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Enhancement of the energy-density and power-density of electrode materials is one of the
important subjects in the research field of Li-ion batteries (LIBs). To improve the
performances of electrode materials, the redox mechanisms due to Li-ion extraction/insertion
should be clarified. In this study, high-energy-resolution soft x-ray emission spectroscopy
(XES) was applied to understand changes in the electronic structure of LiMn2O4 cathode [1]
by Li-ion extraction/insertion[2]. The Mn 2p-3d-2p resonant XES spectra were analyzed by
the configuration-interaction full-multiplet (CIFM) calculation, which reproduced both dd and
charge-transfer (CT) excitations.

The LiMn2O4 sample was fabricated by a sol-gel method. For electrochemical experiments,
LiMn2O4 (75 wt%), acetylene black (20 wt%), and polytetrafluoroethylene (5 wt%) were
ground into a paste. Lithium metal was used as the counter and reference electrodes, and 1M
ethylene carbonate (EC)/diethyl carbonate (DEC) solutions of LiCIOs were used as
electrolytes for a three-electrode beaker cell. We prepared three samples for initial (before
charging), charged, and discharged states by constant-current charge-discharge experiments
with a current density of 10 mA/g. The corresponding voltages for the three states were 3.2,
4.3 and 3.2 V vs. Li/Li*, respectively. Mn 2p-3d-2p resonant XES measurements for the
LiMn20Os samples were carried out at BLO7LSU in SPring-8 using a high resolution XES
spectrometer, HORNET[3]. The total energy resolution for XES was set to E/AE = 3200 at
the Mn Ls edge. All the XES measurements were carried out at room temperature in a high
vacuum. The CIFM calculation for the electronic-structure analysis of Mn atoms in LiMn204
was carried out by assuming an octahedral MnOs cluster in which the Mn 3d and O 2p
orbitals and the charge-transfer effect were taken into account[4].

The resonant XES spectra taken with an excitation energy of 642.0 eV corresponding to a
Mn Lz-edge absorption peak showed drastic changes between the initial and charged states
(Fig. 1). The initial state should be attributed to a mixed valence state of Mn®**/Mn*". For the
initial state, all the Mn®* should be oxidized to Mn**. Fo

r the discharged state, the Mn ions should partially be reduced to Mn®". Between the initial
and discharged state, the small changes of the ratio of Mn3*/Mn*" was detected by the use of
resonant XES.

To confirm the changes and separately understand the Mn®* and Mn**states, we analyzed
the XES spectra by using the CIFM calculation (Fig. 2), while the Mn** state was regarded as
unchanged during charge-discharge. Both the oxidation states have strong ligand-to-metal CT
effect. In particular for the Mn*" (charged) state, the CT energy A was highly negative,
resulting in the dominant d*L and d°L? charge transfer configurations. The present results
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Fig. 1. Mn 2p-3d-2p resonant XES spectra
for LiMn2O4 at the initial, charged and
discharged states[2].
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Fig. 2. CIFM calculation for (a) Mn*" with
the charged state and (b) Mn®* states with a
difference spectrum between the initial and
charged states[2].

indicate possible reasons for the capacity fading in LiMn2Os: instability of the
crystal-structure during charge-discharge and Jahn-Teller distortion at the Mn®* site.

In summary, we measured Mn 2p-3d-2p resonant XES for LiMn2Oa. Detailed information
of the electronic-structure change such as the strong CT effect was obtained. In the near future,
we will perform O 1s-2p-1s XES measurement to further understand the redox reaction.
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Development of high-performance lithium-ion battery (LIB) for electric vehicles is a one of
the important research subjects to realize a sustainable low-carbon society. However, the
trade-off relationships among the performances such as energy density, power performance,
cycle performance, and safety property make the development difficult. Moreover, the
combination of the materials among the cathode, anode, and electrolyte is crucial for the
improvement of total performances of LIB. Thus, comprehensive researches and
developments are highly important. In addition to the materials design, cutting-edge analyses
are inevitable because understanding of the redox reactions and structural/electronic
properties for the materials in LIBs is necessary to design/create innovative materials for
LIBs.

Synchrotron radiation X-ray spectroscopy is a powerful technique to understand the crystal
structure and electronic structure in LIB materials. We have been studying the
charge-discharge mechanisms in LIBs based on the electronic-structure analysis by using soft
X-ray spectroscopy at HORNET, BLO7LSU. Especially, the redox reactions of electrode
materials have been investigated by operando soft x-ray emission spectroscopy under the
charge-discharge operation [1,2]. The operando cell consists of special electrode chip directly
grown on SisNs thin-film window, counter electrode and electrolyte solution. On the other
hand, all-solid-state LIB with solid-state electrolyte is of particular importance. We have
already developed an all-solid-state-type operando cell for operando photoemission
spectromicroscopy at 3DnanoESCA, BLO7LSU [3,4].

In this study, we tried to install the all-solid-state-type operando cell for the HORNET
chamber to perform operando soft x-ray emission spectroscopy for the all-solid-state LIBs. A
special transfer vessel was developed to transfer the operando cell from a glove box filled
with Ar gas to vacuum chamber without air exposure, because the operando cell includes a
Li-metal counter electrode. The transfer vessel was fixed to the HORNET chamber and the
operando cell was moved to the beam position (Figs. 1(a) and 1(b)).

The working electrode of the operando cell was LiCoO,, a cathode material, which was
single crystalline particles. The particles were mixed with a binder as a slurry and fixed on a
carbon micro grid with an Au mesh (Fig. 1(d)). Then, the working electrode was stacked with
the solid-state electrolyte sheets and Li-metal counter electrode as shown in Fig. 1(d).

Figure 1(c) shows the Co Ls-edge soft X-ray emission spectra for different 4 positions on the
working electrode. For all the points, the intensity was too small, indicating that there were
few LiCoO: particles. Because the size of the particles (um order) is comparable with the
beam size, it was difficult to find the positions of the small number of the particles. The
density of the particles on the Au mesh should be much higher. On the other hand, we
succeeded in the electrochemical charge-discharge using the operando cell and detecting the



signals of Co Ls-edge soft X-ray absorption by the total-electron yield detection mode.

In summary, we installed an all-solid-state-type operando cell for the HORNET chamber.
The intensity of the Co Ls-edge soft X-ray emission spectra for the LiCoO> working electrode
was too weak due to the small number of the um-order particles. In the near future, we will
increase the number of the particles by modifying the cell structure in order to perform soft
X-ray emission measurement for the all-solid-state-type operando cell.
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Fig.1. (a) A picture of the transfer vessel fixed with the HORNET chamber. (b) A picture of
the inserted all-solid-state-type operando cell into the main chamber taken via a viewport. (c)
Co Ls-edge soft X-ray emission spectra for different 4 positions on the working electrode. (d)
A schematic picture of the all-solid-state-type operando cell [3,4].
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High-transition-temperature superconductivity in the cuprates occurs when either holes or
electrons are doped into parent antiferromagnetic Mott insulators. Dope holes occupy the
oxygen 2p orbitals predominantly. In contrast, electrons are doped into the Cu 3d orbital but
doping evolution of the electronic states of the “nominally” electron-doped cuprates is not so
simple. Most electron-doped cuprate superconductors have the chemical formula RE> -
CexCuOy4 (RE = La, Pr, Nd, Sm, Eu) and electrons are doped via partial substitution of trivalent
RE with tetravalent Ce. At low Ce concentration (x), Hall and Seebeck coefficients, which are
often used to determine the sign and number of carriers, are negative as expected. However, the
coefficients change the sign in the temperature dependence in the intermediate concentration
and the sign becomes positive in entire measured temperature at high concentration (x > 0.155
for RE = Prand x > 0.135 for RE = La) [1-3]. Furthermore, reconstruction of the Fermi surface
with increasing the Ce concentration is observed in ARPES [4] and quantum oscillation [5].
Recently, it was reported in a transport study [6] that superconductivity in the nominally
electron-doped cuprates emerges under the coexistence of holes and electrons and a relation
between the superfluid density of holes and the superconducting transition temperature agrees
with that of hole-doped cuprates. This result indicates that the superconductivity in the
nominally electron-doped cuprates is driven by the holes rather than the electrons and a unified
mechanism of the superconductivity exists irrespective of the type of carries.

In this study, we aim to verify the two-carrier states in the nominally electron-doped cuprates,
especially to prove the existence of the holes by means of x-ray absorption spectroscopy (XAS)
and resonant inelastic x-ray scattering (RIXS) at the oxygen K-edge. In the hole-doped cuprates,
O K-edge XAS gave a direct evidence of the holes in the O 2p orbitals [7]; a peak at the pre-
edge is ascribed to the hole state. In addition, we recently demonstrated that O K-edge RIXS is
sensitive to the charge excitations of the doped holes [8].

The experiment was performed using the HORNET spectrometer at BLO7LSU of SPring-8.
Total energy resolution of RIXS was 150 meV. For the present study, we selected Pri4.
xLao.sCexCuO4 (PLCCO), in which superconductivity is observed in wide Ce concentration (x).
We prepared single crystals of superconducting x = 0.16 and non-superconducting x = 0.08.
The crystals of were cleaved in the air just before the measurement and G-polarized x-rays were
irradiated on the ab-plane of the crystal. The ac-plane was parallel to the horizontal scattering
plane and momentum transfer in the CuO» plane (g) was scanned by rotating the crystal along
the vertical b-axis. Scattering angle (20) was kept at 135" and temperature of the crystals was
about 15 K.

The inset of Fig. 1 shows an XAS spectrum of PLCCO x = 0.16. The peak at 528.8 eV
originates from the absorption to the Cu 3d upper Hubbard band (UHB) hybridized with the O
2p states. In the hole doped cuprates, absorption to the O 2p hole states appears at lower energy
of the UHB peak but we cannot find any trace of the hole states in PLCCO. The main panel of
Fig. 1 shows incident energy (Ei) dependence across the UHB peak in XAS as indicated by
vertical bars in the inset. A Raman feature at 0.4 eV is observed at E; < 528.7 eV and it gradually
charges to fluorescence at higher £;.



Figure 2 shows momentum dependence of RIXS Pr, 4.,Lag 6Ce, CuO, x=0.16 T=15K q=(0.06,0)
measured at E; = 528.5 eV. In the four spectra from
the bottom, lines in light color present raw data and
elastic scattering is subtracted for the lines in deep
color. The subtracted spectra are overlaid at the top.
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momentum dependence in hole-doped cuprates [8].
Though it is tiny, a momentum-dependent
component is discernible in Fig. 2. Because the
component follows the momentum dependence of
the charge excitations observed in Cu K- and Ls-
edge RIXS [9,10], it is reasonably ascribed to the
same charge origin through the hybridization
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In summary, present XAS and RIXS results of FIG. 1: Incident energy dependence of O K-
PLCCO are comprehensible without assuming the edge RIXS in PLCCO x = 0.16. Inset shows
existence of the holes in the O 2p orbitals. Even if XAS at the edge.
the holes exist in the nominally electron-doped
cuprates, their orbital character is qualitatively
different from that of the O 2p holes in hole-doped
cuprates.
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Introduction

It has been predicted from theoretical calculations that some of Mn- and Co-based Heusler
alloys are half-metallic ferro- or ferri-magnets with the spin polarization of ~100 % around
the Fermi energy (Er) [1-3]. If the electrons are completely polarized around Er, it is very
efficient as a magnetic electrode in various spin dependent devices in the field of spintronics.

In the aspect of the fundamental investigations for half-metallic materials, it has been
considered how to show the real evidence of the characteristic electronic structure. Attempts
have been made worldwide to observe the detailed electronic state of Heusler alloys by
photoelectron spectroscopy. Although a magnetic field must be applied in order to make a
sample into a single domain state, the photoelectron orbit is greatly affected by the magnetic
field. In our previous work, we have first studied the detailed electronic structure and
magnetic properties of a single crystal MnaVVAI by SX-RIXS measurements in magnetic field
[4]. The RIXS is a bulk sensitive photon-in and photon-out spectroscopy, and very powerful
to investigate such as d-d excitations for open shell 3d orbitals and magnetic excitations for
spin systems as well as 2p-3d transitions in element- and symmetry-specific ways. In this
study, we performed the RIXS experiments for single crystal of Co,MnSi Heusler alloy,
which was predicted to be a half-metallic ferromagnet.

Experiments
a) Sample preparation

A single crystal of CooMnSi was prepared by the Bridgman method after preparing a
master alloy by arc melting in Ar gas atmosphere, and subjected to homogenizing heat
treatment at 1373 K. The sample composition identified by an electron probe microanalyzer is
Co0:50.0, Mn:25.9, Si:24.1 at.%. Crystal orientation was checked by the Laue method and the
specimens were cut out in the stripe form with the length of 6 mm along the <100> with about
1 x 1 mm? cross section. Magnetic properties were investigated with SQUID magnetometer
and the spontaneous magnetization at 5 K was 142.2 emu/g (= 5.1 ps/f.u.), being comparable
to the literature [5].

b) RIXS experiment

RIXS experiments were performed using a high-resolution soft X-ray emission
spectrometer installed at the end of the BLO7LSU of SPring-8. The specimen with the (001)
plane was fractured in a glove box with Ar gas atmosphere, and then transferred into the
analyzer chamber without exposure to the air. The RIXS spectra for Co and Mn 2p core
excitation were measured with use of the right and left helicity circularly polarized light at
room temperature. A permanent magnet with the field of 0.25 T was installed in the chamber
and arranged as the X-ray incidence direction and the magnetic field direction become parallel

[6].



Results

Figures indicate RIXS spectra obtained in parallel (u*) and antiparallel (i) configurations
between the photon helicity and the magnetic field at incoming photon energy, hvi, of 779.0
eV (left figure) and 640.5 eV (right figure) for the Co and Mn-2pz/. edges, respectively. These
photon energies correspond to the peak positions of the Co and Mn-2ps2 absorption spectra
for the Co2MnSi. Intensity peaks without any energy loss are the elastic component, and the
other peaks in the larger energy loss region are the so-called fluorescence peaks. As shown in
the figures, clear fluorescence components were observed and their circular polarization
dependence (MCD = u* — p) was also confirmed. This RIXS-MCD signals originate from
the spin-selective dipole-transition from m;= = 3/2 which is separated by the Zeeman splitting
due to the effective magnetic field of 3d electron states [4]. It was found that the positive and
negative MCD fluorescence components in both Co and Mn have a large contribution of
fluorescence from m; = +3/2 and —3/2, respectively, suggesting that the valence band
electronic structures of Co2MnSi is highly spin-polarized.
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The development of advanced electrochemical energy storage devices has been an active
research field because it offers sustainability prospects, for instance, reduction of fossil fuel
reliance by realizing an electric vehicle range of 500 km per charge or integrating renewable
energy sources to an electrical grid. Market-leading lithium-ion batteries (LIBs) efficiently
store energy by lithium-ion (de)intercalation associated with redox reactions. However, their
energy density approaches the theoretical limit, in part owing to the small capacity of the
positive electrode materials, which severely obstructs the wide deployment of LIBs.
Therefore, it is important to find an alternative battery chemistry that can exceed the existing
positive-electrode capacity limits.

The use of the extra redox reactions of oxygen in addition to conventional transition-metal
redox reactions is an attractive way to increase the capacity of transition-metal oxides.” In
general, most oxygen 2p orbitals in conventional electrode materials LiMO, (M: transition
metal) form o-type bonds with axial M 3d orbitals (ey orbitals in an On symmetry). As the
atomic energy level of oxygen 2p orbitals is usually lower than that of M eq orbitals, the
o-type bonding orbitals are predominantly from oxygen 2p orbitals. Therefore, it is difficult to
oxidize oxygen 2p orbitals that have a o-type bonding character. However, research groups
led by Bruce and Ceder postulated that oxygen in Li-excess transition-metal oxides
Liz+xM1-xO2 (Fig. 1a) intrinsically have localized (‘orphaned’) 2p orbital along the Li—O—Li
axis without the o-type bonding character, which can contribute to an additional
oxygen-redox capacity. Indeed, large capacities exceeding the capacity limit of M redox
reactions have been reported for many Li-excess transition-metal oxides including
LizMnO3-LiMO, solid solution, layered honeycomb Li2lrOs, random rock salt
Li12Ti04Mno4O, three-dimensional B-Li2lrOs, and anti-fluorite LisFeOs. However, despite
the theoretical adequacy of the proposed ‘orphaned’ oxygen 2p orbital hypothesis, the
existence of the localized oxygen 2p orbitals in Li-excess transition-metal oxides has not been
verified
experimentally.
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consideration of oxygen-redox electrodes, cannot qualitatively discuss M—O interaction (e.g.,
covalency), because it only considers a bandwidth and a band center energy of each band.
Therefore, for a thorough understanding of the reversible oxygen-redox reactions occurring in
Li-excess transition-metal oxides, it is necessary to clarify the nature of the m-type bonds
during the oxygen-redox reactions from the molecular orbital viewpoint. In this work, we used
oxygen K-edge resonant inelastic X-ray scattering (RIXS) spectroscopy combined with ab
initio computations to demonstrate (¢ + 1) multiorbital bond formation as a firm criterion for
stable oxygen-redox reactions.

Oxygen K-edge RIXS spectroscopy was used to examine the existence of n-type localized
oxygen 2p orbitals in Li2MnOQs, a standard Li-excess layered transition-metal oxide. Oxygen
K-edge RIXS spectroscopy records the inelastic scattering during core excitation—relaxation
(1s—2p—1s), in which the energy loss corresponds to valence excitation between occupied
and unoccupied 2p bands. RIXS spectroscopy has a probing depth of approximately 100 nm
(bulk sensitive). Importantly, when occupied/unoccupied oxygen 2p bands have a localized
character with weak orbital hybridization, the inelastic scattering becomes Raman-like and
has constant energy loss regardless of the incident photon energy (Fig. 1b). Conversely,
delocalized occupied/unoccupied oxygen 2p bands with a large orbital hybridization gives
fluorescence-like inelastic scattering with variable energy loss depending on the incident
photon energy (Fig. 1c). Therefore, oxygen K-edge RIXS spectroscopy allows us to diagnose
localized or delocalized oxygen 2p bands.

The ab initio calculations using HSEO6 hybrid functional for LioMnOgz indicates that a
localized oxygen 2p orbital exists along the Li—O-Li axis with an orbital energy of
approximately —0.9 to 0.0 eV versus the Fermi energy (Fig. 2a). The RIXS spectra and the
corresponding second differential RIXS map (Fig. 2b and 2c) exhibit two broad
fluorescence-like peaks, which could be related to the valence excitation between the o-type
wide oxygen 2p bands strongly hybridized with axial Mn eg orbitals (Fig. 1c). Based on the
Cav symmetry of an OMnzLis cluster, these bands are labelled as 3ai/3b> bands. More
importantly, the RIXS spectra show an intense Raman-like peak with constant energy loss of
approximately 2.5 eV. This Raman-like peak clearly indicates the existence of the m-type
narrow oxygen 2p bands weakly hybridized with Mn tyg orbitals (bi/b:” bands based on the
Cav-symmetry labelling, Fig. 1b). It is important to note that the Raman-like feature is not the
simple projection of the d-d excitation of Mn L-edge, because O K-edge XAS and RIXS
involve charge-transfer processes through O-Mn interactions. In contrast, for a non-Li-excess
layered oxide LiNi13Co13Mn1302, the RIXS spectra show only fluorescence-like peaks with
variable energy loss depending "
on the incident photon energy -0 Li,MnO;
because most oxygen 2p orbitals — Mn

form o-type wide bands with
axial M 3d orbitals. Therefore, M egﬂ
oWy,

this is the first experimental
verification of the ‘orphaned’
oxygen 2p orbital hypothesis for -10-%";_%U alle
Li-excess transition-metal OO 4 e I

oxides, and oxygen K-edge — 20l

RIXS spectroscopy is definitely E = Ergmy (V) Energy loss (eV)

an effective dlagnc_)stlc tool . to Figure 2. Direct observation of orphaned oxygen 2p orbitals in Li2MnOs.
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oxygen states. Li2MnOs. The inset shows the spatial electron density at the energy range
from —0.9 to 0 eV versus the Fermi energy. (b) Oxygen K-edge RIXS
spectra, and (c) second differential RIXS map for Li2MnOs with excitation
photon energy from 527 to 533.75 eV.
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MULTIORBITAL BOND FORMATION FOR STABLE
OXYGEN-REDOX REACTION IN BATTERY ELECTRODES

Masashi Okubo
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High energy density batteries are a long-standing target for sustainability efforts, but the
energy density of the state-of-the-art lithium-ion batteries is limited in part owing to the small
capacity of positive electrode materials. Although the additional oxygen-redox reaction of
Li-excess transition-metal oxides is an attractive approach to increase the capacity, an
atomic-level understanding of the reaction mechanism has not been established. Here, using
bulk-sensitive resonant inelastic X-ray scattering (RIXS) spectroscopy combined with ab
initio computations, we prove the existence of an orphaned oxygen 2p orbital that was
theoretically predicted to play a key role in oxygen-redox reactions.

As a target Li-excess layered transition metal oxide, Li1.2Nio.13C00.13Mno 5402 was used as
an oxygen-redox electrode material. Before measuring the RIXS spectra, the ab initio
calculations using the HSEO6 hybrid functional were carried out for
Lii2-xNio.13C00.13Mno5402. The calculated electronic structures show that the averaged Bader
charges of Ni and Co decrease only during the early stage of Li* extraction (x < 0.4), whereas
that of oxygen continuously decreases during the whole delithiation process, suggesting the
occurrence of the additional oxygen-redox reactions for x > 0.4. Indeed,
Li12Nio.13C00.13Mno 5402 delivers a large capacity of approximately 250 mAh/gexceeding the
theoretical capacity (123 mAh/g) of the Ni**/Ni?* and Co**/Co®" redox reactions.

The oxygen K-edge X-ray absorption spectrum (XAS) in a bulk sensitive partial
fluorescence yield mode for the pristine Li1.2Nio.13C00.13Mno 5402 shows two absorption peaks
(528.5 and 531 eV) of 1s core-clectron excitation to unoccupied o-type bands (oxygen 2p—Mn
egt/eg’, 3a17/3b2" in Cayv) and an unoccupied n-type band (oxygen 2p—Mn tagt, b1” in Cay). This
band picture agrees with the calculated partial density of states (pDOS) for Mn. Upon
charging to 4.4 V vs. Li/Li*, a new XAS shoulder emerged at 527 eV owing to hole
generation in o-type (oxygen 2p—Ni eg) and n-type (oxygen 2p—Co tzg) bands. After oxygen
oxidation, a new absorption emerged at a relatively high absorption-energy region of
approximately 530.5 eV. Similar spectral changes were also observed during the second cycle.
The XAS signal at 530.5 eV can be ascribed to an unoccupied n-type band (oxygen 2p—Mn
tg") resulting from oxygen oxidation. The emergence of the absorption at a relatively high
energy region is reasonable because oxygen oxidation increases the effective nuclear charge,
which lowers the initial energy level of an oxygen 1s core and hence raises the excitation
energy'®. Similar changes in the XAS signals by oxidation (the emergence of new absorption
at a high energy region) are often observed for transition-metal K-edge absorption spectra.

The RIXS spectra and the second differential RIXS map of pristine
Li12Nio13C00.13Mnos4s02 (Fig. 1) exhibit a Raman-like peak with constant energy loss
corresponding to a m-type narrow oxygen 2p band (n—n’), in addition to the fluorescence-like
peaks (c—c"). The ab initio calculations for pristine Li12Nio13C0013Mnos402 supports the
existence of the localized oxygen 2p orbitals along the Li—O—Li axes with an orbital energy
near the Fermi level. The n—n" RIXS peak intensified after charging to 4.4 V vs. Li/Li*
(transition-metal oxidation, Fig. 1b), which indicates accumulation of the localized oxygen 2p
states to the Fermi level. The initial Li* extraction associated with Co and Ni oxidation gives
an oxygen coordination environment with a [J-O-Li* or [J-O-[J axis ((J: Li* vacancy),
which electrostatically raises the energy level of the localized oxygen 2p orbitals. Indeed, the
fact that the energy loss of the Raman-like RIXS peak decreased from 2.5 to 2.0 eV supports
the rise in the energy level of the localized oxygen 2p orbitals. We presume that the
accumulation of the localized oxygen 2p states to the Fermi level should be an essential



preceding process to trigger the oxygen-redox reactions. For example, it is well known that
the electrochemical properties of Li-MnQs is poor even though oxygen has a Li*—O-Li" axis
and hence a localized oxygen 2p orbital. Most likely, as LizMnO3 cannot exhibit the initial Li*
extraction owing to the electrochemically inactive Mn*", it is difficult to generate the
[0-O-Li* and CJ-O—[1 axes, and the energy level of the localized oxygen 2p orbital remains
too low to undergo oxidation within the electrolyte stability window. Conversely, when
redox-active transition metals are present, such as in Li2MnOs-LiMO> solid solution, the
[0-O-Li* and C0-O—[1] axes are easily formed by the initial Li* extraction to raise the energy
level of the localized oxygen 2p orbital, unlocking the redox activity of oxygen. Once the
oxygen-redox reaction is triggered, the [0-O-Li* and [O0-O-[0 axes are continuously
generated to achieve a large oxygen-redox capacity.

After charging to 4.8 V vs. Li/Li* (oxygen oxidation, Fig. 1c), the Raman-like n—n" RIXS
peaks disappear, and all the RIXS peaks become fluorescence-like. Importantly, a new intense
fluorescence-like peak emerges at an energy loss of approximately 7.0 eV with an incident
photon energy of 530.5 eV. Recalling that an incident photon of 530.5 eV excited 1s core
electron to an unoccupied 7-type band (oxygen 2p—Mn ty4'), the inelastic scattering resonance
with the 530.5 eV incident photon includes the valence excitation between the n-type bands
(n—n"). Therefore, a large energy loss of approximately 7 eV for this RIXS peak corresponds
to m-type splitting. This large m-type splitting should be induced by the hole generation in the
antibonding 7n-type band, and makes the Mn—O bonds more bonding (more delocalized).
Therefore, the RIXS peak is observed as fluorescence-like. The enhanced z-type interaction
stabilizes the oxidized oxygen, leading to reversible oxygen-redox reactions. Indeed, the
Raman-like RIXS peak of the localized oxygen 2p orbitals was recovered after full discharge
(Fig. 1d), and the changes in the RIXS spectra were reversible even during the subsequent
cycle. (

To summarize the
reaction mechanism, the
Li*—O-Li* coordination in
the pristine state forms
localized oxygen 2p orbital
weakly hybridized with the
Mn tzg orbital. When the
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Power generation systems that use natural energy, such as sunlight and wind, and that do
not generate greenhouse gases have been actively introduced globally. Although they do not
generate carbon dioxide, compared to power sources like thermal and hydroelectric power,
these renewable energy sources provide an unstable power supply that is affected by various
situations. In order to use renewable energy efficiently and smoothly, the generated electricity
must be stored and discharged as required; thus, a storage battery (secondary battery) that can
adjust the constantly fluctuating output over short and long cycles is significantly desired.
Large scale storage batteries are famous for lithium ion batteries, sodium-sulfur batteries, lead
storage batteries and redox flow batteries.[1-3] Lead storage batteries have been used as
batteries for automobiles and motorcycles for a long time and have abundant achievements as
small storage batteries. Lithium ion batteries also have many achievements as small batteries.
Sodium-sulfur batteries have an extremely high energy density and are widely used in load
leveling applications in substations due to their high charge and discharge efficiency.

Redox flow batteries (RFBs) have been successfully developed by NASA around 1974.[4]
At the beginning of development, the Fe/Cr system was mainstream,[5] but it was not put into
practical use due to the disadvantage that mixing of the positive/negative electrolyte through
the membrane leads to a decrease in capacity of the battery. In around 1984, Kazacos et al.
has developed a vanadium-based RFB (VRFB).[6] Since that time, the awareness of RFBs
have increased and research and development has been accelerating.

The significant issue in studying RFBs is to correctly evaluate the reactivity of electrodes
and active materials in addition to newly active material search and clarify material properties
necessary for improving battery performance.

In addition to the search for new active materials, it is important to precisely understand the
reactivity of the electrodes and active materials. In particular, the state of solvation and
desolvation associated with the electrochemical reaction between active material and solvent
has not been well-understood at all, and a detailed understanding of the dynamics of
solvation/desolvation at the interface between the active material and the electrode is required.
This will lead to a dramatic increase in solubility and redox activity, which will lead to the
realization of high-performance RFBs. In this study, to obtain a guideline for the design of the
interface between the active material and the electrode, which is indispensable for the
realization of a high-performance RFB, the hydration state of water-soluble active materials
was investigated by X-ray absorption and emission spectroscopy.

A dendrimer molecule with a viologen unit [7] dissolved in methanol was cast on the SiN
window and after drying the membrane, the cell was assembled and mounted in a chamber.
Water vapor was introduced while bubbling with nitrogen gas to control the relative humidity
in the cell. We observed changes in the O1s soft x-ray emission spectra of oxygen upon
hydration and dehydration of the dendrimer molecules.
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In the future, we plan to immobilize the molecules on the substrate to check the changes in
hydration and dehydration.
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INTRODUCTION

For realizing a sustainable society, uses of solar energy are essential. Photovoltaic (PV)
devices are one of solutions to utilize the solar energy. It has been recognized that there is the
Shockley-Queisser limit, which is the theoretical maximum light-electricity conversion
efficiency of a PV cell using a single p/n junction. The limit is 34% at a band gap of 1.34 eV
[1]. One of techniques to exceed this limit is tandemaization of multiple p/n junctions
composed of different materials to cover several photon energies. Another solution is the use
of quantum dots (QDs) in a light-receiving layer. The QDs allow to absorb lights of various
wavelengths owing to the formation of quantum-well states. One of advantages of the QD PV
cells is that the absorption band can be controlled simply by changing the QD size so that the
production cost can be kept low in comparison with the multijunction PV cells.

Preceding studies on the QD PV cells have mainly focused on synthesis methods of various
kinds of QDs as well as their optical properties. On the other hand, accumulation of
knowledge of photoexcited carrier dynamics in the QD PV cells is still insufficient. In the
present study, therefore, we shed the light on the dynamics of carriers generated in the QDs
by using time-resolved soft X-ray photoelectron spectroscopy (TRXPS). TRXPS has been
proved to be a powerful tool to clarify the carrier dynamics in model organic PV cells [2, 3].

EXPERIMENTAL

The QDs employed in this work were lead sulfide (PbS) nanoparticles with average sizes of
3 and 9 nm (Quantum Solutions). PbS QD films were prepared under ambient conditions by
spin-coating the PbS QD solutions on 0.05 and 0.5 wt% Nb-doped rutile TiO2(110) substrates.
Since PbS and TiO> are p-type and n-type semiconductors, respectively, a p/n junction is
realized at the PbS/TiO. interface. The prepared QD films were treated with
3-mercaptopropionic acid (3-MPA) by dropping a 3-MPA solution onto the films and then by
removing the solution. This procedure allowed to replace a capping layer of the PbS QD from
original oleic acid to 3-MPA.

The TRXPS measurements were carried out at BLO7LSU of SPring-8 in the H operation
mode [4]. Visible (807 nm) and ultraviolet (404 nm) lasers with a repetition rate of 208 kHz
were used to generate the photoexcited
carriers in the PbS QD films, and the

excited states were monitored through 2 |S2P LLE Pb 4f
synchrotron-radiation excited Pb 4f and S E
2p peaks of PbS and Ti 2p peak of TiOo. &
RESULTS AND DISCUSSION £ 3-MPA

Fig. 1 shows S 2p and Pb 4f spectra of B T T O
the 3-nm PbS QD film. Four peaks are Binding Energy (V) Binding Energy (V)

observed in the S 2p spectrum; two of  FGURE 1. S 2p and Pb 4f core-level peaks of the
them originate from the spin-orbit splitting  3-nm PbS QD film on TiO4(110). The photon energy
S 2p levels of the S atoms in the PbS QD  was 370 eV.
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tailing towards higher binding energies o\ The spectra with laser irradiation were acquired
(Fig. 1). This suggest an existence of  ata delay time of 1 ns. (b) Change in the magnitude
oxidation species such as PbO. Although of the Pb 4f/;, peak shift as a function of a delay time.
the PbS QD films were prepared and

treated under ambient conditions, oxidation of the PbS QD is limited because of a relatively
low intensity of the tail structure.

As the PbS QD films are irradiated by either visible or ultraviolet laser, the PbS-originated
peaks move to the higher binding energies. Fig. 2a compares the S 2p and Pb 4f7, spectra of
the 3-nm PbS QD film acquired with and without the visible laser (807 nm = 1.54 eV). Except
for the S 2p component of 3-MPA, all peaks move by ~100 meV upon laser irradiation. The
direction of the peak shift can be interpreted by a loss of an excited electron in the PbS QD by
charge transfer from PbS to TiOa.

Fig. 2b shows that the magnitude of the laser-induced shift of the PbS peaks diminishes
with a delay time. This suggests that electron-hole recombination should proceed with time if
the magnitude of the shift is proportional to the number of the PbS cations. It is apparent that
the decay curve can be reproduced neither by a biexponential function nor by a triexponential
function. This is in contrast to decay curves obtained from model organic PV cells [2], where
the curves are reproduced by a biexponential function. A gradual decrease of the peak shift in
the present case implies that there should be several PbS cations with different lifetimes. A
certain distribution of the QD size, though the average size is 3 nm in the case of Fig. 2b, may
be responsible for a wide range of the lifetime.

A point to be noted is that the peak shift remains even after 4.8 us, the longest delay time
examined in the present study. A long lifetime of the excited state of PbS, i.e., the cationic
state of PbS, is one of advantages for the efficient light-electricity conversion because there is
an enough time for the free electrons and holes to be transported to the electrodes before they
are quenched via electron-hole recombination. Thus, the PbS QD/TiO system can be a good
candidate for a PV cell with high efficiency.
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Samarium monosulfide (SmS) is known to show a phase transition (namely BG transition)
from a black insulator phase to a valence-fluctuating golden metal phase by applying pressure
and/or elemental substitution (yttrium doping) [1]. Although the research has a long history for
about 50 years, the origin of the BG transition has not been revealed yet. One possibility of the
origin is due to an instability of excitonic states, namely excitonic instability [2]. If so, when
the exciton states are produced by photo-irradiation, a phase transition like the BG transition is
supposed to occur. So far, we have reported the existence of a metastable state of yttrium-doped
SmS accompanied by high carrier density by photo-irradiation [3]. However, it has not been
revealed that the metastable state is related to the valence transition. In this study, to clarify the
valence change of Sm ions by photo-irradiation, we measured the temporal structure of the Sm
3ds/2 XAS after the photo-irradiation.

The time-resolved pump-probe XAS experiment was performed at BLO7LSU of SPring-8
using the H mode (11/29-filling + 1-bunch). The Sm 3ds/> core level absorption peak at about
1080 eV was used to evaluate the ratio between Sm?* and Sm** ions. A Ti:sapphire laser (pulse
width: 50 fs, photon energy: 1.55 eV, reputation rate: 1 kHz) synchronized with the synchrotron
radiation x-ray (pulse width: 50 ps) was used as the pump light.

Figure 1 shows the time evolution of the signal intensity of 1077 eV (Sm?* 3ds/, core level)
before and after the one-laser-pulse irradiation at 0 ps, but no significant change was observed
after the photo-irradiation. The same result was obtained at the Sm3* 3ds/, peak at 1080 eV.
These suggest that the spectral change due to the one-pulse irradiation was less than the
experimental accuracy of about 1 % estimated from the variation in strength before the pump
pulse irradiation (t < 0 ps) as shown in Fig. 1. According to our time-resolved reflectance
measurements, a 20-% change of the reflectivity was observed just after the photo-irradiation,
but the change was relaxed to less than 1 % within 1 ps. Therefore, no spectral change in the
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Fig. 1. Time development of the peak intensity at Fig. 2. XAS spectra of the Sm 3ds. core level
1077 eV before and after photo-irradiation at the before (red), just after (green) and 10 minutes
time of 0 ps. after (blue) the photo-irradiation (P1). The spectra

were normalized by the peak intensity at 1077 eV.
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Before the photo-irradiation, not only the peak at 1077 eV (mainly originating from a Sm?*
component) but also the peak at 1080 eV (mainly from Sm®*) was observed suggesting the
intermediate valence of Sm ions. From Figure 2, combined with core level calculations, the
mean valence can be roughly evaluated from the ratio of peak intensity at 1077 eV and 1080
eV as shown in Fig. 3. The mean valence before the photo-irradiation was evaluated as 2.40.
Just after the photo-irradiation shown by blue circles, the intensity of the Sm®* peak increased
compared to that of Sm?* suggesting the mean valence of Sm increased to 2.51 by many laser
pulses. After 10 minutes, the mean valence of Sm decreased to 2.47, but the mean valence does
not come back to the original value even after 1 hour. The origin of the remained higher valence
cannot be explained by a very long relaxation time because surface oxidation also makes a
valence change from Sm?* to Sm**. However, since the decrease of the mean valence after 10
min is the opposite change to the oxidation, it suggests the relaxation from Sm3* to Sm?* without
photo-irradiation. This implies that the photo-excited Sm®" intermediate state decays to the
Sm?* ground state by a very long relaxation time for several 10 min. The detailed relaxation
dynamics is reported in a separate report [4].
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Samarium monosulfide (SmS) is known to show a phase transition (BG transition) from a
black insulator phase to a valence-fluctuating golden metal phase by applying pressure and/or
elemental substitution (yttrium doping) [1]. We have reported the existence of a metastable state
of yttrium-doped SmS accompanied with high carrier density by photo-irradiation [2] and the
valence transition from Sm?* to Sm®* could be occurred by photo-irradiation at 58 K by the
time-resolved x-ray absorption spectroscopy (trXAS) [3]. In the trXAS, the valence change of
Sm could not be observed by one-pulse excitation, but after the many pulse irradiation, the
valence finally changes from 2.40 to 2.51. This suggests that the photo-excited metastable state
has a very longer life-time than the interval of the pump pulse (1 ms) and it is piled up by the
multi-pulse excitation, and finally, the photo-excited state could be observed. The origin of the
metastable state is related to the pressure-induced BG transition and recently observed non-
linear conduction phenomena of black-SmS [4].

The origin of the metastable state, as well as the valence transition by the photo-irradiation,
has not been clarified yet. One possibility is the BCS-to-BEC transition of the photo-excited
exciton state, namely “excitonium” [5]. The excitonium is expected to have carriers, so the
other experiment to detect the time-dependence of carrier density, band structure, and lattice
constants must be combined with trXAS. In this study, to evaluate the lifetime of the photo-
excited state, we measured the relaxation dynamics after multi-pulse excitation.

The time-resolved pump-probe XAS experiment was performed at BLO7LSU of SPring-8
using the H mode (11/29-filling + 1-bunch). The Sm 3ds/, core level absorption peak at about
1080 eV was used to evaluate the ratio between Sm?* and Sm** ions. A Ti:sapphire laser (pulse
width: 50 fs, photon energy: 1.55

eV, reputation rate: 1 kHz)
synchronized with the synchrotron 2> 1.0 L 52.7K
radiation x-ray (pulse width: 50 ps) ‘@ life time 1400s
was used as the pump light. S 0.8
Figure 1 shows the temporal €
structure of the 1080-eV peak after = 0.6 -
the 5-min (about 300,000 laser &
pulse) laser irradiation. The valence & 0.4
of the photo-excited state has been E
evaluated as about 2.5 [3], whichis © 0.2 |
smaller than that of the golden <
phase (2.6-2.7) induced by pressure 0.0 . | . | . |
[6]. So, the consistency between the 0 1000 2000 3000

photo-excited state and the golden
phase is still unclear but it is
obviously different from that of the  Fig. 1. Temporal structure of the 1080-eV peak at 52.7 K.
divalent black phase. The photo- The time dependence can be fitted by an exponential decay
excited state might be a new curve with a lifetime of 1400 s.

Time (s)



intermediate state. The decay curve can be fitted by an exponential relaxation with the-a lifetime
of 1400 s (about 23 min), i.e., the photo-excited intermediate state has a very long time. To
clarify the origin of the photo-excited state, a further trXAS and other time-resolved
experiments are needed.
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Direct observation of heterogeneous catalysts under operation condition is important for
understanding reaction mechanism and nature of active sites on the catalysts. Various operando
methods have been developed to investigate surface chemistry on heterogeneous catalysts. We
have investigated reactions of inert molecules, such as carbon dioxide and methane, using an
ambient-pressure XPS (AP-XPS) system at SPring-8 soft X-ray beam line BLO7LSU [1, 2].
The XPS measurements can be currently performed in the presence of reactant gases up to 2000
Pa using synchrotron radiation or a conventional X-ray source. In the gas environment, the
sample can be heated up to around 900 K to investigate thermal reaction on the surface of
catalysts.

In this study, oxidation of methane on the Pd(110) surface was studied by AP-XPS and QMS.
Fig. 1 shows QMS spectra of reaction products and sample temperature of the Pd(110) surface
in the presence of 2.0 mbar oxygen and 5.6 mbar methane. As shown in Fig. 1, reactivity of the
Pd(110) sample was very low, when the sample was heating from room temperature to 615 K
in the presence of the feed gases. However, the amount of the products increased significantly
after heating to 780 K.

Chemical states of the surface during the reaction were investigated by operando AP-XPS.
Fig. 2 shows AP-XPS spectra measured at sample temperature of 615 K. Before heating to 780
K, the surface of the sample was oxidized, and PdO thin film was formed as indicated by Pd 3d
and O 1s spectra. In addition, peaks of adsorbed species were observed in O 1s and C 1s, which
can be attributed to oxidized carbon species (COx). Since the surface before heating to 780 K
is less reactive, the observed adsorbate is not an important reaction intermediate, but a spectator
or poisoning species. After the activation process, Pd 3d and O 1s spectra shows that the sample
was still (partially) oxidized. In O 1s and C 1s spectra, gas-phase peaks of the produced species
(water and CO) were observed, indicating that this surface is much more reactive. Note that
the adsorbed COx was not observed after the activation process. This indicates that coverage
of the intermediates is negligible during the methane oxidation reaction. Therefore, the rate-
limiting step for the methane oxidation is dissociative adsorption of methane. Once the
formation of CHs species occurs, following reactions, including desorption of products, proceed
at much faster rates compared to the initial methane dissociation.
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Figure 1. QMS spectra of oxidation products (water, CO, CO>) on the Pd(110) surface in the
presence of 2.0 mbar oxygen and 5.6 mbar methane. Sample temperature is also shown in the
figures.
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Figure 2. AP-XPS spectra measured at region (1) and (Il) indicated in Fig. 1. During the
measurement, the Pd(110) sample was kept at 615 K in the presence of 2.0 mbar oxygen and
5.6 mbar methane gases.
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Reducing power consumption in semiconductor devices is an imminent challenge, but the
present field effect transistors (FETS) require at least 60 mV of gate voltage to increase the
current by one order of magnitude at room temperature. Tunnel FETs can overcome this
limitation because of the band-to-band tunnelling (BTBT).

Two-dimensional materials are promising for TFETs. Recently, using p*-WSe2 source
doped by charge transfer from a WOx surface oxide layer, we succeeded in observing a clear
BTBT in the stable TFET system of p*-WSe2/n-MoS2[1].

In this study, we systematically study the local band
alignment in the p*-WSe2/MoSz TFET device structure as
shown in Fig. 1 by scanning photoelectron emission »
microscopic  (SPEM)  measurements  using a
three-dimensional nanoscale electron-  spectroscopy
chemical analysis (3D nano-ESCA) system installed at
BLO7LSU of SPring-8.

2D materials used in the sample are fabricated by i .

. . . . ig. 1 Schematic image of a
exfoliation of bulk crystals. WQX side Qf WSe2 film is 0*-WSes/MoS; TFET  device
transferred onto h-BN on a SiO2/n*-Si substrate after  strycture
forming WSe2/WOx by Os annealing. Then, the
p*-WSe2/MoS: heterostructures were fabricated via dry transfer method using PDMS under
the alignment system. Ni/Au was deposited as source/drain electrodes by EB lithography.

Figure 2a shows an intensity
mapping image for the Mo 3d 5/2
peak for the 3L-n-MoS2/p*-WSe2
heterostructure on h-BN. The
position of the heterostructure is
clearly identified. Figure 2b
shows the pinpoint core-level
spectra for W 4f 5/2 and 4f 7/2
peaks recorded at points of (i) T
p*-WSe2/h-BN and (i) —17 pym—— . 4 m E E s s
3L-n-MoS2/p*-WSe2/h-BN. W 4f
peaks for (ii) p*-WSe2 in contact  Fig. 2 (a) Photoelectron intensity mapping image for the Mo 3d
with 3L-n-MoS; shifts to the 5/2 peak for the 3L-n-MoS,/p*-WSe; heterostructure on h-BN.
higher binding energy side than (b) Pinpoint core-level spectra for W 4f 5/2 and 4f 7/2 peaks

that for (i) p*-WSe: directly on recorded at points (i) and (ii).

h-BN. When p*-WSe: is doped

with electron, Er in p*™-WSez increases, resulting in the higher binding energy of W 4f peaks.
Therefore, this data supports the p-doping reduction in WSez[2]. The mapping of the Er
modulation in p*-WSe: by the top gate is obtained by high-throughput peak fitting analysis
using machine learning techniques[3].
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We also worked on chemical characterization of monolayer tin monosulfide (SnS), a
two-dimensional group IV monochalcogenides[4]. The special distribution of different phases,
SnS, Sn2Ss, and SnSz, around the SnS single crystal nanosheet grown by the physical vapor
deposition on a mica substrate has been clarified[5].
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INTRODUCTION

Recently, significant efforts have been applied toward the design of polymer biomaterials
which have central roles in regenerative medicine and tissue engineering application. Water
definitely exists on an interface between material and biotissue, of which hydration state
essentially affects for biocompatibility [1]. Hydrated water around polymer, as represented
by poly(2-methoxyethyl acrylate) (PMEA), is classified into three types, non-freezing water
(NFW), intermediate water (IW), free water (FW) in ascending order of the intensity of
interaction with polymer chain [2]. Among them, the /¥ has a key role on the affinity of
polymer with an organism. However, it has not been clarified what it is in a chemical
structure of polymer that works on formation of the /W. As the first step to systematize
relationship between the /¥ and polymer structure, we evaluated a hydration process on the
PMEA brush depending on humidity and succeeded to detect the /W by soft x-ray
absorption/emission spectroscopy (XAS/XES), whereas origin of the /I is still unclear [3, 4].
In this study, we designed and prepared the cyclic PMEA and linear poly(ethylene glycol)
monomethyl ether (MPEG) brushes to examine effect of a polymer end and polymer species,
respectively (Figure 1). The hydration process on these polymer brushes was evaluated by
XAS/XES measurement using the same method as our previous reports.

EXPERIMENTAL

We prepared the cyclic PMEA and \O o
linear mPEG brushes on gold-coated
SiC substrate by grafting-to method

using sulfur-gold interaction (Figure 1).
Thiol-terminated PMEA at both end
was  synthesized via  reversible
addition-fragmentation chain transfer
(RAFT) polymerization and subsequent
aminolysis.  The obtained polymer
was treated with iron(IIl) chloride
under high-diluted condition, resulting
in an objective cyclic PMEA. The
number average molecular weight (M)

g /\
O O

Q o 2
© w

o S &

Thin gold layer-____| | |
SiC substrate —

Cyclic PMEA Brush Linear mPEG Brush
Figure 1. Chemical structure of cyclic PMEA and linear
PEG brushes used in this study. These polymer brushes
were prepared by grafting-to method.

and polydispersity index (P) of cyclic PMEA were estimated to be 76000 g mol™! and 1.06
from size exclusion chromatography measurement, respectively. A commercially available
product was used for thiol-terminated mPEG (M, = 10000 g mol!, P = 1.13). The
gold-cated SiC substrates were soaked in methanol solutions of these polymers. The
substrates were washed with methanol and dried in vacuo to give objective polymer brushes.
Grafting density of the cyclic PMEA and linear was determined to be 0.048 and 0.11 chains
nm2 by quartz crystal microbalance measurement, respectively.

XAS/XES measurement was performed at BLO7LSU HORNET station in SPring-8. The
humid air with controlled humidity was flowed on the samples to change the water contents in
the brush samples



RESULTS AND DISCUSSION

In the XES spectrum of bulk liquid water, two significant peaks are basically observed at ca.
525.6 eV and 526.8 eV corresponding to ordered hydrogen bonds (tetrahedral coordination)
and distorted hydrogen bonds, respectively [5]. Figure 2 shows XES spectra of the cyclic
PMEA and linear mPEG brushes under the humidity control. In the low humidity range
below a relative humidity of 65%, broad profiles peaked at the tetrahedrally-coordinated
component dominates along with a sharp peak at ca. 527.1 eV. Above a relative humidity of
75%, increase of the peak at 526.5 eV was observed from the both spectra. We reported that
IW was formed on the linear PMEA brush at a relative humidity of 75% [4]. The hydration
behaviors obtained from this experiment were similar to that of our previous study, indicating
that the /W existed on the cyclic PMEA and linear PEG brushes. Interestingly, formation of
the /W on the cyclic PMEA brush significantly increased compared with that on the linear
PMEA brush even though these polymer brushes had the same monomer unit and chemical
component.  This result suggested that the cyclic PMEA brush formed nano-scaled space
based on its loop structure and promoted adsorption of interfacial water by confinement effect.
There is a possibility that the cyclic PMEA brush shows higher biocompatibility than the
linear PMEA.

In this study, we successfully carried out to trace hydration process of the interfacial water
including /W onto the cyclic PMEA and linear mPEG brushes by XAS/XES measurement
with humidity control. State of polymer chain on the outermost of surface might has a great
effect on structure of the interfacial water. Although this challenging experiment make it
increasingly clear that the origin of /W and the relationship of chemical structure with /W
formation, the knowledge still is not enough to accomplish the ultimate design of biomaterial.
Further investigation will be performed in our future work in order to clarify the essential
feature of /W and the role on biocompatibility.

Cyclic PMEA Linear mPEG
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Figure 2. XES spectra of cyclic PMEA and linear mPEG brushes under the humidity control.
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Introduction

Over the past half-century, photoelectron spectroscopy (PES) has become one of the most
important experiments in physics, chemistry and material science. Among the related techniques,
X-ray photoelectron diffraction (XPD) has grown into a powerful technique in studying surface
structures. Since the first reported XPD experiments by Siegbahn and Fadley in the 1970’s, XPD has
been used to investigate the structures of surface reconstructions, adsorbates, interfaces and thin films.

Through the years, PES has evolved significantly alongside the rapid developments in electron
spectrometers, synchrotron radiation facilities, laser light sources, and other related technologies.
Typical PES experiments can now resolve nm-resolution spatial information, time-resolved and even
spin-resolved information. Taking advantage of these developments, new dimensions of space-, time-
and spin- can incorporated into XPD experiments.

A

In this work, we demonstrate, for the first time, - | polar  Forward focusing
Incident X-ray / Delay time vangle ©) peak (FFP)

time-resolved X-ray photoelectron diffraction (trXPD) of an
epitaxial silicene layer using a time-resolved two-dimensional
angle-resolved time-of-flight (2DARTOF) system. The
evolution of the diffraction rings (DR) and the forward
focusing peaks (FFP) after laser irradiation can be used to & R
extract atomic resolution structural information about the

surface structure (Fig. 1). The 2DARTOF system in BLO7LSU

W/
sl
0 /

//////‘/',';5‘-,“ i

is well suited for this experiment because of its high energy i

and angular resolutions, and most importantly, its ™ Interference rings
simultaneously recording of the photoemission intensity as a  Fig. 1. Schematic diagram of the
function of 6y, 6y, and E. time-resolved XPD experiment.

Experiment and data processing

The experiments were performed using an epitaxial silicene sample grown on a ZrB; thin film [1].
It has been shown that this epitaxial silicene layer has minimal electronic interactions with the
substrate, and that the silicene layer buckled easily, resulting in a mixed sp?/sp* hybridization that can
be tuned to control its electronic properties [2,3]. XPS studies have shown that the Si atoms occupy at
least 3 chemically different sites, and that the surface structure consists of a planar surface structure
with an adatom [3,4]. This sample was chosen because of its relatively simple surface structure, and
the current interest in silicene for next generation electronic device applications.

The sample was prepared in situ by the spontaneous segregation during the annealing of the
ZrB,/Si(111) substrate at 800°C [1]. LEED and the Si 2p core-level spectra confirms the formation of
a well-defined silicene layer.

The photoemission experiments were done using a photon energy of 4v = 300 eV. The ARTOF
detector was set to simultaneously measure the photoemission intensity with an acceptance angle of
£13°, within the energy range 97-103 eV. To obtain a larger section of the hologram pattern, the
sample’s orientation was scanned along the [1120] direction. For the time-resolved experiments, a 1.5
eV, 208 kHz laser was used.



Compared to other electron detector j)
systems used in XPD, the 2DARTOF
system has a major advantage in that it can
simultaneously measure 1(6x, 6y, E) (Fig.
2a). To extract the angle-integrated Si 2p
spectra, the raw data is integrated along
both the 6, and 6, directions. To get the
XPD spectra, the raw data is integrated
within a small energy region centred
around the Si 2p binding energy (Fig. 2c).
However, this will contain XPD signal
from Si atoms at all sites. To separate the
XPD patterns from the Si atoms occupying :
different sites, peak fitting of the spectra at ' y
each (6, 6y) pixel is done [5].

The extracted XPD patterns are then 0,
normalized by a background image Fig. 2. a) Schematic diagram of the raw data obtained by the
obtained by integrating the raw 3D data 2DARTOF system, b) a typical Si 2p spectra from a (6x, 6)
within a narrow energy region in the low pixel, and c) a raw 2D cut taken at the Si 2p binding energy.

binding energy side.
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Results
Figure 3a shows the “planar” structural [1100] i )
model of epitaxial silicene showing the 3 a) 85, 88 b
distinct sites occupied by Si atoms. From the ® Siy [ sizp
peak fitting of the angle integrated Si 2p B B[ fv=300eV
spectra (Fig. 3b), the 2 main peak components [1120] £
corresponding to the Si atom at the Sia and Sis [0001] ppp Z
sites were resolved. The simulated and d z i

experimental XPD patterns extracted for these
peak components are shown in Fig. 3c) and
3d), where the DR and FFPs in the simulation
are well resolved in the experiment. c)
Epitaxial silicene consists mostly of
in-plane scatterers, and thus the XPD patterns o'y
are dominated by these DRs. In XPD pattern o (A48
of Sig, a strong FFP at 6~48° is observed,
which corresponds to the direction of the Sic
atom from the Sig emitter. This confirms that 60°
the 2DARTOF system can be a viable system gg°
for XPD measurements.

T T T T T
[1100] 1000 995 99.0 985 98.0
Binding cnergy (¢V)

30°

. Fig. 3. a) “Planar” model for epitaxial silicene, b) the Si
Conclusion 2p core level spectra measured from the sample, and

In this work, we have demonstrated for  simulated and experimental XPD patterns from the c) Sia
the first time that the 2DARTOF system is  and d) Sis component.

well-suited in XPD experiments. The
simultaneous measurement of 18, 6y, E), makes acquisition of XPD patterns faster, opening up the
possibility of time-resolved XPD measurements. In our future work, we will obtain the trXPD patterns
of epitaxial silicene in the pump-probe scheme.
REFERENCES
[1] A. Fleurence, et al., Phys. Rev. Lett. 108, 245501 (2012).
[2] R. Friedlein and Y. Yamada-Takamura. J. Phys. Condens. Matter 27, 203201 (2015).
[3] C.C. Lee, et al., Phys. Rev. B, 90, 075422 (2014).
[4] R. Friedlein, et al., J. Chem. Phys. 140, 184704 (2014).
[5] K. Tsuitsui, et al., Nano Lett. 17, 7533 (2017).



TIME-RESOLVED X-RAY PHOTOELECTRON DIFFRACTION

STUDY OF EPITAXIAL SILICENE

Kouichi Hayashi'?, Artoni Kevin R. Ang?, Koji Kimura?, Yuichiro Fukatsu?,
Susumu Yamamoto®, lwao Matsuda®, Takahiro Yonezawa*, Antoine Fleurence?,
Yukiko Yamada-Takamura®
'Department of Physical Science and Engineering, Nagoya Institute of Technology, Nagoya, Japan
’Frontier Research Institute for Materials Science, Nagoya Institute of Technology, Nagoya, Japan
*Institute of Solid State Physics, The University of Tokyo, Kashiwanoha, Chiba, Japan
“School of Materials Science, Japan Advanced Institute of Science and Technology, Ishikawa, Japan

Introduction
Silicene is a monolayer of Si atoms arranged in a honeycomb lattice that exhibits massless Dirac
fermions, similar to its carbon based counterpart in graphene. The development of silicene based
devices has seen significant interest recently because of the expected remarkable electronic properties,
stronger spin-orbit coupling of Si, and the ease of adapting such technologies into the already Si-based
manufacturing infrastructure. Until recently, silicene could only be synthesized on conductive
substrates, resulting in electronic interactions with the substrate. It was recently demonstrated that
silicene with minimal substrate interactions can be grown on a ZrB,/Si(111) substrate through the
surface segregation of Si atoms[1]. This silicene layer was found to buckle easily, resulting in sp?/sp?
hybridization that can tailored to tune its electronic properties [1,2]. Photoemission studies have
shown that the Si atoms occupy at least 3 chemically different sites on the silicene layer (Fig. 1a) [1,3].
In this study, we investigate the local structures of epitaxial silicene and the structural dynamics
induced by laser irradiation.
Experiment

The sample was prepared in situ by the spontaneous segregation during the annealing of the
ZrB/Si(111) substrate at 800°C [1]. The ZrB,/Si(111) substrate was prepared elsewhere, and degassed
in the prior to sample preparation. The silicene surface was confirmed by LEED and the core-level
spectra.

The photoemission experiments were done using a photon energy of 4v = 300 eV. The ARTOF
detector was set to simultaneously measure the photoemission intensity with an acceptance angle of
+13°, within the energy range 97-103 eV. To
obtain a larger section of the hologram a)
pattern, the sample’s orientation was scanned
along the [1120] direction. For the

[1100]

®Si, ®Sic )
® Si,

Si2p
hv =300eV

time-resolved experiments, a 1.5 eV, 208 kHz (1120] £
laser was used. [0001] ppp Z
Results ’ g
The LEED and Si 2p spectra confirmed ===
the formation of a well-defined silicene layer. [1100] 1000 995 990 985 980

Binding cnergy (¢V)

From the peak fitting of the Si 2p spectra (Fig.

1b), the 2 main peak components of silicene  ¢)
were resolved. These 2 peaks correspond to
the Si atoms occupying the Sia and Sig sites
in Fig. 1a [2,3]. The XPD patterns of these 2
peak components were extracted by peak
fitting [5], and are shown in the right 30°
hemispheres of Fig. 1c and 1d. The 60°
corresponding simulations are shown in the
left hemispheres. Some diffraction rings (DR)
and forward focusing peaks (FFP) in the  Fig. 1. a) “Planar” model for epitaxial silicene, b) the Si
simulations are well reproduced in the 2p core level spectra measured from the sample, and
experiment. simulated and experimental XPD patterns from the c) Sia

and d) Sig component.
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Fig. 2. The time-resolved XPD patterns of the SiB
component taken at various delay times: a) -100ns, b) 0.1
ns, ¢) 0.5 ns and d) 1.0 ns, and d) the line profiles taken
across the FFP.

In this sample, most of the neighboring
scatterers are in-plane, thus the XPD patterns
are dominated by these DRs. Meanwhile, the
XPD pattern of Sig shows a strong FFP at
6~48°, which corresponds to the direction of
the Si atom at the Sic site from the emitter at
Sig.

In the time-resolved experiments, we
focused on this FFP at 6~48° to observe any
changes in the surface structure. At -100 ns,
the FFP is observed as a strong peak (marked
with the black circle in Fig. 2a). At later delay
times (Figs. 2b, 2c, 2d), the FFP is first seen
decreasing in peak intensity and shifting to
lower 6 (0.1 and 0.5 ns), before shifting to
higher 8 and recovering its intensity (1.0 ns).
At 1.0 ns, the shift to higher polar angles
corresponds to an in-plane expansion of the
silicene layer, which could be explained by
laser-induced thermal expansion.

Meanwhile, at 0.1 and 0.5 ns, the decrease
in FFP peak intensity suggests an intermediate
structure that occurs before the onset of
thermal equilibrium between the photoexcited
electrons and phonons. This could be due to
bond softening due to the increased
anti-bonding character of the excited charge
distribution. At higher laser fluence, it has
been reported that this can even result in bond
breaking and the formation of disordered state,
a non-thermal melting of the surface [6,7].

While the details of the structural changes
observed in silicene is still not clear, this work
has demonstrated that time-resolved XPD
experiments are now feasible and can be used

to probe the structural dynamics of surfaces. Analysis of the evolution of the diffraction rings and
forward focusing peaks in the XPD patterns can provide element sensitive, atomic resolution structure
information about surfaces. Further experiments and first principles calculations are needed to
completely understand the evolution of the epitaxial silicene structure after laser-induced heating.
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ELECTRIC STRUCTURE OF WATER IN THE VICINITY OF MODEL
ORGANIC SURFACES BY X-RAY EMISSION SPECTROSCOPY
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Introduction
Self-assembled
monolayers (SAMs)
have been employed
as model organic
surfaces since the
1980s (Figure 1). Just
by changing the
terminal groups of the
molecules, we can
easily control the
physicochemical
properties of the
surfaces. In a field of
biomaterial and
biosensing, SAMs are
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Figure 1 illustration of self-assembled monolayers (SAMs) of
alkanethiols on gold.

often employed as scaffolding layers for protein and cells or passivating layer preventing non-
specific adsorption of non-target molecules. * Recently, water-mediated force has been found
to play an important role to govern the interaction of materials with protein molecules and cells.
25 However, the properties of the interfacial water, in particular, hydrogen bonding state and
the mechanism underlying the water-mediated force are still matters of intense debate. ! In this
work, we attempt to answer these questions by using X-ray emission spectroscopy (XES),

which provides a detailed picture of the hydrogen bonding state of water.

Experimental

In this work, we employed a measurement
setup shown in Fig. 2. SAMs were formed on
the backside of the window. In this work, we
used 8 types of SAMs. They are hydrophobic
(metyl-terminated: C8), hydrophilic
(hydroxy-terminated: OH), positively charged
(trimethylamine-terminated: TMA),
negatively charged (sulfuric acid-terminated:
SA), and non-fouling [oligoethylene glycol:
EG and sulfobetaine: SB]. The humidity is
changed to vary the amount of water
condensed on the SAMs. The energy of the
incident X-ray was fixed at 550 eV.

SiN/Ti/Au/Self-assembled monolayer (SAM)

Soft X-ray
(excitation)
550 eV
( Vapor inlet
k‘\ Vapor outlet
Soft X-ray
(emission)

Figure 2 schematic illustration of the
measurement system




Results and discussion

We confirmed that the thickness of the
water strongly depended on the humidity
in the chamber. From the quartz crystal
microbalance (QCM), the thickness of
water at relative humidity at 28 degree in
Celcius is about 0.5 to 1 nm.

Figure 3 shows XE spectra of water
adsorbed on the SAMs. For water
molecules in the vicinity of OH- and C8-
SAMs, the tetrahedral-coordinated water
(ice-like water) is concentrated only near
the interface (with a film thickness of less
than 0.5 nm) and steeply changes to the
structure of bulk water. In contrast, it was
found that water molecules with hydrogen
bonding in the distorted tetrahedral
coordination was dominant for non-
fouling SAMs (Fig. 3). Therefore, the
distorted tetrahedral-coordinated water
layer is key to the anti-adhesion properties,
in agreement with our previous findings.
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MEASUREMENT OF THE THICKNESS DEPENDENCE OF THE
MAGNET-OPTICAL CONSTANTS OF METAL FE USING FAST
POLARIZATION SWITCHING
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Magneto-optical effect is quite important not only for its use in devices such as
magneto-optical storage devices, but also as a probe for unraveling the spin and orbital states
of electrons in magnetic materials, therefore researchers of magnetism have measured
magneto-optical spectrum at various wavelengths. In particular, the measurement of resonant
X-ray magnetic circular dichroism (R-XMCD) and resonant X-ray magneto-optical Kerr
effect (R-XMOKE) using soft X-ray are powerful measurement methods that can selectively
observe the magnetic behavior of each 3d-transition-metal element, which is a main player of
magnetism. However, despite the fact that the fine structure of the spectrum is important for
analysis, R-XMCD for materials with a small magnetic signal has a difficulty on improving
accuracy because it requires subtraction between two absorption/reflection spectra for the
incident light with different polarizations. R-MOKE measurement is free from this problem,
but it has an experimental limitation that it takes a long time for measurement because it
requires an ellipsometry scan for each measurement point.

Taking advantage of the characteristics of the BLO7LSU light source where high-speed
polarization switching is available [1,2], from the 2016A period we have performed the
R-MOKE measurement using the optical delay modulation method [3], and measured the
magneto-optical constant of the Fe thin film (30 nm thickness) [4]. With this method, the real
part (corresponding to Kerr rotation angle) and the imaginary part (corresponding to
ellipticity) of the off-diagonal component of the permittivity can be simultaneously measured
independently in a short time, without Kramers-Kronig transformation analysis. Although the
obtained permittivity of Fe thin film was generally in good agreement with the result of the
first-principles calculation, a dip structure at Fe L3 absorption edge in the measured spectrum
could not be reproduced from the calculation. It is very important to distinguish
experimentally whether the dip structure is intrinsic in Fe metal, comes from interference with
the thin film [5], or has another origin. In this study, we performed an R-MOKE measurement
on Fe thin films with different film thickness by the optical delay modulation method using
polarization switching, and clarified the film thickness dependence of the magneto-optical
spectrum. The dip structure was hardly reproduced, which indicates it is not intrinsic in the
magneto-optical spectrum of Fe metal. No systematic film thickness dependence was
observed in the permittivity spectrum.

We prepared two Fe thin films with different thickness (30 nm thick and 15 nm thick) on
MgO substrate, and capped with Ru layer (5 nm thick) to prevent surface oxidization. The
reflection spectroscopy measurement with grazing geometry (incident angle of 80 degree) was
performed at Fe Lz and L edge under the in-plane magnetic field of 0.3 T applied by
superconducting coil magnet. The polarization of the incident light was continuously
modulated between left circular polarization and right circular polarization with the frequency
of 13 Hz. The reflected light was analyzed with ellipsometer at both p-polarization and
s-polarization geometry. The 13 Hz component of analyzed signal corresponded to ellipticity,
and the 26 Hz component of analyzed signal corresponded to Kerr rotation angle.
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Fig. 1: Kerr rotation angle, ellipticity, and off-diagonal permittivity ¢ of Fe film with 30
nm thick (left panel) and Fe film with 15 nm thick (right panel). Solid line (dashed line)
is obtained from p-polarization (s-polarization) reflection measurement, respectively.

Figure 1 shows the measured spectra of Kerr rotation angle, ellipticity, and off-diagonal
permittivity of Fe film (30 nm thick) and Fe film (15 nm thick). Off-diagonal permittivity was
derived from Kerr rotation angle, ellipticity, and refraction index of Fe [6]. Under both
p-polarization and s-polarization reflection geometry, obtained off-diagonal permittivity
spectra show good agreement with theoretical calculation. We cannot find any systematic
dependency on thickness in the spectra of the 30 nm thick film and the 15 nm thick film, and
a large dip structure observed in previous experiment has almost disappeared. Our result
clearly shows the dip structure is neither real magnetic signal of Fe nor originating from an
optical interference within the film. The capping layers of the samples are different between
previous measurement (Cu 2 nm thick and Ta 2 nm thick) and ours (Ru 5 nm thick), but it is
less likely that the dip structure comes from the capping layer because Cu and Ta do not have
any optical structure at the energy around Fe L-edge. One possible origin of the dip structure
is surface oxidization of the sample which may be caused by x-ray radiation.

In conclusion, we have observed the thickness dependence of off-diagonal permittivity of Fe
thin film at Fe L-edge by the optical delay modulation method. No systematic dependency on
thickness was found out, and the dip structure in spectrum observed in previous experiment
was shown not to be intrinsic.
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Creation of multi-dimensional operando photoelectron spectroscopy (1)
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Virus and environmental issues
threaten the sustainability of mankind.
To balance the suppression of virus
infection and active socio-economic
activities, we  should  develop
information technologies enabling a

high telepresence communications. For @ =¥

this purpose, the wireless P
is needed, indicating 100 times
speeding up, compared to the current
wireless communication, so-called 5G.
Two-dimensional (2D) materials such
as graphene and ultrathin semiconductor devices
using AlGaN/GaN [1] and InGaAs heterointerfaces
is promsing for THz devices for high speed wireless
communication, 6G and more. This due to excellent
electronic properties, such as giant carrier mobility
and ultrahigh saturation velocity, and suppression of
so-called short-channel effects arising from the
ultrathinness of the channles. With the advance of
miniaturization and integration of devices, the
importance of interfaces further increases. Especially,
2D materials are sensitive to interface environment,
so many environmental parameters drive the
electronic and chemical properties of 2D materials.

Moreover, better spatial and time resolution is

required for the advanced
device analysis. Then, we attempt to realize
multi-dimensional operando photoelectron

spectroscopy using machine learning analysis

techniques in the viewpoint of Measurement Informatic.

communication using THz frequencies ‘.’?@4 v

Intensity (arb. units)

At first, we performed depth profiling of IlI-V

compound semiconductor heteroepitaxial

layers by

ARPES measurements. Maximum Entropy Method is

applied to enable sub nm order analysis (Fig. 2)[2].
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Fig. 1 A schematic view of the high telepresence
communication
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Fig. 2 Angle resolved Photoelectron
spectroscopy of Ga 3d peak for the
GaAs heteroepitaxial layers.

In-plane 2D spectral mapping is also carried out for InP high electron mobility transistor
(HEMT) device structures. Present in-plane spatial resolution of 3D nano-ESCA is ~70 nm,



which is deteriorated by
mechanical vibrations,
thermal  drift, charging
effect, and so on. To
overcome the limit of spatial
resolution and make it
possible to observe objects
in the size of several nms,
we adopt sparse modelling
approach for the spectral
intensity mapping datasets.
Fig. 3(a) is a low-resolution  Fig. 3 (a) Photoelectron intensity mapping image for the Au 4f peak for
image taken by coarse steps  the InP-HEMT device structure. Low-resolution image by down
in short measurement time. sampling. (b) Super-resolution image using sparce modeling.

Using  this kind  of

down-sampling mappings, super-resolution image processing by sparse modelling [3] was
performed as shown in Fig. 2(b). Effective spatial resolution seems to be improved by this
machine learning approach.

Our final goal is to achieve below 10 nm-resolution with the aid of machine learning, such
as super-resolution. Then, we will plan to execute industry-government-academia
collaboration that utilize operando 3D nano-ESCA to develop novel next-generation
communication devices necessary for balancing the suppression of virus infection and active
socio-economic activities.
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Development of high-performance lithium-ion battery (LIB) for stationary type and vehicle is
an important research topic. The total development of LIB is very difficult, because
performances such as energy density, power performance, cycle performance, and safety
property are in the trade-off relationships. Thus, comprehensive researches and developments
are highly important to development of LIB. Detailed understanding of the redox reactions by
Li-insertion/extraction, structural change, electronic state change for the materials in LIBs is
important to develop innovative materials for LIBs. In these days, cutting-edge analyses
methods are necessary in addition to the innovative materials development.
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Figure 1 XPS images of LiCoO:



To truly understand LIBs, synchrotron radiation soft X-ray spectroscopy is a useful
technique with elemental selectivity, valence selectivity and orbital selectivity. We have been
studying the charge-discharge mechanisms of LIBs based on the electronic-structure analysis
by soft X-ray spectroscopy. In addition, operando measurement is very important because
LIB is a high voltage device. Even deconstruction of LIB in the glovebox filled by inert Ar
gas, the potential control of active material is difficult. Operando measurement system in soft
X-ray beamline is our core-technique. We reported the operando soft x-ray emission
spectroscopy under the charge-discharge operation [1,2].

Furthermore, microspectroscopy is another important point because the redox reaction by
charge-discharge reaction influenced by the position like a facet of an electrode material and
the interfaces between the electrode materials and electrolytes. Spectroscopy with spatial
resolution is of particular importance.

We reported operando photoemission spectromicroscopy of single crystalline LisTisO12 (an
anode material) [2] and LiCoO. (an cathode materials) [3] by 3DnanoESCA [4] with
all-solid-state LIB. The soft X-ray photoemission spectromicroscopy experiments have been
conducted at BLO7LSU of SPring-8.

Here, we measured single crystalline LiCoO2 cathode material with clear facet. Figure 1
shows images of XPS mapping image of single crystalline LiCoO,. From the clear image of
each facet, resonant XPS was conducted.

ACKNOWLEDGEMENT
This work was conducted under the international joint research program for innovative energy
technology by MET]I, Japan.

REFERENCES

[1] D. Asakura, E. Hosono, H. Niwa, H. Kiuchi, J. Miyawaki, Y. Nanba, M. Okubo, H.
Matsuda, H.S. Zhou, M. Oshima, and Y. Harada, “Operando Soft X-ray Emission
Spectroscopy of LiMn2Os Thin Film Involving Li-ion Extraction/insertion Reaction”,
Electrochem. Commun., 50, 93 (2015).

[2] D. Asakura, Y. Nanba, M. Okubo, H. Niwa, H. Kiuchi, J.Miyawaki, M. Oshima, E.
Hosono, Y. Harada, “Operando soft X-ray emission spectroscopy of the Fe>Os anode to
observe the conversion reaction”, Physical Chemistry Chemical Physics, 21, 26351 (2019).

[3] K. Akada, T. Sudayama, D. Asakura, H. Kitaura, N. Nagamura, K. Horiba, M. Oshima, E.
Hosono, Y. Harada, “Operando measurement of single crystalline Li4Ti5012 with
octahedral-like morphology by microscopic X-ray photoelectron spectroscopy”, J. Electron
Spectrosc. Relat. Phenom., 233, 64 (2019).

[4] K. Akada, T. Sudayama, D. Asakura, H. Kitaura, N. Nagamura, K. Horiba, M. Oshima, E.
Hosono, Y. Harada, “Microscopic photoelectron analysis of single crystalline LiCoO-
particles during the charge-discharge in an all solid-state lithium ion battery”, Scientific
Reports, 9, 12452 (2019).

[5] K. Horiba, Y. Nakamura, N. Nagamura, S. Toyoda, H. Kumigashira, M. Oshima, K.
Amemiya, Y. Senba, H. Ohashi, Scanning photoelectron microscope for nanoscale
three-dimensional spatial-resolved electron spectroscopy for chemical analysis. Rev. Sci.
Instrum. 82, 113701 (2011).



MAPPING MEASURMENT OF SINGLE CRYSALLINE LITHIUM
METAL OXIDE BY ALL SOLID-STATE LI-ION BATTERYS

Eiji Hosono®"¢, Wenxiong Zhang®, Daisuke Asakura®¢, Naoka Nagamura®,
Masaharu Oshima', Yoshihisa Harada®® *
2 National Institute of Advanced Industrial Science and Technology (AIST), Global Zero
Emission Research Center, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan
National Institute of Advanced Industrial Science and Technology (AIST), Research Institute
for Energy Conservation, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan
AIST-UTokyo Advanced Operando-Measurement Technology Open Innovation Laboratory,
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8565, Japan
4 Institute for Solid State Physics (ISSP), The University of Tokyo,
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8581, Japan
National Institute for Materials Science, Research Center for Advanced Measurement and
Characterization, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
Synchrotron Radiation Research Organization, The University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan

b

c

e

f

Many researchers have studied development of clean energy devices for the realization of a
low-carbon society. There is a great need to develop innovative clean energy devices. In
particular, high performance LIBs are important not only for electric vehicles, but also for
power source of next-generation semiconductor devices for "Beyond 5G", which will enable
high-speed, high-capacity data communication in the 10T society.

In response to these high societal needs, LIBs with higher performance than the current state
are required. In recent years, research and development of all-solid-state LIBs have been
focused for innovative improvement of the performances of LIBs. It is necessary to establish
design guidelines based on fundamental science because a lot of technical issues remain
unresolved in the all-solid-state LIBs. Thus, understanding the charge-discharge mechanism
of LIBs is important to improve their properties.

In addition, operando measurement under the control of potential is important for detail and
precise understanding because LIBs are high voltage device. Even deconstruction of LIB in
the glovebox filled by inert Ar gas, the potential maintaining of active material is difficult.
Recently Akada and Hosono et al. have successfully introduced operando soft X-ray
photoelectron spectroscopy as a novel method to understand the LIBs during
Li-intercalation/deintercalation process in LIB cathode and anode materials [1, 2]. These are
results of photoelectron microscopy with spatially resolved information by 3D nanoESCA
station at BLO7LSU of SPring-8 [3]. Microspectroscopy is another important point in addition
to operando measurement because the redox reaction by charge-discharge reaction affected by
the position like a facet of an electrode material and the interfaces between the electrode
materials and solid-state electrolytes. Spectroscopy with spatial resolution is important
techniques.

Figure 1 shows the intensity mapping of Ni 3p and Mn 3s of LixNiosMn1504. Here, lithium
ratio is controlled by the cell using liquid electrolyte. We obtained intensity mapping. The
next step is operando measurement by all-solid-state LIBs. We will create oprerando
measurement system and conduct XPS mapping measurement.
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Figure 1 Intensity mapping of Ni 3p and Mn 3s of LixNio5Mn150a4.
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The excitation energy dependence of soft X-ray emission spectra (XES) was first measured
for TiN in 1988 [1]. Four years later, Ma et al. proposed that the excitation energy
dependence could be interpreted by the theory of resonant inelastic X-ray scattering (RIXS),
and band dispersions of electronic state were observed [2]. This indicates that the absorption-
and emission-processes are described by a single scattering theory, and the momentum is
conserved during that process. In other words, when a core electron with momentum k is
excited to the conduction band and an electron at the valence band is decayed to the core hole,
the emissions from the different cores could interfere with each other, and Bragg-like
diffraction results in the emissions of the same momentum k. These facts suggest that a more
general Bragg’s law, ¢in = qout + kn — ke + G 1s valid, in addition to the energy conservation
law in RIXS, Avin = hvout + En — Ee, where hvin (¢in) and hvous (qout) are the energy (momentum)
of the incident and scattered X-ray, En (ki) and E. (k.) are the energy (momentum) of the hole
in the valence band and the electron in the conduction band at the final state, and G is the
reciprocal vector of the crystal. When the excitation and scattered energies are the same, the
momentum conservation law gives ¢in = gour + G, which is widely accepted as Brass’s law.
The more general Bragg’s law ¢in = qout + kn — ke + G (the momentum conservation law in
RIXS) has been validated by the RIXS studies of the band dispersions in SiC [3], graphite,
diamond [4], Si [5], and LiBC [6]. Recent observations of the dispersions of orbitons,
magnons, and phonons also confirmed the validity of the principle [7].

In the above discussion, the Bragg diffraction and RIXS were treated as independent
processes. However, if the Bragg diffraction and RIXS occur simultaneously, the intensity of
RIXS is expected to increase assisted by the Bragg diffraction. We named this method
resonant inelastic X-ray diffraction (RIXD). In the case of nanoparticles, the momentum
dispersion of the elementary excitations is small, and the diffraction from the nanoparticles,
that is, small angle X-ray scattering (SAXS), is expected to increase the intensity of RIXS.
Therefore, we measured soft X-ray SAXS of FePt nanoparticles by a RIXS spectrometer and
discussed the feasibility of RIXD by comparing the SAXS profile obtained by the elastic
scattering and the momentum dependence of RIXS.

The measurement of SAXS and RIXD were conducted at HORNET end-station of
SPring-8 BLO7LUS using 6-20 scan system. In this scan system, RIXS spectra can be
measured at an arbitrary scattering angle 26 in the range between 45° and 135°, and SAXS
and RIXD profiles can obtained from momentum dependence of the intensity of the elastic
and inelastic peaks, respectively. The measured sample was FePt nanoparticles. The average
particle size and standard deviation were 2.7 nm and 0.37 nm, respectively.

Figure 1 shows the RIXS spectra of the FePt nanoparticle measured at 708.1 eV,
which is the peak top of Fe L3-edge X-ray absorption spectra. A SAXS profile was obtained
by integrating the intensity of the elastic peak (Fig. 2). A peak was observed in the SAXS
profile at around 6=31°. In the hard X-ray SAXS, the SAXS profile is observed at small
angles (typically 0.1-10°), but in the case of soft X-ray SAXS, SAXS profile is observed at
larger angle, since the wave length of the soft X-ray is longer than that of hard X-ray. The
obtained profile is well reproduced by a simulation with the particle size of 2.73 nm and
standard deviation of 0.37 nm, and thus the obtained g-dependence of the elastic peak was
confirmed to be SAXS. Furthermore, the momentum dependence of the inelastic scattering
indicated by al, a2, a3, and al23 in Fig. 1 was calculated, and the increase of the intensity of



a3 peak was found at the same scattering angle of the SAXS peak, indicating the observation
of RIXD. In the future, we will measure the particle size and incident energy dependences of
various samples to further establish RIXD and elucidate its mechanism.
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Fig. 1 RIXS spectra of FePt nanoparticle measured at 708.1 eV and 26=66°.
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Fig. 2 The momentum dependence of the elastic peak intensity in RIXS spectra of FePt nanoparticle.
Red circle and blue line correspond to the experimental result and simulation, respectively.
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Development of X-ray Polarization Precession Spectroscopy
J. Miyawaki, Y. Hirata’, K. Yamagami?, I. Matsuda, and Y. Harada
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Magnonics is a next-generation technology, that utilizes a collective excitation of electron
spin (magnon or spin wave), and is an alternative technology to electronics, which utilizes
electrons for information transfer and computation. Compared with electron- and spin-based
electronics and spintronics, magnonics does not suffer from Joule heat. Magnon has longer
mean free path, which is advantageous for long-distance information transfer. Magnon has a
wave nature, which offers a possibility of quantum computation. Thus, researchers are trying
to use high-frequency terahertz magnons to speed up magnonic devices and observe magnons
injected to magnonics materials to understand the operating mechanism of devices [1-6].

For the magnon observation, ferromagnetic resonance (FMR), Brillouin light
scattering (BLS), inelastic neutron scattering (INS), spin-polarized electron energy loss
spectroscopy (SPEELS), and time-resolved spectroscopy have mainly been used. FMR and
BLS observe magnons only at g=0 nm ' and cannot observe propagating magnons at
gq#0 nm™!'. INS and SPEELS can observe at larger ¢, but INS cannot observe higher energy
magnons and require large sample volume, and SPEELS is surface sensitive. Therefore, INS
and SPEELS is not suitable for operando experiments. Thus, a new technique to observe
propagating magnons in operando condition has been explored. In this study, we developed
X-ray polarization precession spectroscopy (XPPS), which is a new method to observe
dispersion of magnons by X-ray with high energy resolution to understand the properties of
magnon in devices.

XPPS was proposed as a new technique to measure the frequency of spin waves by
observing a rotational/angular Doppler effect in the polarization of scattered X-ray induced by
spin waves in the sample via magnetic linear dichroism [7]. Since magnetic linear dichroism
is employed in XPPS, resonant condition is required to measure XPPS signal. The
measurement principle and experimental setup are shown in Fig. 1(a). The scattered X-ray is
irradiated to a multilayer polarizer, the intensity of the reflected X-ray is spatially resolved by
CCD, and the period of the rotation of the polarization can be detected. The energy resolution
of XPPS reaches 50 GHz (0.2 meV), which is very high energy resolution for X-ray based
spectroscopy to obtain the energy of magnons. Thus, XPPS has a promising technique for
operando experiment of magnonic devices.

XPPS experiments were conducted at free-port end-station of SPring-8 BLO7LSU
using superconducting magnet chamber equipped with a polarization analyser (Fig. 2). The
linear vertical polarization was used for the incident X-ray, and the multilayer polarizer of the
polarization analyser was positioned orthogonal to the electronic vector of the incident X-ray.
The position dependence of the reflected X-ray intensity was measured by CCD.

Figure 3 shows a XPPS result of Y3FesOi12 (YIG) and Pt. 705.0 eV and 709.6 eV
correspond pre-edge and the peak-top of Fe L3-edge X-ray absorption spectra of YIG. YIG
showed the difference between pre- and post-edge of Fe Ls-edge, while Pt, which is
non-magnetic, showed no difference. In YIG, the difference spectra showed the intensity
modulation with a period of ~100 pum. This period corresponds the magnon energy of
~5.5 meV, which matches the energy obtained by inelastic neutron scatterings [8]. Thus, we
succeeded in detecting XPPS signal and extracting the energy of magnon.

TPresent Address: Department of Applied Physics, National Defense Academy
'Present Address: Quantum Materials Science Unit, Okinawa Institute of Science and Technology
Graduate University
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FIG. 1. (a) The measurement principle and (b)
experimental setup of XPPS. Linearly polarized
X-ray of a resonant energy is irradiated to a
sample that possesses a spin wave of frequency
Q, and the precessional motion of frequency 2Q
is induced to the polarization vector of the
scattered X-ray. The multilayer polarizer reflects
the wvertically polarized component of the
scattered X-ray, and thus spatially resolved
reflection intensity gives the intensity modulation
due to the precession in the scattered X-ray.
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FIG. 2. XPPS of Pt and YIG at Fe Ls-edge.
Spatially resolved reflection intensity of the
scattered X-ray from the multilayer polarizer
was measured at pre- (red) and post-edge
(blue) of Fe Ls-edge. Since the intensity
profiles by the pre-edge excitation has no
resonant effect, the signal can be regarded as a
background affected by the surface of the
sample and the polarizer.
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Resonant Inelastic Soft X-ray Scattering of Y:FesO12
J. Miyawaki and Y. Harada

Institute for Solid State Physics, The University of Tokyo

Further development of the information society requires innovation in information technology,
and faster, compact, and low energy-consumption devices have been pursued. One of the next
generation technologies to realize this goal is magnonics, which utilizes magnons (spin
waves), that is, a collective excitation of spins instead of electrons for the transmission and
processing of information. Since no electronic current is induced when the magnon
propagates through the magnetic material, there is no energy dissipation due to Joule heating.
There is a very wide frequency of magnons known, and if higher frequency magnons can be
used, ultra-fast devices could be created. Currently, fundamental research is in progress to
realize actual devices. Higher-frequency terahertz magnons have been investigated to speed
up the devices, and the magnons injected in the magnonic materials has been investigated to
understand the behaviour of the magnons in the device and efficiently utilize magnons.
Magnons have been observed by using ferromagnetic resonance, Brillouin light scattering,
inelastic neutron scattering, spin-polarized electron energy loss spectroscopy, and
time-resolved spectroscopy. However, these experimental methods are not suitable for
observing high-energy magnons at larger ¢, and the development of a new method to observe
a propagating magnons is urgently needed. In this study, we focus on X-ray spectroscopy for
the observation of the high-frequency propagating magnons and apply resonant inelastic soft
X-ray scattering (SX-RIXS) to magnonic materials to elucidate the behaviour of the
high-energy magnon.

A Y3FesO12(YIG)(111) single crystal was measured, which is very promising for
magnonics due to its very low damping and long mean free path of magnon. X-ray absorption
spectra (XAS) and RIXS were measured at HORNET end-station of SPring-8 BLO7LSU. All
the measurements were performed at room temperature. XAS was measured in partial
fluorescence yield mode using a silicon drift detector, and Fe Ls3-edge inverse partial
fluorescence yield (IPFY) XAS was obtained from O K emission. The energy resolution of
RIXS at Fe L-edge was set at 175 meV. A momentum-resolved RIXS was obtained by 6-260
scan of 20=45—-135° and 9° step. During the #-26 scan, an elastic peak was measured at each
20 from Au with o polarization. For RIXS of YIG, = polarization was used.

Fe Ls-edge XAS of YIG is shown in Fig. 1(a). The spectral shape of XAS is good
agreement of YIG, having two characters of Fe** in octahedral (Oy) and tetrahedral (T4)
symmetry [1,2]. Figure 1(b) shows the incident photon energy dependence of RIXS spectra of
YIG at 6=45° and 26=90°. In addition to dd excitations at ~1.3 eV and ~1.8 eV, which mainly
originate from On Fe**, dd excitations around 2.5 eV were observed, which would be assigned
for Tq Fe*". The peak width at around loss energy of 0 eV is clearly larger than the energy
resolution, indicating that there is a contribution of inelastic scattering. For the
momentum-resolved RIXS, #7 (710.1 eV) was chosen since the contribution of inelastic
scattering was largest among the measured energies. Figure 2 shows RIXS spectra near the
elastic peak obtained by #-26 scan. The peak at each 26 was analyzed by a peak fitting of two
gaussian profiles: One is the elastic peak, ant the other is for inelastic scattering. The
experimental results (red circles) were well reproduced by the two gaussian profiles. Since the
energy resolution was set at 175 meV, it was difficult to identify low energy magnons below
100 meV. The inelastic peaks (green lines) at ~110 meV showed a weak dispersion. The
energy scale of the inelastic peaks ranges from ~110 meV to ~130 meV. Inelastic neutron
scattering measurements and a theoretical calculation revealed that YIG possessed magnon
dispersions up to 100 meV [3,4]. The energy scale of the observed dispersion is higher than



that of magnons of YIG, indicating that the observed inelastic scattering would be assigned to
bimagnon. The identification of the bimagnon requires a complete picture of the magnetic
excitations in YIG. Further analysis will be conducted to understand RIXS spectra and the
dispersion of the inelastic peak near the elastic peak.
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FIG. 1. Fe Ls-edge (a) XAS and (b)
RIXS spectra of YIG(111) single
crystal. The numbers labeled in (a)
indicate the incident photon energies
used to measure RIXS spectra in (b).
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Introduction:

In recent years, topological magnetic structures, such as magnetic skyrmions, have been
actively studied. Magnetic skyrmions, nanometer-scale vortex-like magnetic structures, can
be controlled by external stimuli, such as electric field and pressure, and thus are expected to
be a promising candidate for next-generation spintronics device materials. To understand the
dynamics of magnetic skyrmions, it is important to observe them at high spatial and temporal
resolutions. Resonant soft X-ray scattering is also known to be a suitable technique for
observing such magnetic skyrmion dynamics because of its high sensitivity in detecting spin
polarization [1-3]. Therefore, in the present study, we have developed a diffractometer of
small-angle resonant soft x-ray magnetic scattering to observe topological magnetic textures
in the undulator beamline BLO7LSU, SPring-8. The apparatus is equipped with a vacuum
chamber having a background pressure of < 1X10 Pa, a CCD camera (2048x2048 pixel,
Princeton Instrument), a direct beam catcher, and a sample holder. To observe transmitted soft
X-ray scattering, we prepared thin plate sample thinned by FIB method or magnetic thin films
fabricated on Si3N4 substrates.

Results:

We tried to measure resonant soft X-ray small-angle
scattering from magnetic multilayer films and
multiferroic BiFeOs lamellas. The magnetic films
were fabricated with thickness of several tens
nano-meters and with different compositions,
Tas[Pts3CoTaz]i0, Tas[PtsCoi12Taz]io , [Co/Pt]is, and
[Co/Pt]le. The thickness of the samples were
sufficiently thin for soft X-rays to penetrate, and
absorption measurements confirmed the presence of
the sample. A pinhole with a diameter of several
micro-meters was placed on the thin film sample to & SR
irradiate a circularly shaped soft X-ray to the sample.  Figure 1: Diffraction pattern
Figure 1 shows resonant soft x-ray diffraction image from Co/Pt multilayer thin film.
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from [Co/Pt]s observed at the Co L-edge resonance energy. However, the scattering intensity
was weak and the diffraction pattern was not sufficiently accurate to reconstruct the real space
image from the obtained coherent diffraction pattern. This is probably due to the small
perpendicular magnetization component in the magnetic multilayer film. The other samples
were damaged during the experiment and no significant data could be obtained.

The multiferroic iron oxide BiFeO3 is known to have a ferroelectric polarization, which
gives rise a long-period cycloidal magnetic structure with a wave-length of 62 nm. The
competition between ferromagnetic interaction and the Dzyaloshinskii-Moriya interactions
between the Fe ions results in the non-collinear magnetic structure. We performed
small-angle scattering experiments at the L-absorption edge of Fe on the lamella samples to
observe the magnetic scattering derived from the
cycloid magnetic structure. Figure 2 shows diffraction
patterns from the lamella sample of BiFeOs. Magnetic Magnetic scattering
scattering was observed with superimposing on the
concentric diffraction pattern from pinhole. In the
previous study, six magnetic scatters were observed
for the (110) surface sample, whereas in the present
experiment, magnetic scattering was found to be
broad in the azimuthal direction. It is assumed that the
magnetic structure may be different due to the
influence of FIB processing. To confirm whether the
magnetic scattering observed in the lamella sample is
intrinsic or not, a follow-up experiment comparing

with other FIB processed samples is required in the
future. Figure 2: Diffraction pattern

from BiFeO3 lamella sample.

Conclusion:

In this study, we developed the equipment for resonant soft x-ray small angle scattering and
succeeded in observing the magnetic scattering from the magnetic thin films and multiferroic BiFeOs
lamella sample. As a next step, we aim to observe temporal variations of the magnetic structure in real
space by combining the coherent soft x-ray diffraction imaging technique with time-resolved
pump-probe measurement.
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To realize the sustainable energy development, the electrification of automobiles has
progressed in the past several years. This movement reduces the dependence on fossil fuels
used for internal combustion engine technology together with accelerating the use of
renewable energy, including solar, wind, and biomass. In the past three decades, technology
of rechargeable lithium batteries, i.e., lithium-ion batteries, has been highly sophisticated, and
currently Ni-based layered materials dominate the market of lithium-ion batteries for electric
vehicles. However, further increase in energy density of lithium-ion batteries is required to
extend cruising distances of electric vehicles. In the past few years, many lithium-excess
metal oxides with layered and disordered rocksalt structures, LioMnOz-based electrode
materials have been studied as potential high capacity electrode materials. However, Mn ions
in LiMnO3 (Li1.33Mnoe702) cannot be oxidized beyond the tetravalent limit, and therefore,
anionic species, oxide ions, donate electrons on Li extraction. Nevertheless, low reversibility
of anionic redox for pure LioMnOs is experimentally observed, leading to insufficient
reversibility as electrode materials. To increase in the reversibility of anionic redox, the
substitution of metal ions with higher ionic characters with oxide ions, for instance, Nb®*
(LisNbOs) and Ti** (Li,TiOs), has been proposed. For the Li-excess metal oxides, the charge
compensation process on Li extraction is achieved by electron donation from oxide ions, but
detailed reaction mechanisms remain as a debatable subject, e.g., dimerization of oxygen and
formation of holes in oxygen.

In this study, a binary system of Li>TiOz—LiMnO: is examined as electrode materials for Li
storage applications, and its reaction mechanism is studied by resonant inelastic X-ray
scattering (R1XS) study. In this binary system, nanosized Li7sTiysMn1202 has been prepared
by mechanical milling from a mixture
of Li;TiOz and LiMnO..[1] TEM
observation reveals that particle size is
reduced to 5 — 20 nm, and these
nanosize particles are agglomerated
for each other, forming secondary
particles with diameters of 50 — 200
nm after milling. Nanosize
LizeTiysMny202  delivers  large
reversible capacities in Li cells, and an
initial discharge capacity reaches 295
mA h g? even at room temperature
(Figure 1). Charge compensation
processes for nanosize
LizeyTiysMny202  were  further :
examined by O K-edge RIXS study (') : 1(')0 - 260 : 3(')0 200
(Figure 2a). From the data of Mn _ 1
K-edge and L-edge XAS study, Mn Capacity / mAhg
oxidation from a ftrivalent to Fig. 1. Charge/discharge curves of nanosize
tetravalent state is evidenced on LizeTiysMny20, at room temperature. The data of
charge for the slope region of 3 — 4 V LizeMn**13Mn3*1,20; is also shown for comparison.

[1], but no oxidation of Mn ions is

Voltage / V




found at the plateau region. O K-edge RIXS spectra clearly reveals that a new peak is
observed after charge at 8 eV, which suggests that charge compensation is achieved by the
donation of electron from oxide ions at the plateau region, and the formation of holes by
electrochemical oxidation.[2]

To further clarify the role of Ti ions on anionic redox reversibility, a binary system of
LizMnOs-LiMnO; is also prepared and tested as electrode materials. LizeMn**13Mn3*1,0?
was also successfully prepared by mechanical milling from the mixture of LioMnOz and
LiMnO,. This phase is metastable containing Mn*" and Mn*" ions and cannot be obtained by
a conventional calcination  process. Charge/discharge  curves of  nanosize
LizeMn**1sMn®*1,,0; in a Li cell are also shown in Figure 1. An observed initial discharge
capacity reaches 350 mA h g7,

which is larger than that of
P I T SR T S N T T

LizeTiusMn1202.  Nevertheless, (a) ' ' ——

cyclability is insufficient as [emission energy: 5310 eV
electrode  materials, and a 5 .
reversible capacity of ca. 100 mA < — Egﬁtg]hzrge

h g is lost on initial five cycles. ) e
Much better capacity retention is 8

achieved for  LizeTiysMn202. =

Reversibility of anionic redox for

LizeMn*13Mn®* 1,02 has been o (]J T é S ,1]0. o T1|5l o
also examined by RIXS study as Energy Loss (eV)

shown in Figure 2b. A similar L
peak with LizeTivsMn120; at 8 (b) |excitation energy: 531.0 eVI

eV is observed for — pristine

LizeMn**13Mn3*1,0? after charge. J; — hat charge
However, intensity of the peak is — full discharge

much higher for the
LizeTiysMn1202, indicating that
oxygen redox chemistry is clearly
stable for the Ti-substituted
sample. This result directly A R B L

e
g 0 5 10 15
4+

supports the role of Ti*" ions, Energy Loss (eV)

which are effective to stabilize  Fig. 2. Comparison of changes in RIXS spectra for nanosize
anionic redox associated with the  LizeTiysMny202 and LizeMn**15Mn3*1,,0, on

high ionic character and donation  charae/discharae processes.
of electron to oxide ions.

These findings open a new direction to design high-capacity positive electrode materials
with highly reversible electrochemistry on the basis of anionic redox. Further optimization of
chemistries, compositions, and particle sizes on these electrode materials contributes the
development of advanced high-energy rechargeable Li batteries in the future.
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Introduction

Poly (vinyl-pyrrolidone) (PVP) and Poly (ethylene-glycol) (PEG) have been widely used for
various biomedical applications because of their excellent biocompatibility. Biocompatibility
is one of the important factors for polymers used for biomedical applications. It is considered
that adsorbed water on the polymer surface contributes to expression of biocompatibility.
Water molecules existing near the biocompatible polymer could be classified into three types;
free water, intermediate water and non-freezing water [1]. In particular, the intermediate water
has an important role to control the biocompatibility of polymers. However, the local
structural and dynamical properties of intermediate water are not well understood yet. It has
been reported that water molecules confined in a polyelectrolyte brush form characteristic
local hydrogen-bonded structure [2]. Based on this result, water molecules in the close
vicinity of a biocompatible polymer are expected to form a specific hydrogen-bonded
structure to express biocompatibility. In order to reveal the role of hydrogen-bonded structure
of water on biocompatibility, it is necessary to obtain accurate information about the
hydrogen-bonded structure of those water molecules. In this study, we examine the
hydrogen-bonded structure of water molecules hydrating PVP and PEG molecules in detail
using X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES).
Experimental

The PVP (Mw=4000-5000) and PEG (Mw=3350 and 20000) were purchased from
Sigma-Aldrich. PVP and PEG aqueous solutions at different concentrations were prepared as
measurement samples. Absolutely dry PVP (dry-PVP) and PEG (dry-PEG) were also
measured. O 1s XAS and XES measurements were performed at the BLO7LSU HORNET
station in SPring-8. The measurement of the polymer aqueous solution was performed using a
solution cell under ambient pressure by circulating the aqueous solution. The dry samples
were mounted on a Cu sample plate and measured in a high vacuum condition.
Results and Discussion

Figure 1 shows the O 1s XES spectra of dry-PEG CEG

(Mw=20000) measured at various scan rates of the Cu h01s;<3ETSV
v= e

plate. XES measurements were performed at the sean e

excitation energy of 537 eV. A broad peak around 527 s

eV was observed for the XES spectra with the scan rate

of 0.16 and 0 um/s. The shape of the XES spectra : 50
3.2

changed gradually with increasing the scan rate,
indicating the presence of X-ray induced degradation of

the polymer during the XES measurement at lower 1
scan rate. Since the shapes of the XES spectra above A

6
0.16
the 5.0 um/s scan rate were almost the same, we set the ]
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Two 1bs-derived peaks (1b1” and 1b1”) were observed in the XES spectra of pure water [3].
The raw XES spectra for aqueous solutions contain X-ray emission signals from oxygens both
in water molecules and in PVP. Subtracting the polymer component, we can obtain the signal
from water molecules. In order to remove the PVP polymer contribution from the raw XES
spectra, we focused on the energy range below 522 eV. In this region, the spectral intensity
seems to well reflect the relative contributions of water and polymer. Thus each contribution
was estimated by performing least-squares fit of the XES spectrum of dry-PVP and pure water
in the energy range below 522 eV. The results after subtraction of the polymer contribution
are shown in the bottom of Figure 2(a). It was found that the 1b;:” peak is dominant in the
extracted spectra. The 1b;i’-dominant peak profile with a clear shoulder structure around 524.5
eV (possibly assigned as 3a: derived peak) obtained for the 65 wt% PVP solution is quite
similar to the previously obtained spectrum for water molecules confined in a polyelectrolyte
brush [2]. Therefore water molecules in the 65 wt% PVP solution may exist almost in the
form of non-freezing and intermediate water hydrating the PVP polymer. Water molecules in
the 30 wt% PVP solution consist of strong 1b:” and weak 1bi” profiles, which can be
reproduced by the mixture of bulk liquid water as well as non-freezing and intermediate water
hydrating the PVP polymer. Detailed analysis of the XES fraction for the water hydrating PVP
may have rich information

0 1s XES 1bs" 1b," PVP by 1b"  (b) PEG
about the hydrogen-bonded e o @ v
structure  of intermediate
water and its relation to the pure water pure water

biocompatibility of PVP.
Figure 2(b) shows the O 1s
XES spectra of PEG
(Mw=3350) aqueous solutions.
Broad peaks at ~526.5 eV and
~528.0 eV were observed for
the XES spectra of dry-PEG.
30 wt% (water)

In this case, in addition to the 30 wt% (water)
energy range below 522 eV,
the energy range above 526 65 wt% (water) 50 wt% (water)
4 1 1 L 1 anle L

e_\/_ was aISO_ used for the 515 520 525 530 535 515 520 525 530 535
fitting to estimate the PEG Emission Energy (eV) Emission Energy (eV)
contribution. The results after  Figure 2. O 1s XES spectra of (a) PVP and (b) PEG aqueous
removal of the polymer solutions. The spectra of pure water and dried polymer powder
contribution are shown in the were also shown for comparison. Bottom: Spectra with the
bottom of Figure 2(b). It Polymer contribution subtracted.

should be noted that the extracted XES profiles are close to the spectrum of pure water, in
contrast to the PVP results. The present study raises the possibility that a static
hydrogen-bonded structure of intermediate water is different between PVP and PEG aqueous
solutions. In contrast, dynamical hydrogen-bonded structure of intermediate water hydrating
PVP and PEG aqueous solutions is similar [4, 5]. Consequently, to understand the behavior of
intermediate water, it is important to understand both the dynamical and the static
hydrogen-bonded structures. Several questions remain unanswered at present yet. Future
studies on the current topic are recommended.
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Introduction

Operando spectroscopy, observation of working catalysts under reaction conditions, is
essential for our understanding of reaction mechanisms as well as the rational development
guidelines for novel catalysts. Ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
is one of the most powerful operando spectroscopies, which permits the investigation of the
electronic and chemical states of adsorbates and catalysts under gas atmospheres at
near-ambient pressure. However, the typical temporal resolution of AP-XPS has been limited
to ms, and thus the dynamic processes faster than ms could not be studied. A pump-probe
measurement can overcome the limitation of the temporal resolution, in which a sample is
pumped by ultrafast optical laser and probed by X-ray. At SPring-8 BLO7LSU, we developed
time-resolved X-ray photoelectron spectroscopy (tr-XPS) in ultrahigh vacuum in a
pump-probe fashion [1, 2]. The temporal resolution of tr-XPS is ~50 ps, which is determined
by the pulse width of probe X-ray.

In this study, we aimed to develop a time-resolved ambient pressure X-ray photoelectron
spectroscopy (tr-APXPS) by combining AP-XPS with tr-XPS. tr-APXPS permits monitoring
the time evolution of photocatalytic reactions in real time and under reaction conditions; all
the players in photocatalytic reactions such as photo-excited carriers, adsorbates, substrates
can be investigated by tr-APXPS.

Experimental

The experiments were performed at the soft X-ray undulator beamline BLO7LSU at
SPring-8 [3]. AP-XPS experiments were carried out using an AP-XPS apparatus that
combines a differentially pumped electron analyzer (SPECS, PHOIBOS 150 NAP) with an
ambient-pressure gas cell [4]. A one-dimensional delay-line detector (DLD) is adopted as a
detector of the electron analyzer.

Femtosecond (fs) laser systems were installed at SPring-8 BLO7LSU. The fs laser pulses
were synchronized to synchrotron radiation X-ray pulses, and the delay time of fs laser pump
pulse relative to X-ray probe pulse can be controlled. There were two different fs laser
systems; high pulse energy and low repetition rate (mJ, 1 kHz) and low pulse energy and high



repetition rate (uJ, 208 kHz). Optical parametric amplifier (OPA) was installed in both laser
systems, which can change the wavelength of fs laser. In the present study, high pulse energy
and low repetition rate (mJ, 1 kHz) laser system was used.

Results and discussion

In the development of tr-APXPS, we reported the installation of a soft X-ray chopper at
SPring-8 BLO7LSU. The soft X-ray chopper was operated at 1 kHz, and reduced the
repetition rate of probe X-ray (208 kHz in the H-mode operation of SPring-8) to 1 kHz to
match that of pump laser. Consequently, time-resolved XPS measurements became possible
with the same experimental setup as in conventional static XPS measurements. In addition,
soft X-ray chopper blocks all the X-ray pulses that are not used in pump-probe measurements.
This decreases unnecessary burden on the sample and the detector. Thus, the photon flux can
be increased by opening slits in X-ray beamline to improve measurement efficiency.

Test tr-APXPS measurements were performed on the naturally oxidized p-type Si(111)
(Si02/p-Si(111)) surface in 1 mbar CO2. The wavelength of pump laser was changed from
800 nm to 400 nm. This was because the small pre-pulses in 800 nm can induce the surface
photovoltage effect of Si. The amplitude of the pre-pulses was much decreased by frequency
doubling to 400 nm. In addition to the energy shift of Si 2p core level due to surface
photovoltage effect, we could detect the energy shift of CO2 gas phase peak in O 1s core level.
The energy shift of gas phase peak in AP-XPS reflects the change of the sample work
function. Notably, the energy shift was different between Si 2p and O 1s core levels. The
present results demonstrate that of tr-APXPS can provide a wealth of information in
photo-excited systems and will be very suited to study various light-induced reactions
including photocatalysts and plasmonic chemical reactions.
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Introduction

Understanding the dynamics of photoexcited carriers is essential for improving the
efficiency of light-energy conversion materials such as photocatalysts and solar cells.
Photoexcited carriers (electrons/holes) generated by light absorption move between an
occupied state and an unoccupied state. Therefore, it is important to observe both occupied
and unoccupied states in order to get the whole picture of the photoexcited carriers dynamics.
However, there has been no experimental method that allows the observation of both
occupied and unoccupied states dynamics.

In this study, we aim to develop a picosecond time-resolved X-ray absorption/photoelectron
spectroscopy (XPS/XAS) system using a time-of-flight (TOF) electron analyzer, and track the
temporal changes of electronic structures in both occupied and unoccupied states. In addition,
the TOF electron analyzer has a unique feature that all kinetic energy electrons can be
detected and energy-resolved by the detector. In the case of a hemispherical electron analyzer,
only electrons with the fixed kinetic energy determined by electrostatic lenses are detected by
the detector. Taking advantage of this unique feature of TOF electron analyzer, we can
measure XAS spectra with different probing depths at once. The time-resolved XAS spectra
using TOF analyzer will allow the temporal evolution of excited electronic states along the
depth direction.

Experimental

The experiments were performed using a TOF electron analyzer (VG Scienta, ARTOF 10k)
at the soft X-ray undulator beamline BLO7LSU at SPring-8 [1]. We developed a picosecond
time-resolved XPS system using the TOF electron analyzer, and studied the relaxation
dynamics of photoexcited carriers on various surfaces and interfaces [2]. In the present study,
thus, we aim to extend the application of the TOF electron analyzer to XAS measurements.
We developed the software program that can control both TOF electron analyzer and the soft
X-ray beamline (undulator and monochromator) to measure XAS spectra. The sample studied
in this research was the rutile TiO2(110) surface. The sample surface was cleaned by Ar ion
sputtering (1.0 kV, 1x10* Pa Ar, 10 min), and annealing in an oxygen atmosphere (920 K in
1x10™* Pa O2). The surface order was confirmed by low energy electron diffraction (LEED).



Results and discussion

Figure 1 shows the Ti L-edge XAS spectrum of the clean TiO2(110) surface measured using
TOF electron analyzer. The XAS spectrum in total electron yield (TEY) was obtained by
integrating the whole TOF region indicated by the blue lines in Fig. 1(a). The obtained XAS
spectrum in Fig. 1(b) is in good agreement with the TEY-XAS spectrum measured with the
sample current. This confirms the successful measurement of XAS spectra using TOF
electron analyzer. By changing the TOF window for the integration, we can change the
probing depth. For example, we could obtain the surface sensitive XAS spectra if the TOF
window is tuned to Auger electrons. Now we plan to perform XAS experiments on the sample
that has a distribution of chemical states in the depth direction (e.g., ice H2O thin films
adsorbed on the TiO: surface).
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Figure 1. Ti L-edge XAS spectrum of the clean TiO2(110) surface measured using TOF
electron analyzer. (a) TOF spectra as a function of photon energy (b) XAS spectrum obtained
by integrating the TOF region indicated by the blue lines in the panel (a).
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SOFT X-RAY ABSORPTION SPECTROSCOPY OF Ca:Ru0Oq4
UNDER ELECTRIC FIELD

Daiki Ootsukil, Yukie Takasuka!, Ayuko Hishikawal,
Tatsuhiro Ishida?, Teppei Yoshida!, Kosuke Yamazoe?, Tomoyuki Tsukada?,
Jun Miyawaki?, Yoshihisa Harada?,

Chanchal Sow?, Shingo Yonezawa®, Yoshiteru Maeno®, and Fumihiko Nakamura®
'Graduate School of Human and Environmental studies, Kyoto University,
2Synchrotron Radiation Laboratory, The Institute for Solid State Physics, The University of Tokyo,
*Department of Physics, Kyoto University,

*Department of Education and Creation Engineering, Kurume Institute of Technology

The exploration of non-equilibrium phase transition and non-linear conductivity in strongly
correlated electron systems is one of the frontier of condensed matter physics. By applying
electric fields, Mott insulators exhibit the insulator to metal transition with a non-linear
conductivity [1-2], which is so called “Mott breakdown” analogous to dielectric breakdown
[3]. Recently, Nakamura et al. have discovered an electric-field induced insulator to metal
transition of Ca;RuQ4 with nonlinear conductivity. The threshold electric field Ex of ~40
V/cm is weakest among the Mott insulators [4]. It would be desirable to understand how the
electronic structure is changed by applying electric field and to clarify the origin of the
non-linear conductivity of CazRuOQa.

The various stimuli such as temperature, chemical substitution, and applied pressure induce
the metal to insulator transition of Ca,RuO4 with a structural phase transition [5-7]. The
structural phase transition affects the orbital configuration of this system through RuOs
octahedra [5]. Actually, the insulating state of Ca,RuQOg4 is characterized by the crystal field
splitting as well as on-site Coulomb interaction. The recent polarization-dependence of
angle-resolved photoemission spectroscopy combined with dynamical mean-field theory
(DMFT) revealed the coexistence of the band insulating state of dxy orbitals originating from
the crystal-field splitting and the Mott insulating states of half-filled dx.sy. orbitals [8].
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In this study, we have investigated the electric-filed dependence of the electronic structure
for Ca2RuO4 by means of soft x-ray absorption spectroscopy (XAS) under electric field at
SPring-8 BLO7LSU. High quality single crystals of Ca,RuOs were grown by floating-zone
method. In order to apply the electric field, the gold wires were attached to the terminals both
ends of the sample using silver epoxy. The electric field was applied parallel to the ab-plane
and the voltage-current characteristics were measured in situ during the XAS measurements.
The sample temperature is monitored by the directly attached Pt thermometer and controlled
by liquid helium. Although the current flow gives rise to the joule heating effect, the sample
heating kept less than 3 K during all measurements.

Figure 1 (a) shows the angle dependence of the O 1s x-ray XAS spectra take at T = 300 K.
The XAS spectrum strongly depends on the angle €. We focus on the intensities at ~528.3 eV
and ~529.1 eV derived from the apical and in-plane oxygen, respectively. To quantify the
intensities of the apical and in-plane components, we fitted the intensities derived from apical
and in-plane oxygen with a Gaussian as shown in Fig. 1 (b). The angle dependence of XAS
spectra is basically consistent with the previous XAS study reported by Mizokawa et al [9].
This indicates that the carrier concentration between the Ru 4dxy and 4dy.x orbitals is close to
1:1 at T =300 K. Figures 1 (c) and (d) show the electric field dependence of the XAS spectra
at T = 300 K. Here, we obtained the electric-field dependence of XAS spectra at the normal
incidence. By increasing current density J, the
apical intensity decreases, while the in-plane 020———————
intensity increases. As shown in Fig. 1 (d), the Current density J (A/em)

intensity ratio of the apical and in-plane 0.15
components gradually increases with current
density J. 0.10
Figure 2 shows the relationship between the &%
crystal-field splitting A4, spin-orbit coupling Ass, < 0.05
and the intensity ratio of the apical and in-plane
components of XAS spectra. The solid curve 0.00
indicate the theoretical estimation on the basis of )
the simple Hamiltonian of Ref. 10. From the -0.05 "1‘;’
theoretical curve, we obtained the crystal-field — o 1s0
splitting A and spin-orbit coupling As. With Intensity ratio of XAS

increasing current density, the crystal field

splitting energy increases from the compressed Figure 2. XAS intensity ratio between
RuOs octahedra to the elongated RuOg octahedra. i, apical and in-plane components.

These results suggest that the electric field  mpe solid line is the model expectation
induces the elongation of the RuOe¢ octahedra. of the Hamiltonian of Ref. 10.
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Introduction

Single-atom alloy catalyst (SAAC) is an alloy in which a small amount of functional metal
atoms are deposited and embedded in the surface of a metal substrate. The deposited atoms give
a new specific function to the substrate, where the main catalytic activity of the substrate is still
active [1]. When high-resolution XPS measurement is performed using high-intensity
synchrotron radiation, a very small amount (a few percent or less) of embedded atoms on the
substrate surface can be detected, and their chemical states can be clearly identified.
Furthermore, it is possible to observe the changes in the electronic and chemical states of the
adsorbed atoms/molecules as well as the catalyst surface in ambient conditions using NAP-
XPS. Operando measurments using mass spectrometry and NAP-XPS can elucidate the
catalytic function of SAAC during the reaction.

In this study, we prepared a single-atom alloy catalyst (SAAC) Pd-Cu(111) and investigated
the hydrogenation of carbon dioxide (CO2) using NAP-XPS. CO; is one of the greenhouse
effect gases. At present, methanol synthesis from CO: is performed at high temperature
(~500K) and under high pressure using Cu/ZnO catalysts. This reaction is an exothermic
reaction, in which the molar number decreases for the forward direction. Thus, more active and
efficient catalysts which can be operated at lower temperature are highly demanded.

Recently, we found the desorptions of hydrogenated species after a large amount of hydrogen
exposure to formate species (HCOO) on a Pd-Cu(111) surface using temperature programmed
desorption. In the present study, we aimed to clarify the hydrogenation reaction process of CO»
on a single-atom alloy catalyst Pd-Cu(111) by NAP-XPS.

Experimental

Experiments were carried out using NAP-XPS system at SPring-8 BLO7LSU. The clean
Cu(111) was prepared in a UHV preparation chamber of NAP-XPS system. A small amount of
Pd was vapor-deposited on the surface to prepare a single atom alloy model catalyst Pd-Cu(111).
The amount of Pd deposited was estimated to be 0.02 ML (monolayer). In a NAP cell, CO» (0.9
mbar) and H» (0.5 mbar) were introduced under isothermal conditions near room temperature.
During this process, the model catalyst surface was observed by NAP-XPS. Next, the substrate
temperature was raised stepwise by heating under constant pressure of CO2 (0.9 mbar) and H>
(0.5 mbar).

Results and discussion

Before the introduction of mixed gases (COz + Hz), only H> was gradually introduced in the
NAP cell at 300 K up to 3.0 mbar, and the model catalyst surface was investigated by NAP-
XPS; the core-level spectra of Cu 2p, Cu LVV Auger, Cu 3p, and Pd 3d were measured.
However, any peak shifts due to hydrogen adsorption and an appearance of new peaks were not



observed under the present conditions. Even if the dissociative adsorption of hydrogen occurs,
hydrogen is thermally desorbed at room temperature, i.e., a sufficient amount of hydrogen is
not adsorbed on the surface.

CO2 (0.9 mbar) and H» (0.5 mbar) were introduced into the NAP cell at 300 K, and Pd3d,
Cls, and Ols were observed by AP-XPS (see Fig. 1). Based on our previous study [2], major
surface species were attributed to CO3 species; a small amount of atomic oxygen were also
observed. In the case of Pd3d, a small peak was newly observed on the high binding energy
side. This may be assigned to the Pd atoms bonded to atomic oxygen species.

When heating the sample from 300K to 500K, the C1s and O1s peaks originating from COs
species were observed up to 375K but almost disappeared above 390K. The O1s peak attributed
to atomic oxygen almost disappeared above 375K. On the other hand, the peak derived from
carbon species (~284 e¢V) gradually increased with heating.

The present study suggests that the dissociation of CO> and the formation of CO3 and O
species occur at 300 K (disproportionation). However, no experimental evidence was detected
to indicate hydrogenation of CO; at the present experimental conditions. Therefore, in order to
achieve a sufficient amount of adsorbed hydrogen atoms at the surface to induce hydrogenation,
lower temperature and/or higher H» pressure may be needed.
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- Figure 1 A series of XPS spectra of C s, O 1s and Pd 3d of the Pd-Cu(111) surface
under CO2 (0.9 mbar) and H» (0.5 mbar) at 300 K and subsequent heating.
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Introduction

When a hydrogen atom is bonded to metal, the chemical state of hydrogen can be classified
into atomic hydrogen (H), proton (H") or hydride (H"), or an intermediate state between them;
it can easily change, depending on its surrounding environment. The chemical state of metal
which is bonded to hydrogen also changes accordingly. By utilizing various hydrogen species
on a metal surface, a new reaction path can be developed for "highly selective", "very
difficult" and/or "highly efficient" processes. One might think that a metal is “reduced” when
it is bonded to hydrogen. However, when neutral hydrogen takes an electron from metal and
it becomes hydride (H°), the metal is now “oxidized”. Using high-resolution X-ray
photoelectron spectroscopy (XPS), the chemical state of metal can be elucidated at each site,
based on the chemical shift of its core level peak. In the case of surface chemistry, we can
trace the chemical states of surface and bulk during the processes including hydrogen
adsorption, absorption and desorption. Although the formal charges of hydrogen and metal
have been estimated based on valency in a hydrogen-containing metal complex, one can
experimentally elucidate the chemical state of a metal atom using XPS. In this study, we
planned to perform ambient pressure (AP) XPS measurements of metal-alloy nanoparticles
and multinuclear metal complexes in the presence of hydrogen.

Experimental

In this beam time, we carried out XPS measurements of Pt nano particles and Pt7sPdz2s nano
particles synthesized by Yamauchi group at Kyushu University, and multinuclear Ti
complexes including TisN4 [CsMesSiMes]4 synthesized by Shima group at RIKEN (hereafter
abbreviated as Ti4N4 complex).

(A) In the case of Pt and Pt;5Pd>s nano particles, these nano particles were deposited on a
Au foil. First, we measured Pt 4f and Pd 3d XPS in vacuum at room temperature. Next, the
sample was heated to 250 °C in vacuum, and Pt 4f and Pd 3d XPS spectra were measured in
vacuum at room temperature. Finally, the sample was heated under H, (20 mbar) at 250 °C
for 20 minutes, and XPS of Pt 4f and Pd 3d measurements were performed at room
temperature.

(B) In the case of Ti4aN4 complex, a small amount of Ti4N4 complex was dissolved in
degassed n-hexane in an Ar glove box and 5 pL of this solution was dropped on a PdCu alloy
substrate. After evaporating and drying the sample solvent, the sample was carefully moved
from the glove box to the load-lock chamber of the AP-XPS system using a vacuum transfer
device. First, we measured XPS spectra of Ti 2p, C 1s, O 1s and N s in vacuum at room
temperature. Next, Hz gas (5 mbar) was introduced and subsequently evacuated; during this
process AP-XPS measurement was carried out for Ti 2p, C 1s, O 1s and N Is.

Results and discussion
(A) XPS spectra of Pt nano particles and Pt;5sPd>s nano particles during the above processes
were obtained. When comparing the XPS spectra of the as-installed sample and the heated



sample at 250°C, we confirmed that the O 1s intensity was decreased after heating, but a
remarkable change in the spectral shapes of Pt 4f and Pd 3d was not observed. Even after
heating at 250°C under H> pressure (20 mbar) for 20 minutes, no significant change was
observed in Pt 4f and Pd 3d XPS in vacuum. Thus, the significant surface segregation of Pd
atoms in the alloy nano particle was not observed under the present hydrogen pressure and
heating conditions.

(B) Our previous experiments suggested that the present Ti4N4 complex reacts with oxygen
and water, and it is easily oxidized. In this experiment, we carefully prepared the sample and
transferred it to the AP-XPS chamber as described above. Figure 1 shows Ti 2p, C 1s, O 1s and
N 1s XPS spectra of TiaN4 complex on a PdCu substrate. Ti 2ps/2 and N1s peaks were observed
at 456.8 eV and 397.2 eV, respectively, indicating that Ti takes a tetravalent state and N atoms
are bonded to the metal. Next, we also carried out AP-XPS measurements during the H»
exposure and pumping processes. Upon Ha exposure, we found the disappearance of N 1s peak,
the increase of Ols and the peak shift of Ti 2p3.2 to 459.6eV. These results indicate that there
is no nitrogen in the complex and it was oxidized. We assume that upon H» exposure the partial
pressure of water vapor was increased in the AP cell by some reactions between hydrogen and
the inner wall of a stainless-steel AP cell, and thus produced water reacts with the complex.

For future work, we need to control the gases in the AP cell to eliminate the possibility of
oxidation of metal complex.
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Figure 1 Ti 2p, C 1s, O 1s and N Is XPS spectra of TisN4 complex deposited on a PdCu
substrate. XPS measurements were carried out in vacuum at room temperature (hv =680 eV).
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Introduction

From the viewpoint of building a sustainable society, developing a renewable energy
resource is an important subject in the modern science and technologies. Water splitting reaction
where water molecules (H>O) are decomposed into hydrogen (Hz) and oxygen (O») is expected
to be a key reaction to achieve a renewable energy process. Photocatalysts and photoelectrodes
play a central role in the water splitting reaction utilizing sunlight. Semiconductors such as TiO»,
a-Fe>O3 is typical photocatalysts/photoelectrodes. They have been developed for several
decades and new materials are still explored to enhance its catalytic efficiency for our daily use.
Fundamental studies on the mechanisms of photocatalysts/photoelectrodes have been based on
theoretical calculations, electrochemical methods and spectroscopic studies. X-ray absorption
spectroscopy (XAS) is a new trend to study the excited states of photocatalytic materials.
XAS can address local symmetries and electronic states of a specific element in the material
under investigation and give complementary information which is not provided from optical
spectroscopies. In order to understand dynamics of excited states of photocatalysts and
photoelectrodes, we measured thin films of hematite (a-Fe2O3) and copper tungstate (CuWOs).
a-Fe;03 and CuWOq are have been studied as photoelectrodes for solar-assisted water splitting
reaction. We have already measured fast carrier dynamics of both the samples based on
femtosecond XAS measurements in PAL-XFEL. ! We focused on how the photoexcited states
are progressed in hundreds of picoseconds. Here, we will present the result of the transient XAS
study on the photoexcited state of a-Fe203, which has been recently published in ref. 1.

Experimental details

Pump probe XAS experiments were performed at BLO7LSU, SPring-8. An illustration of
the setup employed in this study is displayed in Figure 1 (a) and the details of the setup is
described in ref. 2. The repetition of the excitation laser was ~1 kHz and its wavelength was
~400 nm which was generated by doubling the fundamental wavelength of a Ti:Sapphire laser
(~800 nm) using a BBO crystal. The samples were thin films of a-Fe,O3; and CuWO4 deposited
on an Indium-Tin-oxide-coated glass substrate. The thickness of the samples was ~ 50 nm.

Results

Transient XAS measurements by the sample current: In our experiments, an x-ray chopper
developed in SPring-8 was employed in order to select x-ray synchronised with an excitation
laser.® In the previous experiments 2, the signals from the x-ray pulses synchronised with an
excitation laser were accumulated by using electric gates. Although the x-ray signals can be
efficiently by this method, a fast-response detector (response time: nanoseconds) is needed to
be employed. The x-ray chopper can isolate the x-rays synchronised with the laser and only the
selected x-rays hit a sample. As the consequence, a relatively slow-responce detector (~
miliseconds) could be employed. In our beamtime, we tried to measure transient XAS by
measuring the sample current in addition to counting photoelectrons from the sample. transient
XAS of the a-Fe>O3 sample was measured by the sample current.
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which should extend the choice of the samples to be measured. It would be possible to
distinguish transient signals from bulk and from surface of a sample when the sample current
and PEY are employed at the same time.

The transient XAS of a-Fe203: Transient Fe Liir XAS of hematite was measured by a partial
electron yield (PEY) detection. The fluence of the excitation laser was set to 10 mJ/cm?, which
is below the damage threshold of the sample. The transient XAS at a delay time of 80 ps is
shown in the central panel of Figure 1. There are three distinctive transient features found
around 708.6, 709.6 and 710.2 eV. The transient feature around 709.6 eV was also observed by
the transient experiments in PAL-XFEL, which appeared just after the sample was excited by
the laser.! The transient feature originates from the creation of Fe(II) species compared by the
theoretical calculations. The transient features seen around 708.6 eV and 710.2 eV were not
observed at faster delay time (< 10 ps) in PAL-XFEL. These new features could come from
local structural changes which happens between 10 ps and 80 ps after the photoexcitation. Small
polaron creation in a hematite thin film was observed around a delay time of 1 ps after
photoexcitation by femtosecond transient extreme ultraviolet spectroscopic experiments®,
Further local structural changes could happen in later delay time. Considering the time range
of water splitting reaction, the excited state of hematite should be important to understand the
driving force of the water splitting reaction. We have also measured transient XUV spectra of
several hematite samples by a delay time of 1 ns. We would like to combine the transient Fe L
XAS data with the XUV data to understand more details of photoexcited states of hematite.
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Development of new anode materials based on earth abundant transition metals for water
splitting is strategically important for industrial and large-scale applications. Water splitting
has been considered one of the most promising strategies for energy conversion and storage.*
Here, we study Co3z04 spinel on electrode surfaces by spectroelectrochemistry. The spinels are
synthesized as nanoparticles of around 10 nm that form aggregates of 100-300 nm diameter.
The materials are drop cast on the electrode surface, in this case a gold-coated SiN window.
In order to stabilize the small catalyst particles (particle size 300 nm) on the electrode surface,
Nafion is used as a binder. Unfortunately, Nafion showed extreme X-ray sensitivity during
our experiments. Being a fluorine-rich polymer, the F K-edge at 690 eV absorbed the X-rays
and damaged the polymer structure, which resulted in a simultaneous decrease of the Co
intensity.
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Figure 1. Co L-edge XAS (top-left) and 2p3d RIXS spectra of an we also measured spectra from
ele?ctrode preparedg by drc(Jp pcasti)ng C0204 nanopa?rticles and Al2C004, C02Zn04 and CoO 6}5
Fumion as a binder. The conditions are indicated on the figure, the ~ powder samples. The Al,CoOq is
electrolvte was KOH 0.1 M. a spinel, where the Co®" at the
On sites has been substituted

with AI¥* atoms. Similarly, on the C02Zn0s, the T4 Co?* has been substituted with Zn?* ions.
CoO has a NaCl-like structure with all the Co?* ions in a On geometry. The total electron yield
Co L-edge XAS shown in Figure 2 (left), correspond to what would be expected for a Co®*
HS in the case of the C02Zn04. The lower Lz edge position for the CoO and Al2CoOs is also
in agreement with a lower oxidation state of the cobalt and the different fine structure may
reflect the different multiplet structure resulting from a T4 vs an On coordination geometry.
The Al>2Co0s4 L3 edge shows a broad peak around 785 eV that at this point we suspect is an
artefact. The RIXS spectra of the CoO show a well-defined feature at 0.9 eV and a second
feature that appears at higher excitation energies at 2 eV. The Al2Co04 has 2 features at 0.5
and 0.9 eV. At higher incident energy an additional band appears at 2 eV. The C02.Zn0O4 does
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not show any well-defined bands, only a peak a 1.8 eV and at higher excitation energies
(780-784 eV, not shown) a broad band was observed. The 2p3d RIXS spectra have been
compared to the powder Co3sO4 measured at Sextants (Figure 2, right). The spectra have been
normalized to the elastic peak, except for the spectra at 779 where the elastic peak was quite
weak. At low excitation energies there is a band at 0.75 eV, most likely resulting from the
Co?* sites on the spinel, while as the excitation energy is increased the most prominent
features at around 2 eV could be assigned to the Co®" sites, demonstrating the potential of
2p3d RIXS to study such materials. Multiplet calculations are planned for the near future to
analyse these results in detail.
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Figure 2. Co L-edge XAS (TEY) from powder samples (left) and 2p3d RIXS (right) of the same samples at
three different incident energies. The spectra of Co304 powder measured at SOLEIL Sextants beamline was
added to the figure as a comparison.

No significant changes were observed for the CosO4 particles under different applied
electrode potentials. This could be a limitation of the experimental setup used in soft X-ray
measurements. Electrochemistry takes place at the interface with the electrolyte. If particle
films are too thick and the changes with the applied potential take place far from the electrode
surface, the X-ray beam may not penetrate enough on the film to observe any changes.
Another possibility is that the particle conductivity is too small, as a result, only a minor
fraction of the film may be under potential control. Consequently, we may be measuring all
the time the bulk of the particles, which remain unresponsive to the applied potential (see

Figure 3). We have repeated these
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size (assuming particles of around 150 nm in  thicknesses on electrodes to see if we can

diameter). overcome this  limitation in  future
experiments.
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Development of new anode materials based on earth abundant transition metals for water
splitting is strategically important for industrial and large-scale applications. Water splitting
has been considered one of the most promising strategies for energy conversion and storage.*
Cobalt oxide films electrodeposited from Co?* salts in neutral pH buffered solutions show
high catalytic activity at low overpotential in mild environments, combined with extended
stability as a result of a self-healing mechanism.? Although this catalyst has been studied over
the last years using different spectroscopic techniques (including operando Co K-edge XAS)
and EPR, most of the studies presented so far, did not employ ultra-pure electrolytes and it
has recently been shown that trace amounts of iron dramatically improve the catalytic
performance of such materials.® At this point, the role of iron in catalyst activation is still not
fully understood.

We measured the Co L-edge XAS while we were electrodepositing Co oxide on the
electrode from a solution of Co(NO3). 0.5 mM in phosphate buffer solution (PBS) at pH 7.0.
In Figure 1, one can see that the electrode did not contain any Co. Once the cell was filled
with the Co(NOz)2 solution, but kept at open circuit potential (OCP), we can already detect a
cobalt signal from the Co in solution. As we apply a potential of 0.9 V (vs Ag/AgCl), the
intensity of the Co L-edge increases. After the second 60 s potential pulse, the intensity does
not increase any further, indicating that either the film does not grow anymore, or that the film
is too thick and the growth goes beyond the penetration limit of the X-rays. After the
electrodeposition, the electrolyte was switched to PBS without cobalt. Unfortunately, the Co
signal rapidly disappears upon changing the electrolyte. Even if the potential was kept high to
stabilize higher oxidation states on the film. If the electrolyte was switched to KOH 0.1 M,
the films were more stable so that we could measure spectra at different applied potentials as
a result of the lower solubility of Co at high pH.
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Figure 1. Co L-edge XAS of an electrode where Co was electrodeposited. On the left, the spectra measured

during electrodeposition are shown. Measured in PBS pH 7.0 and in the presence of Co(NO3), 0.5 mM in
solution. On the right figure, the L-edges measured at different applied electrode potentials in KOH 0.1 M.



Interestingly, the Co L-edge shifts to higher energy at 0.7 V (vs Ag/AgCl), with a maximum
intensity for the Lz at 782 eV, similar to what was measured for C0,ZnQO4 (see our 2019
activity report on spinel Co30s), suggesting that the cobalt has been oxidized to Co®*. On the
other hand, when the potential was increased and the catalyst started doing water oxidation
the L-edge maximum shifts to lower energy (Figure 1).

The 2p3d RIXS spectra of these electrodeposited Co oxides is less structured than that
measured for the spinel systems. The operando measurements showed just a small change at
779 eV excitation energy, where the spectra recorded at the highest potential did not show a
separate feature at 1 eV (Figure 2).
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Figure 2. Corresponding 2p3d RIXS spectra measured for the electrodeposited Co oxide film shown in figure
6 at 3 different incident energies as indicated on the figure. Measured in KOH 0.1 M.

Operando studies in the soft X-ray regime are extremely challenging. On one hand, the
experimental setup requires a vacuum environment, which makes the design of the
spectroelectrochemical cell challenging. Nevertheless, we have successfully designed a cell
that operates on a three-electrode configuration. The cell did not leak during the
measurements.

The electrodeposited films showed a small response to the applied potential. We could
monitor the film growth by following the Co L-edge XAS. Under basic pH conditions, the
measured spectra suggest the formation of Co®" at applied potentials just before the catalytic
wave starts. Under turnover conditions, the Ls edge shifts to lower energy, suggesting a Co
configuration. This may be because the rate-limiting step is the oxidation of Co?*, and once
this state is formed, water oxidation takes place at a fast rate, and the higher valence states
cannot be observed on the time scale of the experiment. This contrasts with what we have
measured using in situ EPR for the same catalyst, where a Co*" signal was detected.*
Nevertheless, EPR measurements are not real operando experiments, since the measurement
requires low temperatures (10K). The freezing process may slow down the catalytic cycle and
allow the detection of Co**.
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