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Understanding excited state of photocatalysts is significant to improve their activity for water splitting reaction. X-ray
absorption fine structure (XAFS) spectroscopy in x-ray free electron lasers (XFEL) is a powerful method to address dynamic
changes in electronic states and structures of photocatalysts in excited state in ultrafast short time scales. The ultrafast
atomic-scale local structural change in photoexcited WOs was observed by W L; edge XAFS using an XFEL. An anisotropic
local distortion around the W atom could reproduce well the spectral features at a delay time of 100 ps after
photoexcitation based on full potential multiple scattering calculations. The distortion involved the movement of W to
shrink the shortest W-O bonds and elongate the longest one. The movement of the W atom could be explained by the
filling of the dx and du« orbitals, which were originally located at the bottom of the conduction band with photoexcited

electrons.

Introduction

Photocatalysts and photoelectrodes are key materials for effective solar energy conversion. Metal oxide semiconductors have
been researched for decades as photocatalytic materials, and the development of new photocatalytic materials is still of
immense research interest. 1> Understanding the fundamental properties of photosensitive metal oxides is also important.
Among fundamental studies, time-resolved X-ray absorption fine structure (tr-XAFS), which is a relatively new technique, has
recently facilitated important achievements in the photoexcited states of photocatalytic materials 614, XAFS is a powerful tool to
extract information on the electronic and geometrical structure around a specific element 1516 | By combining XAFS with the
pump-probe technique, carrier dynamics and local structures have been elucidated in photoexcited state of materials®14 1724 We
have reported the ultrafast photoexcitation of tungsten trioxide (WOs3) nanoparticles sized 50-200 nm, using tr-XAFS at the W L3
edge, where a core 2p electron is excited to unoccupied d states to monitor the number of photoexcited electrons. 1025 WQs is a
prominent visible-light sensitive photocatalyst and photoelectrodel-> 2631 for the water-splitting reaction, and has been
extensively studied.32 33 Despite its long developmental history, only few studies have assessed its electronic states and
structures during photoexcitation.26 3438 Qur results were the first to highlight that the initial photoexcited state to reduce W¢*
to W5+ is transformed into a metastable state with a structure change in 100 ps-200 ps. 7-2> However, questions have been raised
on our interpretation. One is that the structure change time constant (about 100 to 200 ps) is much lower than in other cases.
Obara et al. carried out pump-probe XAFS measurements on TiO; with a time resolution of 170 fs and detected a structure



change within 300-400 fs. & The other is that the local structure around the metastable W atoms remains unclear. Even though
the Ls; edge XAFS of W is sensitive to the d orbital vacancy, its spectral shape is too simple to understand subtle structural
changes, because it undergoes large life time broadening, and the structure-sensitive multiplet features can hardly be observed,
unlike the 3d transition metal L3 XAFS.39-44

In this work, we applied time-resolved L;-edge X-ray absorption near-edge structure (tr-XANES), which is much more sensitive
to the structure and symmetry.?> The tr-XANES results suggested that an extraordinary structural change was induced after
photoexcitation, which could not be explained by a simple lattice expansion. In order to clarify the local structural change, we
employed FPMS code based on a full multiple scattering theory 4648 for XANES simulation. #° Unlike the conventional multiple
scattering code which employs spherically averaged atomic site potentials (i.e., muffin-tin potentials), full potential (or non-
muffin-tin) calculations consider all effects of anisotropic potentials on XANES spectra. For instance, the full potential
calculations correctly describe the p-d orbital mixing induced by the local centrosymmetric breaking, which cannot be employed
in multiple scattering calculations with muffin-tin potentials well. Conventional extension in order to go beyond the spherical
potential approximation has been achieved in some all-electron calculation codes by using angular momentum expansion of site
effective potentials. 5% 51 However, the outer spheres of such site potentials are truncated with a non-spherical shape. This may
imply that the angular momentum expansion of the potentials never be converged in accordance with the Gibbs phenomenon. 52
FPMS code has successfully overcome this convergence issue by using the expansion not for the potential but only for the wave
function. 4648 Consideration of all the asymmetric features of scattering potentials is an essential step to reproduce the L; edge
XANES precisely, because WO3 has a distorted O, symmetry. In this paper, we first present the pump-probe W L; edge XANES
spectra of WO3 and determine the structure change by comparing our experimental results to the calculated XANES by FPMS.
We discuss the transient structure and the relation to the trapping site, and propose a novel possibility of the trapping site. We
also discuss the underlying mechanism for the creation of the metastable state based on a molecular orbital picture.

Experiments and calculations
Time-resolved XAFS experiments

Time-resolved experiments on the picosecond (ps) scale were carried out at the EH2 unit of BL3 33 54in SPring-8 Angstrom
Compact Laser (SACLA). A Si(111) channel cut crystal was employed to monochromatize the X-ray pulses, which were focused
with Be lenses. 3> All XAFS spectra were measured in the fluorescence mode. The intensity of the elastically scattered X-ray
pulses was measured using two photodiodes to obtain the incident X-ray intensity, while the fluorescence X-rays emitted from
the sample were measured by another photodiode. A Be thin film was attached to the photodiode to avoid detection of the
scattered light of the excitation laser. A chirped-pulse amplified laser was used for sample excitation. The pulse had a duration of
approximately 50 fs, wavelength 400 nm, and fluence approximately 200 mJ cm~2. The sample was a suspension of WO
nanoparticles with radii between 50 nm and 200 nm and WOs concentration of 4 mM. The suspension flowed continuously with
a magnetic gear pump to prevent the sample from precipitating. The time resolution of the transient XAFS experiments at SACLA
was approximately 500 fs owing to a time jitter. Note that our experimental setup had negligible non-linear effects, as verified by
the dependence of the spectral intensity on the pump-pulse intensity (Fig. S1 in Supporting Information).

Time-resolved XAFS experiments on the nanosecond scale were also performed at the NW14A beamline at Photon Factory
Advanced Ring (PF-AR) 56, KEK (Proposal No. 2015G541, 2015G542). A fiber laser of wavelength 343 nm, pulse duration 400 fs,
and fluence 35 mJ cm=2 was employed in order to excite the sample. The repetition rate of the excitation laser was 397 kHz,
which is one-half that of the X-ray pulses in PF-AR. The temporal resolution of the experimental setup was approximately 140 ps.
XANES calculations with full potential multiple scattering theory



(b) Figure 1. (a) W L; edge spectrum of WO; (top) and transient XAFS
different spectra of photoexcited WO; (bottom). The transient spectra

c(z) at delay times of 0.47 ps and 1.0 ps were measured at SACLA, while

that at 150 ps was measured at PF-AR. Error bars were estimated by
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XAFS spectra were calculated using the FPMS code based on the full potential multiple scattering theory with dipole
approximation.*6-48 In the full potential multiple scattering theory, Voronoi cells (or Wigner-Seitz cells) define atomic site regions
with no overlap instead of muffin-tin spheres. At the same time, the shape of the potential at each site is exactly considered
because the potential at each site is not averaged spherically. For practical calculations, the real part of a Hedin-Lundqvist
potential was employed. The broadening parameter g was set to 0.2 to include effects of the core-hole life time and the
experimental resolution. The maximum value of the partial wave was chosen to be 5. We referred to the reported crystal
structure of monoclinic WO3 with the space group P21/n?°. The lattice constants in the a, b, and ¢ axes were 7.300, 7.538, and
7.689 A, respectively. The lattice parameters were o.=y=90° and B = 90.892°. The modeled WOs clusters had a radius of 7 A.
Empty cells, which do not include any atomic center, were employed to fill spaces in the model clusters. These cells were located
around each atomic site (W or O site) to form a bcc-like local structure since the Voronoi cell made by surrounding atoms in a bcc
structure satisfies the mathematical condition for a free electron propagator, which is employed by FPMS code. The radius of
each initial atomic sphere was set to 1.3 A to enclose each Voronoi cell, which was formed by trimming each initial atomic sphere
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in accordance with the Voronoi decomposition. The energy origin for the continuum state was determined by the average of all
the surface potentials of Voronoi cells.

Results and Discussions

Time-resolved L; edge XAFS

Figure 1(a) shows the W L; edge spectrum of WOs3, as well as the transient difference spectra (Aut is defined as ptexcited = Htground)
at time delays of 0.47, 1.0, and 150 ps. Four significant changes were observed in the difference spectra, at around 12105, 12112,
12120, and 12140 eV, which are denoted as A, B, C, and D, respectively. The last spectrum in Fig. 1(a) (labeled “energy shift”)



corresponds to the difference between the observed spectrum in the ground state and the same spectrum shifted by -1 eV.
Except for the peak intensities, the peak positions in the energy shift agree with those observed. This negative energy shift is the
reflection of the reduction from W¢* to W>* that is accompanied by the photoexcitation of the O 2p electrons to the W 5d orbital,
which has been reported in the Ls3-edge transient XANES.2> The pre-edge peak at 12110 eV (denoted as X) indicates the distortion
of the symmetric octahedral structure and the degree of the 6p orbital mixing. 4> We, therefore, focus on the changes at either
side of peak X (positions A and B) because peaks A and B are caused by the shift and intensity change of peak X as shown in Fig.
S2. In the figure, the difference spectra between the excited spectrum and the energy shifted ground state spectrum are shown
and the intensity peak X gradually increased against the delay times. Reflecting this change of the intensity of the peak X, the
transient intensity changes of peaks A and B were different as shown in Fig. 1(b) and Fig. S2.

The intensities of A and B rapidly increased with a delay time of O ps. For lower delay times, the intensity of peak B was slightly
higher than that of peak A. This could be explained by the edge shift as shown in the last calculated difference spectrum. The
intensity of A gradually increased until 150 ps; whereas, the increase in intensity of B was not observed. Finally, the peak
intensity of A at 150 ps became greater than that of B as shown in the difference spectrum. The change in the ratio of the
difference between the intensity of A and B was caused by the increase in the intensity of peak X as shown in Fig. S2, indicating
the gradual local structural change to a maximum of 150 ps. The change of the L; difference spectrum agrees well with that
observed in our previous work% 25> on L3 edge pump-probe XAFS experiment, where we had concluded that the system reached
the metastable state around (140 + 20 ps. ) The continuous change in the peak at A indicated that the population of the
transient structure increased to a maximum delay time of 150 ps. The time constant is in the order of 100 ps, which was also in
agreement with the time constant for the excited electron to be trapped. 3438

XANES calculations

To analyze the detailed structural change in the metastable WOs, W L;-edge XANES spectra were calculated using the FPMS code.
46-48 \We focused on the features in the pre-edge region and discussed their changes in the photoexcited state. The difference
spectra of the calculated W L; XANES were displayed in the bottom of Fig. 2(a). We calculated the spectra with the W atom
movement along each crystal axis, defined in Fig. 2(b), show the effects of a local structural change on a W L; XANES spectrum.
Because the spectral shape of the K and Li-edge XANES spectra is insensitive to the charge, we shifted the edge of the calculated
spectra for the excited state by —1 eV to include the effect of the reduced W ion.

Figure 3. Calculated difference spectra of W L; edge XANES for the variation of a
0.15F A — 01 W-0 bond length. The solid and dash lines show elongation and shrinking of 0.1
— 02 Ain the W-0 bond length, respectively. Black curve is called “no modulation”.
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The difference spectrum termed “no modulation” was calculated by subtracting the unshifted ground state spectrum from
the same spectrum shifted by -1 eV. The no modulation spectrum agrees well with the energy shift spectrum in Fig. 1(a),
reproducing, in particular, peaks A and B. Thus, we inferred that the initial photoexcited state of WOs3 arose from the electron
transfer without a remarkable structure change.

We then calculated the difference spectra between the excited spectrum after shifted W by 0.1 A in each direction and the -
1.0 eV energy shifted ground state spectrum, shown in the lower panel of Fig. 2(a). W was shifted instead of O based on the idea
that an ordinary metal oxide is composed of the close packing of anion (0%) atoms and metal cations are located at the
interstitial site. When the W atom was moved toward +c or O1 direction, the intensity of peak A was higher than that of peak B.
When the W atom was moved toward +b or 02 direction, the intensity of peak A also increased compared with the no
modulation spectrum. Meanwhile, the movements in the opposite direction decreased the intensity of A. In addition to
movements parallel to the crystal axes, we found that peak A was also enhanced when W was moved in the diagonal directions
when bond lengths between W—-0O1 or W—02 were shorter (as shown in Fig. S4). This was rationalized by the increased p-d
orbital mixing to enhance the W—01 or W—02 bond strength. In other words, peak A became stronger when the distortion of the
W local structure increased. To see the relation between the structure of the metastable state and the other WO3 polymorphs,
such as cubic and orthogonal structures, we calculated the XAFS and the difference spectra as shown Fig. S5 in Supporting
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When the oxygen was shifted, the same conclusions as
shown in Fig. 3 were obtained. The XANES spectra were
calculated with shrinking or elongating one W—0O bond around
the absorbing W atom by 0.1 A and keeping the other bond
lengths constant. The difference spectra were obtained by
subtracting the calculated spectrum for the no modulation
structure with an energy shift by -1 eV from the spectrum with

one bond length changed. The difference of the XANES spectra

Figure 4. lllustration of the photoexcited process of WO;

at 12103 eV increases when the bond length between W and O1 or W and O2 decreases, or that between W and O5 or W and
06 increases. Meanwhile, the difference at 12112 eV decreases when the bond length of W—01 or W—02 shrinks. Further, the
difference at 12112 eV increases when the bond length of W—0O5 or W—06 elongates. The bond lengths between W-03 and W-
04 affect the difference at 12112 eV; however, the difference at 12103 eV does not considerably increase.

There have been some reports on photoexcited states of WO3 in picoseconds, nanoseconds or longer time scales.3438 The
time scale of photoabsorption process in WOj3 created the conduction electron and then it is trapped for approximately 100—-200
ps.34. 38 The trapped carriers disappeared by the recombination or reaction with the life time in the range of 154-100 us
depending on the particle size, the electron or hole scavengers and the WO3 nanoparticles’ morphology. 34 3537 Qur tr-XAFS
measurement indicated that the time constant for the transient structure formation was approximately 140 ps, 25 while the
metastable state was decayed in approximately 2 ns and connected to the further slower curve. Compared with the previous
transient absorption spectra, the delay time of 150 ps corresponds to the formation of the so-called trapping state. In contrast to
our results, an electron trapping site, claimed as an oxygen defect site, was located at surface, boundaries of crystallites, or bulk
defect in the previous ultrafast x-ray studies 3811, Since the particle size we used in this work was 50-200 nm in diameter and
the contribution of the surface could be neglected, the surface defects were less frequently observed. The bulk defect might also
be ruled out; the fraction of excited W atoms were estimated to be 30%,25 and thus, the required O vacancy is 5 %, which is too
high to maintain the WOs; crystalline structure. 5758 Therefore, we proposed the trapping site should be the distorted W>* in the
normal WOj3 lattice site created 150 ps after the photoabsorption process, where the photo excited electron was stabilized.

The photoexcitation process of WO3 is summarized in Fig. 4. The W>* state is formed during the initial photoexcitation, which
lowers the threshold energy of the W L; edge. The initial photoexcited electron state is trapped within 150 ps accompanied by
the anisotropic structural changes to form the metastable state. The transient structure of WO3 gradually recovers to the ground
state.

We have proposed the following deformation mechanism to explain the observed structural change in the metastable state of
the photoexcited WOs. The octahedral structure of WO3 in the ground state is distorted from a regular octahedron by a pseudo
Jahn—Teller effect, as shown in Fig. 2(b). >° Because of this local geometry, the local density of states at the end of the conduction
band, i.e., LUMO are mainly composed of W dy, and d, orbitals (however, not d;), as shown in Fig. 4, which undergo =
antibonding with oxygen atoms at the end of the conduction band. 0 When the electron is excited by the pump-pulse laser, the
excited electron occupies the lowest antibonding orbitals dy, or d,x. Consequently, the W—0O (2-5, 3-4) (or W-0 (1-6,3-4)) bonds
are weakened and elongated. This elongation triggers W movement toward O (1) (or O (2)), which has a shorter W-0 bond in the
ground state. Such anisotropic distortion may stabilize the metastable W5* state and the photoexcited electron is trapped in W3+,

Conclusions

We have carried out W L; edge pump-probe experiments on WO3; and elucidated the local structural change in WOs3 using
calculated transient difference spectra for distorted WOs3 structural models. We observed that a W atom anisotropically shifts to
make a shorter W—0 bond shrink and a longer W—0 bond elongate in 150 ps when the initial excited state decays to the
metastable state. The mechanism underlying the anisotropic distortion is that the excited electron occupies the end of the
conduction band or LUMO states (dyxy and d,) corresponding to the antibonding W—O bonds. We believe that full potential
calculations for XANES are quite helpful to understand spectral changes of XAFS caused by an extraordinary structural
modification.
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