
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=gsrn20

Download by: [Tamkang University] Date: 01 April 2017, At: 18:00

Synchrotron Radiation News

ISSN: 0894-0886 (Print) 1931-7344 (Online) Journal homepage: http://www.tandfonline.com/loi/gsrn20

Photon-In/Photon-Out Soft X-ray Spectroscopy at
the TPS 45A Beamline

C.-L. Dong, J.-W. Chiou, H.-M. Tsai, H.-W. Fu, H.-J. Lin, C.T. Chen & W.-F. Pong

To cite this article: C.-L. Dong, J.-W. Chiou, H.-M. Tsai, H.-W. Fu, H.-J. Lin, C.T. Chen & W.-F.
Pong (2017) Photon-In/Photon-Out Soft X-ray Spectroscopy at the TPS 45A Beamline, Synchrotron
Radiation News, 30:2, 24-29, DOI: 10.1080/08940886.2017.1289802

To link to this article:  http://dx.doi.org/10.1080/08940886.2017.1289802

Published online: 31 Mar 2017.

Submit your article to this journal 

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=gsrn20
http://www.tandfonline.com/loi/gsrn20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/08940886.2017.1289802
http://dx.doi.org/10.1080/08940886.2017.1289802
http://www.tandfonline.com/action/authorSubmission?journalCode=gsrn20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=gsrn20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/08940886.2017.1289802
http://www.tandfonline.com/doi/mlt/10.1080/08940886.2017.1289802
http://crossmark.crossref.org/dialog/?doi=10.1080/08940886.2017.1289802&domain=pdf&date_stamp=2017-03-31
http://crossmark.crossref.org/dialog/?doi=10.1080/08940886.2017.1289802&domain=pdf&date_stamp=2017-03-31


Technical RepoRTs

 24 Vol. 30, No. 2, 2017, Synchrotron radiation newS

Introduction
Owing to the current energy crisis and extreme changes in the global 

climate, there is great interest in finding renewable energy resources. 
Vast progress has been made in the development of new materials 
related to renewable energy, and their physical/chemical properties 
can be tailored by nanostructuring and other advanced synthetic ap-
proaches. In many important energy systems, such as solar hydrogen 
systems, the atomic/electronic structures of materials and fundamen-
tal interfacial phenomena of systems critically determine the energy 
conversion efficiency of materials [1, 2]. Without knowledge of the 
fundamental electronic structures of the materials during conversion 
reactions, better engineering of the material for practical use is difficult. 
Understanding and controlling the interfaces in energy generation/con-
version/storage materials requires in-situ/operando approaches [3, 4]. 
The Taiwan Photon Source (TPS) Soft X-ray Spectroscopic beamline 
provides the capabilities for X-ray absorption (XAS) and X-ray emis-
sion (XES) spectroscopies, which can be utilized to investigate unoccu-
pied (conduction-band) and occupied (valence-band) electronic states, 
respectively. Moreover, resonant inelastic X-ray scattering (RIXS) can 
be used to study intra-band (including d-d or f-f excitations) and inter-
band (charge transfer) transitions [5, 6]. The former provides details 
about electronic energy splitting in various crystal fields and the latter 
involves electron transfer between a metal and a ligand, which deter-
mines chemical activity [7, 8]. 

The penetration depth of X-ray photons is typically approximately 
hundreds of nanometers, so X-ray-based spectroscopies are generally 
bulk-sensitive. Therefore, not only solid samples, but also gas and 
liquid samples can be studied by using a thin window with a certain 
transmittance to separate the gas or liquid from the vacuum. The suc-
cessful introduction of the in-situ/operando technique in synchrotron 
facilities has opened up renewable energy research using soft X-ray 
spectroscopy. The most important achievement to elucidate liquid elec-
tronic structures by soft X-ray spectroscopy was the development of 
the flow liquid cell by Guo et al. [9], which was followed by the direct 
observation of Cu thin film during reduction/oxidation processes us-
ing an electrochemical cell by the same group at the Advanced Light 
Source (ALS) [10]. Notably, many (electro)chemical reactions that oc-
cur in liquids are of great importance to biological systems or to en-

vironmental science. Such a liquid usually has a high vapor pressure, 
which inhibits the experimental access in the soft X-ray energy range 
in an ultrahigh vacuum (UHV). A static liquid cell is composed of a 
metal/PEEK container and a thin membrane window of Si3N4, which 
is 100 nm thick and has an area of 1 mm × 1 mm (or 0.5 mm × 0.5 
mm). This membrane enables it to be sustained in the different pres-
sures and separates the liquid from the UHV, but it allows considerable 
X-ray transmission (for example, the transmission of the X-ray is ap-
proximately 66% and 80% at the O K-edge and the 3d transition metal 
L3,2-edge, respectively). The electronic structures of liquid water and 
water molecules reveal how hydrogen bonds change from the liquid 
phase to the gas phase; they are obtained using XAS/XES with a static 
liquid cell, and have been reported elsewhere [11]. Another important 
application of the static liquid cell involves air-sensitive samples. Such 
samples can be stored in their growth environment to prevent oxidation. 
The first example involves the electronic structures of various particle 
sizes of Co nanocrystals that are suspended in liquid, determined us-
ing XAS/RIXS [7]. Surprisingly, as no solid reference had previously 
exhibited such a feature, a sharp absorption feature at the Co L3,2-edge 
was observed at approximately 784 eV for the first time by Liu et al. [7]. 
This new feature is the evidence of metal-ligand charge transfer, which 
was also verified by RIXS spectra, revealing the growth mechanism of 
Co nanocrystals in a liquid. When soft X-ray energy is likely to dam-
age a sample, the use of a flow liquid cell is a favorable solution. The 
flow cell is conceptually similar to the static liquid cell, but it has a few 
more components, including a liquid pump (to provide flowing liquid) 
and valves (to protect the vacuum and electronics in case the window 
breaks). This concept was realized in 2007 [9]. The flow liquid enables 
fresh samples to undergo soft X-ray spectroscopic measurement. 

In-situ/operando soft X-ray spectroscopy at TPS 45A
Soft X-ray spectroscopy at TPS Phase-I is expected to be the subject 

of renewed interest, particularly owing to the new research opportuni-
ties that are provided by the high brightness and high performance of the 
instrument [12]. The TPS 45A beamline initially was proposed by three 
major institutes: the National Synchrotron Radiation Research Center 
(NSRRC), the Max Planck Institute (MPI) for the Chemical Physics of 
Solids, and Tamkang University (TKU). A 3.8 m EPU46 undulator was 
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Parameter Unit Current TPS

Energy GeV 3

Stored electron current mA 500

Parameter Unit Current EPU46

Magnet period length mm 46

Number of period Nperiod 83

Peak field T 0.59

Deflection parameter Kmax 3.57

Total magnet length m 3.8

Minimum magnet gap mm 13

installed in the 7-m-long straight section in this beamline as the photon 
source. Table 1 presents the source parameters of the EPU46. Figure 
1 displays the layout of the TPS 45A beamline. A deflection mirror 
at this beamline devises two end-stations, which are dedicated to soft 
X-ray angle-resolved/angle-integrated photoemission spectroscopy 
(PES) and XAS/XES/RIXS measurements, and which will primarily 
be utilized by the MPI and TKU groups, respectively. Users for the 

MPI branch have demanded a high-resolution of PES measurement. As 
shown in the inset of Figure 1, when the first harmonic of the undulator 
is used, the throughput of the insertion device exceeds 1 × 1015 photons 
s-1(0.1%bw)-1. The energy range of this beamline is from 280 to 1500 
eV, covering the C, N, and O K-edge and the L3,2- and M4,5-edge of the 
transition metal and rare-earth ions. The total length of the beamline 
is approximately 52 m, measured from the center of the EPU46 to the 
TKU end-station. The distance from the center of the source to the first 
optical element (HFM) is 24.5 m. Given the focusing conditions and 
the photon flux, a Kirkpatrick-Baez (KB) mirror system is preferred for 
this beamline. Two pairs of KB mirrors, comprising one horizontal and 
one vertical mirror, are respectively placed before and after the grating 
to pre- and re-focus the undulator beam with an effective size of 240 
μm horizontally and 20 μm vertically, down to the sub-micron scale at 
the sample position. The two horizontal KB mirrors are arranged ac-
cording to a two-stage demagnification scheme (0.192 × 0.019), and the 
horizontal beam size is controlled using a slit at the first horizontal focal 
point. With this slit wide open, the beam size at the sample position is 
1.2 μm horizontally and 0.4 μm vertically, assuming that the opening of 
the grating monochromator exit slit is 1 μm wide. A sub-μm horizon-
tal beam size can be obtained by reducing the width of the horizontal 
opening of the slit at the first horizontal focal point. This beamline is 
typically of the Dragon type and has an active grating monochromator 

Table 1: EPU46 source parameters

Figure 1: Layout of soft X-ray spectroscopy TPS 45A beamline; inset plots photon flux of EPU46 as a function of energy.
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with a ruling density of 1200/600 l/mm. The total length of the arm 
of this monochromator is 10 m. The distance from the entrance slit to 
the grating is 4 m and that from the grating to the exit slit is 6 m. The 
grating holder is designed to bend to enable the position of the exit slit 
to be adjusted and to eliminate thermally induced local bumps on the 
grating surface. The spot-size at the sample position is thus kept almost 
constant. The TKU branch is used for making high-photon-flux XAS 
and XES/RIXS measurements. It is therefore designed to have a photon 
flux of greater than 1 × 1012 photons/sec. The beam size at the sample 
is approximately 3 μm × 3 μm (H × V). A high-resolution emission 
spectrometer-variable line spacing (VLS) grating spectrometer was in-
stalled at the TKU end-station. Two gratings (9000 and 18000 lines/cm) 
were used; the low-density grating covers photon energies from 250 to 
500 eV, while the high-density grating covers photon energy up to 1200 

eV. The resolving power is optimized at two target photon energies, 
285 eV (C) and 640 eV (Mn), and is approximately 5000. As presented 
in Figure 2, the TKU end-station provides an in-situ electrochemical 
and gas/liquid reaction cell and provides unique possibilities for in-situ 
XAS and XES/RIXS measurements. 

Elucidating electronic structures during an electrochemical re-
action of energy materials, such as batteries and photoelectrochemi-
cal materials, is essential to better understand the energy conversion 
mechanism. Unlike other in-situ techniques, such as X-ray diffraction, 
Raman spectroscopy, or scanning probe microscopy, in-situ soft X-ray 
spectroscopy directly provides information on electronic structures, 
which is critical for tracking the charge states of active elements during 
a chemical reaction. A novel in-situ electrochemical cell can be used in 
the real-time monitoring of electronic structural changes in any stage of 

Figure 2: Photograph of TKU end-station, including VLS spectrometer, XEOL and XMCD facilities.
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the electrochemical cycle. A color-switchable V2O5 smart thin film was 
tested herein as the model system. Figure 3 presents in-situ XAS spec-
tra that were acquired at the Taiwan Light Source (TLS) during electro-
chemical reactions. The color of the film and the corresponding spectral 
evolutions are observed to be functions of the bias potential [13, 14]. 

Another promising application is the use of AM 1.5 simulated sun-
light to induce photoelectrochemical reactions under real operating 
conditions. The TKU end-station is equipped with an optical fiber that 
provides AM 1.5 simulated sunlight, enabling material to be studied 
in the dark and under illumination with/without the application of bias 
potential. Braun et al. [15] were the first to study Si-doped hematite 
using in-situ electrochemical XAS. They observed the generation of 
two states (iron- and oxygen-related holes) when a bias potential was 
applied only under illumination by simulated sunlight, and these holes 
generated a photocurrent. Figure 4 shows the ZnO nanorods that are 
coated with a thin layer of Fe2O3 and used to split water. The Zn K- and 
Fe L3-edge exhibit opposite spectral evolutions with respect to intensity 
(according to work done at TLS), indicating possible electron transfer 
during water splitting under sunlight [16]. 

The mechanism of the catalytic reactions on some important nano-
structured catalysts, such as the catalysts of CO-CO2 conversion [17, 

18] and Fischer-Tropsch synthesis [19, 20], are debated. Thus, in-situ 
monitoring of electronic structures is important. The gasochromic 
color-switchable V2O5 was used as a simple model system to test the 
function of a gas reaction cell, which has a similar configuration to that 
of an electrochemical cell. The left panel in Figure 5 shows signifi-
cant spectral changes as a function of the reaction time with hydrogen 

Figure 3: (Top panel) Photographs of electrochromic V2O5 thin films un-
der various bias potentials. (Bottom panel) In-situ electrochemical XAS at 
the V L3,2- and O K-edge for electrochromic V2O5 thin films at three bias 
potentials. 

Figure 4: In-situ XAS at the Fe L3,2- and Zn K-edge for Fe2O3/ZnO 
nanorods with core-shell structure. 

Figure 5: In-situ gasochromic XAS spectra at the V L3,2-edge recorded in 
TFY mode (left panel) and TEY mode (right panel) for V 2O5 thin films fol-
lowing gasochromic reactions with H2 for various durations. Inset displays 
the in-situ gas cell used in TFY and TEY collection modes. 



Technical RepoRTs

 28 Vol. 30, No. 2, 2017, Synchrotron radiation newS

gas, revealing variation of the charge state of vanadium. Notably, these 
spectra were recorded in total florescence yield (TFY) mode, which 
generally suffers from the saturation effect and distorts the absorption 
intensity. Therefore, the in-situ gas cell has been upgraded to collect the 
total electron yield (TEY) signal. The right panel in Figure 5 also shows 
the in-situ XAS spectra that were recorded in TEY mode at the TLS 
for V2O5 during a gasochromic reaction. Remarkably, the XAS spec-
tral profile was corrected and differs significantly from that obtained in 
TFY mode. The data are now comparable with those obtained using a 
solid V2O5 reference. 

X-ray excited optical luminescence (XEOL) and  
X-ray magnetic circular dichroism (XMCD)

The TKU end-station is equipped with XEOL and XMCD facilities, 
as shown in Figure 2. XEOL is the emission of optical photons follow-
ing the absorption of X-ray of a selected energy, often across an ab-
sorption edge. The XEOL spectrum tracks optical emission following 
X-ray excitation. It differs from conventional photoluminescence (PL) 
in that it preferentially excites the core electrons of a specific atom in 
a particular chemical environment; access to highly excited states and 
the thermalization of the photoelectrons/Auger electrons and holes in 

Figure 6: XEOL of GNFs:N and GNFs at the N K-edge (a, d), C K-edge (b, e, g), and O K-edge (c, f, h).
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the system of interest primarily contribute to the luminescence. XEOL 
has been demonstrated as a powerful tool for tracking the efficiency of 
a luminescence channel across absorption edges of atomic-site spec-
ificity, especially in the soft X-ray region [21, 22]. The main differ-
ence between the XEOL and PL techniques is that the incident energy/
wavelength in the former is adjustable, while in the latter technique 
only a single incident wavelength can be used. The X-ray is strongly 
penetrating and it can be used to study the bulk nature of a material. 
The incident photon energy can be selected and scanning at a specific 
absorption edge used to elucidate the correlation between luminescent 
defects and associated electronic structures. Figures 6(a-h) display the 
XEOL spectra of graphene nanoflakes (GNFs) and nitrogen-functional-
ized GNFs (GNFs:N) at the N K-edge (a, d), C K-edge (b, e, g) and O K-
edge (c, f, h), respectively, as three-dimensional (3D) plots of excitation 
energy versus optical emission, in which the intensity is represented by 
color (z-axis) [21]. The 3D plots that combine XAS and XEOL results 
reveal the relationship between the electronic structures of a specific 
site and near-band-edge emission/defects in the samples. Clearly, the 
XEOL technique can detect not only the effects of a defect on lumi-
nescence, but also the relationship between this effect of sites and their 
electronic structures. The laser scanning confocal microscope (LSCM) 
in the TKU end-station is installed not only for this purpose, but also to 
focus a light spot on a micro-area (0.6 × 0.6 μm2) to enable study of the 
effect of point defects in the micro-region on the optical properties of 
optoelectronic materials and their electronic structures. The LSCM has 
a pair of pinhole apertures to limit the focal plane of the specimen to a 
dimension of approximately a micron. Relatively thick specimens can 
be imaged in successive volumes by acquiring a series of sections along 
the optical (z) axis of the microscope. In the XEOL system, an iHR320 
image spectrometer was used; it has one automatic entrance slit, one 
exit slit, one CCD port, and supports on-axis rotation of three gratings 
(1800/600/150 gr/mm) with a turret and a wavelength detection range 
of 200 ~ 1100 nm. Fast photomultiplier tubes were used, as they can de-
tect wavelengths from 230 to 900 nm with an instrument response time 
of less than 200 ps. An experiment was performed using the standard 
pump-probe time-correlated single photon counting technique, with a 
375 nm pulse laser head with a single-mode fiber and a diode laser 
driver to generate picosecond pulses, five internal repetition rates (0.5 
to 8 MHz), and an external trigger input.

XMCD is also an extremely powerful method for studying materi-
als that exhibit ferromagnetic coupling. The elemental specificity and 
chemical sensitivity make XMCD unique. The XMCD facility in the 
TKU end-station is composed of a coil magnet (GMW magnet) that is 
controlled by a bi-polar power supply, and a compact UHV chamber, 
as presented in Figure 2. The magnetic field that is generated at the 
sample can be rapidly flipped from between +2T to –2T within 500 
ms. The sample holder has an electrical contact so the XAS spectrum 
could be recorded in TEY mode directly from the sample. A metal mesh 
behind the sample holder enables detection in transmission mode. The 
transmission mode is particularly useful for an insulating material or a 

material without good electrical conductivity. Temperature-dependent 
XMCD can be used with two options. Liquid nitrogen cooling uses a 
general-purpose sample holder in which several samples can be loaded 
at once. A liquid helium cryostat is also used to make measurements at 
temperature ranges of a few K. 
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