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Dynamics of photoelectrons and structural changes of tungsten

trioxide observed by femtosecond transient XAFS

Yohei Uemura?, Daiki Kido®, Yuki Wakisaka®®, Hiromitsu Uehara®, Tadashi Ohba"®, Yasuhiro Niwa®,
Shunsuke Nozawa®, Tokushi Sato®, Kohei Ichiyanagi®, Ryo Fukaya®, Shin-ichi Adachi®, Tetsuo
Katayama®, Tadashi Togashi®, Sigeki Owada’, Kanade Ogawa', Makina Yabashi’, Keisuke Hatada®,
Satoru Takakusagi®, Toshihiko Yokoyama?®, Bunsho Ohtani®, Kiyotaka Asakura®*

Dedication ((optional))

Abstract: The dynamics of the local electronic and geometric
structures of WO; following photoexcitation were studied by
femtosecond time-resolved X-ray absorption fine structure (XAFS)
spectroscopy using an X-ray free electron laser (XFEL). We found
that the electronic state was the first to change followed by the local
structure, which was affected within 200 ps of photoexcitation.

The utilization of solar energy is one of the most
fascinating and important research subjects with regard to
obtaining a society less dependent on fossil fuels. For this
reason, photocatalysts and photoelectrodes™ have been
developed over the last several decades in order to
produce hydrogen from water without the generation of
harmful pollutants. More recently, tungsten trioxide (WO3)
has received much attention, since its band gap is 2.6 to
2.8 eV,®”’ meaning that it functions as an _active
photocatalyst under visible light irradiation. WO3 has shown
the potential to allow the complete decomposition of water
to hydrogen (Hz) and oxygen (O2) when used in
combination with TaON in the so-called Z-scheme
photocatalyst system.

Various fundamental photocatalytic properties of WOs;
have been studied by both theoretical and experimental
methods. The main goal of such work has been to
determine where photocarriers are created and how and
when they are consumed. Density functional theory (DFT)
calculations concerning the ground state®® have shown that
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the valence band of WOs; is primarily composed of O 2p
orbitals and that the conduction band consists of W 5d
orbitals. Electrons in the valence band are excited to the
conduction band to create photocarriers (electrons and
holes) by photoabsorption. These DFT results have thus
provided insight into the nature of such photocarriers. The
lifetimes of photocarriers in WO3; have been studied using
spectroscopic techniques with different time scales.”
Amano et al.®® observed long-living photocarriers having
lifetimes longer than 100 ps in WO3; microparticles and
claimed that these photocarriers such as these could
contribute to the activity of the oxide for the water splitting
reaction. Pesici et al.®™ reported that more than 90% of
electron-hole pairs recombined within 10 ps. Bedja et al.
also observed the fast trapping of photoelectrons (within 1
ns) in colloidal WO3;. ¢

Although previous fundamental studies have generated
significant information with regard to photocarriers in WOs,
there have been no studies addressing the local electronic
and geometric structure changes around W, especially in
the case of photoexcited WOs3, even though such data are
vital to understanding and improving the photocatalytic
performance of this material. Recently,” we successfully
observed the excited state around W in WO3; 100 ps after
laser excitation, using a pump-probe X-ray absorption fine
structure (XAFS) method employing a PF-AR (a single
bunch operation storage ring with a time resolution of 100
ps)."® Pump-probe XAFS is an element-specific, time-

w WO, WO, (¢}
bp —— \ | |
6s — ) : )
e Jeg [ ] €
5d :ﬂ\ |ty | ]ty
band gap = 2p
(26-28eV),-" —
// ,o— 1s

Fig. 1 a schematic diagram of band structures of WO, and WO;. 2



resolved technique capable of selectively detecting the local
electronic state around X-ray absorbing atoms."! Following
a 400 nm laser pulse excitation, the W Lj-edge XAFS white
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Fig. 2 W Ly XANES spectra of WO3; in the ground state and difference
XANES spectra of WO3. Each difference spectrum is the subtraction of
the XANES spectrum of an excited state and the spectrum of a ground
state. The time differences between X-rays and laser pulses are placed
beside each spectrum.

line peak dramatically decreases, directly indicating that the
excited electrons occupy W eq orbitals in the higher energy
state. However, this interpretation has a crucial problem in
that the photon energy of the excitation laser (3 eV) is much
lower than energy difference (> 6eV) between the valence
band composed of O orbitals and the conduction band
associated with the e4 (upper level) d state. Therefore direct
photoexcitation to the upper level should be impossible in
response to a single shot laser pulse. As such, the
phenomenon we observed was instead a secondary
process, indicating that a faster pump-probe XAFS
experiment with a time resolution less than 100 ps was
necessary. In the present work, we performed femtosecond
(fs) pump-probe XAFS experiments with an X-ray free
electron laser (XFEL) using the SPring-8 Angstrom
Compact Free Electron Laser (SACLA), which provides X-
ray pulses of less than 10 fs.[¥) On the basis of this work, we
have found new features in the photoabsorption process
and herein we present new interpretations.
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The experiments were carried out at the EH2 unit of BL3
at SACLA. Si(111) double crystals were used to
monochromatize X-ray pulses and a chirped-pulse
amplified laser was employed to excite the WO3; sample.
The pulse duration and wavelength of the excitation laser
were 70 fs and 400 nm, respectively, while the fluence was
approximately 520 mJ/cm?. All the XAFS spectra were
acquired in the fluorescence mode. A Kapton film was used
to scatter the X-ray pulses so as to allow measurement of
the incident X-ray intensity by the two photodiodes.
Fluorescence X-rays emitted from the sample were also
measured by a photodiode. A beryllium thin film was placed
in front of the photodiode to avoid detection of scattered
light from the excitation laser. The sample was a
suspension of WOjs; nanoparticles in  which the
concentration of WO3 was 4 mM. A continuous flow of the
suspension was provided by a magnetic gear pump to
prevent the sample from precipitating. The overall time
resolution of the pump-probe XAFS at SACLA was 500 fs
due to a time jitter.

Figure 2 shows the W L;; XANES spectrum (upper) in
the ground state and the difference spectra between the
XANES spectra of WOs3 in the ground and excited states.
Compared to previous pump-probe experiments, the S/N
ratios were tremendously improved when using the strong
XFEL pulse. Three distinct peaks are evident in the
difference spectrum in Fig. 2, denoted as A, B and C. In our
previous work using synchrotron radiation, we were able to
identify only peak C, at 10,211 eV.

Peak A at approximately 10,206 eV appeared 0.5 ps
(500 fs) after the excitation and was positioned just at the
edge. Peak A maintained an almost constant intensity for
200 ps and then gradually decreased, as shown in Fig. 3A.
Peak B appeared at 10,208 eV, and the transient behaviour
of this peak below 200 ps was quite complicated due to the
effects of the two larger peaks A and C, as can be seen in
Fig. 3B. The negative peak C at 10,211 eV grew rapidly and
then increased more gradually up to 200 ps, followed by a
decrease in its absolute intensity. The time evolution of
peak C could be fitted with the sequential first order
equation a*exp(-kif) + B*exp(-kot) + vy, as shown in the
figure. From the data, we estimated ki and k; to be 0.007(1)
and 0.00056(5) ps™' respectively (time constant t:(=1/k;) =
140 + 20 ps, t2(=1/k2) = 1800 £ 200 ps). This k, value is
consistent with the rate constant estimated in our previous
experimental work. ! The decays of peaks A and B after
200 ps could be fitted with a single exponential, giving the
same k value of 0.00056 ps'1, as shown in Fig. 3. All three
peaks may therefore represent the same decay process.
The broad feature in the ground state spectrum of WO3;
appearing in the vicinity of 10,200 to 10,220 eV in Fig. 2 is
termed the “white line,” and corresponds to the transition
from the 2ps, state to the empty 5d state. In case of WOs,
all the d states are assumed to be empty, since a strong
white line peak appears. In our previous paper, we



assigned peak C to the e, state. Figure S1 presents XANES
spectra for the standard compounds WO3; and WO,. The
white line peak is seen to shift to higher energy values and
to increase in intensity in conjunction with the higher
oxidation state. Figure S2 shows the first and second
derivatives of the raw data obtained from WOs;. The first
derivative generates one positive peak and one negative
peak that exhibit peak shapes and separation similar to
those of the difference spectrum obtained at 0.5 ps. The
pump laser evidently induced an electron transfer from O to
W, resulting in the reduction of W(VI) to W(V) and
prompting the edge shift to the lower energy side. The
simple edge shift gives the positive peak at the lower
energy side and negative peak at the higher energy side in
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Fig. 3 Changes in absorption intensities of W LIIl XANES peaks A, B and

C (as shown in Fig. 2) with time.
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the difference spectra. Assuming that no d state receives an
electron, the peak shape may be

approximated by the first derivative as in the equation
Apt = dut/dE x AE. AE was estimated to be 0.4 eV based on
the shift of the negative first derivative peak derived from
peak C. Figure S3 presents a plot of the equation dut/dE x
AE(= 0.4 eV) in which peak C and the negative peak of the
first derivative appear in the vicinity of 10,212 eV and are
close to one another. Peak A was much smaller than the
positive peak obtained from the first derivative because of
the filling of d vacancies by the excited electrons generated
via the laser. We thus conclude that peaks A and C result
from the energy shift of the white line. Our previous
interpretation of peak C, that the photoexcited electron
occupies the e4 state in the higher energy d state, should
therefore be corrected.” Our new interpretation of the
peak changes agrees with the general understanding that
photoabsorption excites the valence electron primarily
associated with the O 2p orbital to the bottom of the
conduction band composed of the W 5d orbitals. The
XAFS spectra in the excited state are shifted to lower
energies due to emergence of W®*. As a result, peaks A
and C appear in the difference spectra. The W°* state
appears to be present for several picoseconds after
excitation, judging from the total 5d line peak intensity
change shown in Fig. S5. However, the absolute value of
the peak C intensity further increased over time, while
peak A maintained a constant intensity up to 200 ps. At the
same time, peak B also increased. These gradual changes
may arise from the local structural transformations that
occur along with variations in the electronic structure. The
theoretically calculated XANES spectra of the ground state
WOs3 having monoclinic (room temperature form) and
orthorhombic (high temperature form) structures were
generated using full potential multiple scattering (FPMS) ®”
to generate difference spectra. The higher energy region of
the white line of the orthorhombic form is weaker in the
vicinity of peak C compared to that of the monoclinic
(ground state) form, as shown in Fig. S4. We therefore
suggest that the local structure transitions to an
orthorhombic-like structure up to 200 ps. After 200 ps, the
orthorhombic-like local structure gradually returns to the
original monoclinic structure.

A proposed summary of the overall changes is shown in
Fig. 4. The first process occurs immediately after
photoexcitation; once WOs; is irradiated by the excitation
laser, the electrons in the valence band (primarily the O 2p
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Fig. 4 A proposed scheme for the photoexcitation process of WO3.



orbital) are excited to the conduction band composed of W
5d orbitals. This state is denoted as WO3*. On average, the
W was reduced to the 5.3 + 0.3 state judging from the edge
shifts or white line area changes in Figs. S5-7. The WO3*
subsequently changes its structure to that of the second
excited state (WO3**), which has less density of state at the
energy levels around peak C. Since the W-O vibrational
frequency is approximately 10-20 ps” based on IR data
(that is, ranges over 600-1200 cm™), this structural
transformation can take place within 200 ps.

This work has shown that fs pump-probe XAFS using
XFEL provides a new means of understanding the local
electronic and geometric structures around a central
transition element. We are now conducting pump-probe
EXAFS studies applying a wider energy range to confirm
the structure change.
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Photoexcited states of WO; were observed by femto-second X-ray
absorption spectroscopy performed at XFEL. The local structural
transformation of W was found, which followed the change of the local
electronic state and proceeded in 200 ps after excitation.



