white line (WL) in WOz presents a typical spectral shape, due to transition from the W 2p states
to empty 5d states split by the crystal field in states with tog and eq symmetry[24], as better shown in
the inset of Fig. 5. Heating in air at 900 °C causes a marked increase in the WL intensity, probably
related with changes in the local distortions of the WOe octahedra [25,26]. Reduction of W by NHj,
or by producing a sodium tungsten bronze, causes the WL to shift toward lower energy. This is the
XAS chemical shift and is due to the different screening of the core level by outer (valence) electrons.
The shift is better evidenced by plotting the first derivative of the spectra, as it is shown in the right

panel of Figure 5.



For what concerns the intensity of the WL, it is noted that the differences in Figure 5 are large, and
again probably related to different local structures. It is also observed that the WL intensity is very
sensitive to minor changes in the local distortions. Indeed, as it is shown in Figure 6 (left upper panel)
the spectrum of the electrode material when immersed in the electrolytic solution shows a marked
increase in the intensity of the white line. When an anodic potential is applied (1.1V Figure 6, left
bottom panel, black dashed line), the overall spectral shape is unchanged as expected since W(V1)
cannot be oxidised further. Upon the application of a potential lower than the OCP, 0.35 V (Figure
6 lower panel, green curve), the WL intensity is largely increased, which may be symptomatic of the
formation of a sub-stoichiometric WOs.x phase and/or of the Na* intercalation in the WOs structure,
with the formation of a sodium tungsten bronze. This suggestion is somewhat confirmed by the fact
that a second spectrum taken after keeping the electrode at the same potential for 2 h (blue curve)
shows a decrease in the intensity of the white line. This indicates a slower kinetic second phenomenon
is underway, that is in turn compatible with the diffusion of Na* ions inside (or OH" outside) the WO3
structure as the rate determining step.

The behaviour of WO3 as photoelectrocatalyst was also studied by in situ XAS at the W L-edge, in
OCP conditions, and under a potential where photocurrents are not observed (0.35 V) and at a higher
potential, where photocurrents are observed but bubble formation is not negatively affecting the XAS
signal-to-noise ratio (1.1 V). Results are shown in Figure 7, as Au spectra obtained as described in
the experimental. Some preliminary considerations concerning the noise level in the Az spectra are
worth of mention here. First, we note that subtracting two spectra results in summing the noise of
both. Second, we note that the Az technique is indeed a powerful tool for extracting small differences
between two XAS spectra obtained in different experimental conditions; therefore, the Ay spectra are
expected to give quite small signals. As a matter of fact, a sensible estimate of the number of W
centers involved in the UV-Vis photoexcitation process can be obtained by assuming that: i) the
excitation power has a sensible figure of 0.1 W/cm? at 400 nm; ii) the film is formed of spherical
particles with an average diameter of 50 nm for a total thickness of 1.5 xm; and iii) each nanoparticle
is formed by WOs octahedra having a spherical footprint with a radius given by the WO distance.
This would give a figure of about 1/100 of the centers of W in the film that are excited, contributing
for an electron.

That said, it is apparent in Figure 7 that differences above the unavoidable noise level are obtained
only in OCP conditions. This may be due to the fact that, upon applying a potential, photogenerated
electrons are rapidly swept from the electrode and transferred to the counter electrode through the
external circuit. Under OCP conditions, it should also be noted that: i) the Az spectrum is significantly

negative in correspondence to the tog orbitals only, and it is negligible in correspondence of the eq
9



orbitals. As the WL intensity reflects the density of the final empty states, a negative Az is due to the
filling of the conduction band by photoexcitation from the valence band (see Figure 6 right panel);
ii) the Au spectrum shows only part(s) of a more complicated phenomenon that takes place with a
very slow Kkinetics. We first note that direct photoexcitation to the eg orbitals would require at least 6
eV, and therefore cannot be obtained by illuminating with our LED that has an energy of 3 eV only.
Second, pump and probe experiments by Uemura and co-workers [27,28] pointed out that on
dispersed WO3 nanoparticles, the Az shows a difference at both the tog and eg orbitals; however, they
also pointed out that the difference close to ey energy is due to a structural rearrangement of WOs3
rather than to the photoexcitation process. It should be noted that the timescale of the phenomena
investigated by Uemura et al. is very short (hundreds of ps), and therefore it is not surprising that we
could not detect an identical behaviour by performing quasi steady-state experiments probing a time
average of the different phenomena taking place in the sample. It is also noted that the amplitude of
the Az signal at OCP is in nice agreement with the estimate given above.

For a better understanding of this complex behaviour we performed measurements of the X-ray
absorption coefficient at fixed energy by alternating periods of light and dark condition. The results
are shown in Figure 8, where open circuit potential profiles match those reported in Figure 3 reaching
about 0.55 V under illumination and about 0.70V in the dark, with a faster progressive drift towards
more positive dark OCP values (from 0.68 to 0. 72 V vs RHE) as the number of illumination cycles
increases. It is worth to mention that the Fermi level in the dark during water splitting experiments is
not well defined, lacking the presence of a kinetically fast redox couple in precise concentration in
the electrolyte. The relevant redox couple initially present in the electrolyte is here represented by the
02/H,0 couple, but other redox couples, like S;0s*/S04* and H,0./H-O are generated during
photoanode operation, besides a local concentration of protons as a result of water oxidation.
Spectroelectrochemical cell constrictivity effects will eventually slow down the electrolyte mixing,
compared to a conventional electrochemical cell, exacerbating the local accumulation of these species
in the proximity of the photoanode. Since electron acceptors (S20s*, H202, Oz) and potential
determining ions (HzO") are created and accumulated at photoanode/electrolyte interface during
illumination cycles, we expect that indeed these species will contribute to stabilize (i.e. positively
shift) the Fermi level of WOs in the dark while leading to a kinetically faster relaxation of the
photovoltage once dark conditions are established, due to redox mediated electron recapture. Light
and dark states are reproducibly associated to changes of the absorption coefficient: in
correspondence of the tog energy, when the light is switched on, x has a sharp decrease due to the
injection of the electrons in these states, followed by a slow increase to a steady value. In addition,

the value of y in stationary conditions increases after each light/dark cycle. On the contrary, the same
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plot at the eg energy shows only the increasing trend, thus demonstrating that no direct injection
occurs in these orbitals. This is in agreement with the Au spectra reported in Figure 7 (OCP), which

refers to the initial 10 s that follow every illumination or dark step.

In conclusion, these results demonstrate the presence of some processes, likely related to some
structural rearrangements in the electrode, that take place on a very long timescale, which would be
out of reach by pump and probe experiments. It is quite reasonable to associate these structural
changes with the ionic flux towards or outwards the current collector.

A final comment is due concerning the fact that the negative peak in Az is observed at ca. 2 eV below
the actual energy of the tog orbitals. To explain this fact, we first note that the natural width of the W
Liu-edge is ca. 5 eV, and therefore all the spectral features detected at this edge are at least affected
by such a broadening; second, the WO3 band gap is 2.58 eV, while the width of the toq band is at least
2 eV, meaning that by illuminating with UV-vis photons at 400 nm (3 eV), only low lying states at
the bottom of the tog band can be reached. The combination of these two factors is possibly at the

origin of the observed shift.

4. Conclusions

This paper demonstrates the possibility of operando X-ray absorption spectroscopy for the study of
photoelectrodes. The term “operando” was adopted in that the experimental conditions are as close
as possible (in terms of presence of the electrolyte, use of a three-electrode cell and illumination with
visible light) as those normally adopted for a photoelectrode characterization.

In order to overcome the main hindrance to the effectiveness of this approach, differential spectra
acquisition and constant energy absorption coefficient determination were adopted. The results,
compared with the spectra collected on standard samples, lead to new insights on the semiconductor-
electrolyte junction. Spectra were recorded at the W Ly-edge, to have a direct access to the W d states
in the conduction band.

Here we show that, in the case of a WO3 photoelectrode in contact with a Na,SO4 aqueous solution,
at the OCP and under illumination, two parallel (and most likely correlated) phenomena occur:

1. a structural change, which increases the intensity of the XANES peak.

2. the filling of the tog W orbitals, which lowers the XANES peak and is due to the photogeneration
of electrons to the conduction band.

While the second one prevails at short times (within the first tens of seconds) the first is predominant

in the entire XANES and particularly at high times.
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A possible interpretation is that photogenerated electrons partially fill the W tyg orbitals, and
progressively drive a solid state redox transition that reflects in a structural rearrangement of the
photoanode.

Under applied potentials, either lower or higher than the open circuit one, these changes become
negligible, likely due to the effect of an applied potential, which drains photogenerated electrons and

holes towards the solution/current collector.
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Figure 4. left panel: pictorial scheme of the spectroelectrochemical cell. The light blue square
represents the Mylar window. Right panel: Cyclic voltammetry of WO3 in 0.1 M Na2SOs in the dark
(black) and under 400 nm LED light in the spectrochemical cell (red) or in a quartz beaker (blue).
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Figure 5. left panel: W Lin-edge XANES spectra of WOs (red line), of WOz after annealing in air
for 1 h at 900 °C (green line), of WO3 after reduction in a flux of gaseous NHz at 900 °C for 12 h
(black line) and of a tungsten bronze (blue line). The spectra are shifted along the y axis for the sake
of better clarity. Right panel: 1% derivative spectra of WOs (red line) and WOs after reduction
(black line).
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Fig. 6 upper left panel: W Lii-edge XANES spectra of WO3 (red line), and of the WOs3 electrode
immersed in the electrolytic solution (black line). Lower panel: W Li-edge XANES spectra of the
WO:s electrode at OCP (red line), at 1.1 V (black dashed line), at 0.35 V (green line) and at the same
potential but after 2h (blue line). On the right, a schematic of the band structure of WO3 and of the
electron excitations described in this work is shown.
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Figure 8. left, blue axis: Fixed energy X-ray absorption coefficient plotted as a function of time at

the energy of the W tog (A, 10211 eV) and eg orbitals (B, 10213 eV). Right, black axes: open circuit

potential.
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