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Abstract

A Johann-type X-ray spectrometer was successfully developed at the hard X-ray branch (in-vacuum undulator with a 24-mm
periodic length) of the energy material beamline (E-line) at the Shanghai Synchrotron Radiation Facility (SSRF). This
spectrometer was utilized to implement X-ray emission spectroscopy (XES), high-energy resolution fluorescence-detected
X-ray absorption spectroscopy (HERFD-XAS), and resonant inelastic X-ray scattering. Seven spherically bent crystals were
positioned on the respective vertical 500-mm-diameter Rowland circles, adopting an area detector to increase the solid angle
to 1.75% of 4 = sr, facilitating the study of low-concentrate systems under complex reaction conditions. Operated under
the atmosphere pressure, the spectrometer covers the energy region from 3.5 to 18 keV, with the Bragg angle ranging from
73° to 86° during vertical scanning. It offers a promised energy resolution of sub-eV (XES) and super-eV (HERFD-XAS).
Generally, these comprehensive core-level spectroscopy methods based on hard X-rays at the E-line with an extremely high
photon flux can meet the crucial requirements of a green energy strategy. Moreover, they provide substantial support for
scientific advances in fundamental research.

Keywords X-ray emission spectroscopy - High-energy-resolution X-ray spectrometer - Johann geometry - Energy
materials - SSRF
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platform can facilitate the acquisition of extensive atomic
structures for energy materials in situ or operando environ-
ments [6, 7].

X-ray emission spectroscopy (XES) is recognized as the
decay process following X-ray absorption owing to electron
de-excitation from a higher energy level to the core hole.
According to the Kramers-Heisenberg equation, the energy
resolution of XES relies on the core hole lifetime of 2p/3p
orbitals rather than that of the 1 s orbital, promising nar-
rower broadening compared to conventional X-ray absorp-
tion fine structure (XAFS) [8, 9]. Consequently, XES can
reveal subtle electronic structures, including charge trans-
fer, spin state, and orbital hybridization, and can distinguish
ligand types with similar scattering effects [10]. The K’
satellite of the main line lying in the lower-energy position
is ascribed to the p-d exchange interactions that are sensi-
tive to the spin state. Jaouen et al. identified the spin state
of Fe-N-C catalysts induced by external potentials under
the oxygen reduction reaction (ORR) by monitoring the
intensity changes of the K#’ peak [2, 3]. While Mossbauer
spectroscopy is considered to be the fingerprint of electronic
structures, its detection limit is restricted to several elements,
significantly hindering its general applications [11]. In con-
trast, valence-to-core XES (VtC-XES), which involves the
transmission of ligand orbital contributions to the core level
of the center atoms, is sensitive to fine electronic states and
ligand types. Consequently, VtC-XES has garnered sig-
nificant attention in the fields of catalytic chemistry, mate-
rial science, environmental science, and other fields [12].
DeBeer et al. employed Fe Kf” XES to clearly identify the
active center in the nitrogenase iron-molybdenum cofactor
as C4_, instead of N>~ or O?~ in combination with theoreti-
cal calculations, breaking the limitation that the scattering
of C, N, and O atoms is unrecognizable via conventional
XAFS [13].

In the total fluorescence yield mode, routine XAFS is
usually performed using Lytle or silicon drift detectors
(SDD) with an energy resolution of less than 100 eV. This
approach involves the collection of nearly all fluorescence
lines, including Ka and K emission lines, as well as unde-
sired noise from the supports and elastic scattering. As a
consequence, the resulting spectrum often exhibits poor
energy resolution, with fine features buried. In high-energy-
resolution fluorescence-detected X-ray absorption spec-
troscopy (HERFD-XAS), only the desired emission line is
detected by the high-energy-resolution spectrometer, mak-
ing it a powerful tool for investigating elaborate atomic and
electronic structures. For example, the dynamic structural
changes in copper(Il) phthalocyanine during the CO, elec-
trochemical reduction reaction can be determined through
Ka,-HERFD-XAS measurements. By eliminating elastic
scattering and other uninteresting fluorescence lines, the pre-
edge, shoulder, and multiple scattering features are enlarged
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in HERFD-XAS, making further data processing conveni-
ent [14]. In addition, difference spectroscopy (Ap) analysis
was also developed for X-ray absorption by subtracting the
initial spectrum from that in the reaction condition; there-
fore, only the changed state from the active/metal center
was obtained. Nevertheless, the subtraction between the two
spectra results in the Ay features being weaker; however, the
intense features in HERFD-XAS can ensure the quality of
Ay data [15, 16]. To this end, HERFD-XAS measurement
combined with the Ay analysis technique is a conclusive
tool for obtaining important pieces of information on the
chemical nature of in situ reactions.

In general, high-energy-resolution X-ray spectroscopy
spectrometers are classified into von Hamos and Johann
types, which utilize cylindrical and spherical analyzer crys-
tals, respectively, [17-19]. Without moving the crystal or
detector for energy scanning, the von Hamos-type spectrom-
eter can obtain the entire spectrum over a wide energy range.
However, the small solid angle, and thus the weak signal/
noise ratio, prevents its application in dilute samples or oper-
ando measurements. Based on a high-flux light source and
multiple crystals, the von Hamos spectrometer is appropriate
for time-resolved XES measurements. Given that the solid
angle of the Johann-type X-ray spectrometer is approxi-
mately 1000 higher than that of the von Hamos type, com-
plex materials with interfacial structures, dilute contents,
or rigorous reaction conditions can be precisely measured
using a Johann-type spectrometer. Several Johann-type
X-ray spectrometers have been developed for synchrotron
facility. Gao et al. developed a single-crystal spectrometer at
the BL14W1-XAFS beamline of SSRF with the crystal radii
of 182 and 1000 mm to study radionuclides and 3d transition
metals, respectively, [20]. Based on this, Duan et al. utilized
three crystals with a curvature radius of 1000 mm to improve
the solid angle from 0.6% to 1.87 % of the total four z sr
values placed on the corresponding Rowland circles in an
X-ray spectrometer [21-23]. Five- and seven-crystal Johann-
type X-ray spectrometers were installed in the SuperXAS
beamline at the Swiss Light Source and in beamline 6-2 at
the Stanford Synchrotron Radiation Light Source, respec-
tively [24, 25].

In this context, we report a Johann-type spectrometer
equipped with seven bent crystals developed in the hard
X-ray branch of the E line at SSRF. In the field of energy
materials, spectrometers play a crucial role in operando/in
situ high-energy-resolution X-ray spectroscopy. This tech-
nique is employed to precisely explore the local configura-
tion changes of active sites, which determine the intrinsic
performance of catalytic reactions. Detailed descriptions
of the geometric parameters, orientation, and operational
regulation modes are presented. Moreover, an in situ high-
energy resolution experiment was conducted to verify the
performance of the spectrometer.
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2 Hard X-ray branch of the E-line

Based on the SSRF which is a third-generation light source
with a 3.5 GeV storage ring and 200 mA beam current,
a hard X-ray branch of the E-line with a photon flux of
2 x 10'? photons/s (0.1%BW) at 5 keV and a beam size
of 80 pm X 20 pm was constructed using 24-pole in-vac-
uum undulators [26-30]. The E-line covers a wide energy
range from 130 eV to 18 keV and offers a comprehensive
spectroscopy characterization platform that meets the
major needs of the green energy strategy to support users
from related fields in contributing significant scientific
advances [31, 32]. The experimental station of the hard
X-ray branch constitutes a multidisciplinary platform with
an independent work hutch. The center of the experimental
station was 45.6 m away from the light source. The hard
X-ray branch is mainly employed to study the electronic
and local structures of active atoms and ions in the bulk
phase of energy materials, and is thus complementary to
the soft X-ray branch and the combined soft-hard X-ray
branch of the E-line in terms of spectroscopy techniques.
The hard X-ray branch is highly significant for the entire
beamline and is designed to address the characterization
challenges and limitations for an in-depth understanding
of energy materials. Focusing mirrors, slits, and harmonic
suppression mirrors are considered as constraints in the
optical path to meet the intricate design requirements. The
monochromator was equipped with two crystals (Si(111)
and Si(311)) that provided a monochromatic beam from
2.3 to 18.0 keV. Although Si(111) can cover the entire
energy range, the Si(311) mode is used to achieve high-
energy resolution because of its sharp rocking curve on a
high-index silicon surface. The two sets of crystals were
installed inside the monochromator for easy switching.
Monochromator performance and crystal deformation have
been proven to meet the requirements of the stability and
spot size of the beam at the end station. In addition to
considering the energy region and energy resolution, an
important factor in the selection of silicon crystals is that
the thermal expansion coefficient near 125 K is close to
zero with a relatively large heat-transfer coefficient, which
is beneficial for cooling with liquid nitrogen [33].

In addition to high-energy resolution X-ray spectros-
copy methods, X-ray Raman spectroscopy (XRS) has also
been developed to investigate the K-edge absorption of 2p
elements, including C, N, and O, and the L-edge XAS of
3d transition elements, consequently surpassing the limita-
tions of the probing depth and vacuum condition from typ-
ical soft X-ray absorption measurements. The XRS spec-
trometer comprises a sample stage, an array of 25 analyze
crystals, and a detector system located on a Rowland circle
geometry. These crystals were placed along the optical

path behind the sample point, primarily capturing the
low-q portion of the signal. A large marble load-bearing
motion platform was used to host the entire system (e.g.,
the seven-crystal spectrometer, 25-crystal XRS spectrome-
ter, and detector), which can move along both the horizon-
tal and vertical directions and ensure the relative position
relationship among these devices. Thus, the experimental
efficiency is effectively improved. Furthermore, slide rails
were set under this large platform to accommodate a wider
range of the X-Y direction movements.

In other words, the hard X-ray branch design was opti-
mized in terms of the energy range, photon flux, energy
resolution, and operando conditions to meet the crucial
requirements of the applied research field. An in situ SRXS
measurement can be conducted under rigorous conditions,
including a temperature limit and high pressure. The opera-
tion of the E-line is of significant importance for addressing
the challenge of in situ characterization limitations and pro-
moting an in-depth study of the structure—property relation-
ship of energy materials.

3 Spectrometer design

The Bragg angle in the Johann-type geometry was deter-
mined by the relative position of the sample using a spheri-
cally bent crystal analyzer (SBCA) with a curvature radius
of 2R and a detector placed on a Rowland circle with a radius
of R. The entire XES spectrum based on point-to-point scan-
ning was obtained by the simultaneous motion of SBCA and
the detector, with the sample fixed to vary the Bragg angle.
Scanning is generally divided into rotational and transla-
tional modes, based on the orientation adjustment of SBCA
(Fig. 1). In the former case, the rotation angle of SBCA
was adjusted to scan the Bragg angle while simultaneously
being moved along the line connecting the sample and the
crystal center to match the Rowland circle. Lacking a linear
relationship between the SBCA and detector movements, the
signal collected by the detector could not properly converge
to the actual position of the fluorescence spot, resulting in
decreased energy resolution and count rate. Consequently,
a considerably accurate initial position with a Bragg angle
of 90° was required, which could hardly be achieved, and
the spectrometer introduced an additional high degree of
debugging. In translational mode, the SBCA was moved
straight in two perpendicular directions, and the detector was
translated along only one of these two directions. Thus, the
experimental data obtained in translational acquisition mode
are more accurate. The crystal, sample, and detector were
consistently positioned within the Rowland circle, a configu-
ration that reduced the experimental error and improved the
energy resolution. Moreover, the target fluorescence spot
on the detector was always focused on the Rowland circle,
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Fig. 1 (Color online) Schematic representation of the Johann-type
X-ray emission spectrometer working under the translational modes.
The curvature radius of Rowland circle (dashed) is 250 mm

thereby improving the count rate and promoting a higher
signal-to-noise ratio.

Arranging on the Roland circle with the midpoint between
the sample and detector aligned, seven identical SBCAs were
used to increase the signal collection efficiency (Fig. 2a). Each
of the seven crystals was arranged on an individual vertical
Rowland circle, sharing the same sample point and detector.
The slight vertical divergence of the incident X-ray beam was
also considered in this arrangement, promoting an improve-
ment in the energy resolution. Considering the space limita-
tions and motion range of the motors, the individual regulation
stages of the crystal analyzers were set to 16° with respect to
each other (Fig. 1b). The spectrometer was operated in the
translational mode, considering the tedious orientation adjust-
ment of the seven crystals. The relative positions of the key
elements in the spectrometer, namely, the distance between the
crystal and the sample (SC), the distance between the sample
and the detector (SD), and the projected distance from the
crystal to the sample-detector plane (CP), were calculated as
follows based on the Bragg equation:

SC =2R -sin#, €h)
SD =4R -sin@ - cos 0, 2)
CP = 2R -sin’ 6, 3)

where 0 denotes Bragg angle.
The XES spectrum was obtained by scanning the Bragg
angle and regulating the relative positions of the crystals,
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detector, and sample. The SC, SD, and CP values varied dur-
ing scanning. Accordingly, all seven crystals could move
upward through the high-torque motor and forward through the
individual step motors. Three additional degrees of freedom
(i.e., goniometer, rotation, and Z stage) were added to each
crystal to guarantee focusing on the same point.

The Bragg angle range covered by the spectrometer was
determined based on the geometric size and motion range.
The maximum Bragg angle was determined by the minimum
distance between the sample and detector, as exceeding this
distance risked collision between the detector and the sam-
ple. Consequently, the Bragg angle hardly reached 90° due to
the space limitations. Conversely, the minimum Bragg angle
is related to the limited position of the ¥ motor because the
height of the detector can be further increased by installing
an additional lifting platform. Consequently, the Bragg angle
range was obtained using the following equation:

SDyin >’ )

2R

. CPyiN
0 = 1 [ MIN 5
MIN = arcsin R 5)

Moreover, the energy range of the spectrometer was deter-
mined by both the limit positions of the motors and the crys-
tal curvature radius. These crystal wafers with a diameter of
100 mm were bent into a spherical surface with a curvature
radius of 500 mm. Notably, crystal analyzers were used to
release stress and reduce Darwin broadening to improve the
energy resolution. The entire spectrum from the K/ main
line to the VtC-XES was measured by loading crystals with
optimal Miller indices, which facilitated further data pro-
cessing by subtracting the high-energy tail [9]. SDy\ and
CPyy of the XES spectrometer in the E-line were approxi-
mately 70 mm and 457 mm, respectively, corresponding to
the Bragg angle ranging from 73° to 86°. The appropriate
energy range covered by the crystal analyzers in the spec-
trometer was determined as follows:

Opmax = 90° — % . arcsin(

12398.5
" 2d-sin@’ ©)

where d is the crystalline interplanar spacing determined
by the Miller indices and tabulated lattice parameters. d for
the Si and Ge crystals was calculated using Eqgs. (7) and(8),
respectively.

5.4309

dgj = ——— 7
Vh?+ k2412 @

5.6574

dge = —=22201% o
VR rR+R ®
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Fig.2 (Color online) Mechanical drawing of the crystal motion control system in a isometric projection and b top view. ¢ Photograph of the

seven-crystal Johann-type spectrometer settled in the E-line

The minimum and maximum energies reached by a silicon
crystal with special indices A, k;, and [, can be deduced and
simplified as follows:

Eyiy = 114426 - /B2 + 12 + 12, )

Eyax = 1193.63 - h(2)+k(2)+lg. (10)
The corresponding energies for the germanium crystals with
identical indices were determined as follows:

Eyvin = 1098.45 - W’ an

Eypx = 114584 - /B3 + k5 + 2. (12)
The overlap in the energy ranges of Ge and Si crystals with
identical Miller indices suggests that these two types of crys-
tals are suitable for covering the energy range of 3.5-18
keV. For example, the E,;, of Si(220) is 3.2 keV, the E;,, of
Si(440) is 6.4 keV, and the Si(220) in 6th order is 19.2 keV.
Similarly, the general indices of Si and Ge cover the emis-
sion lines from most of the elements of interest.

In the setup of spectrometer, two detectors were installed
to collect the selected X-ray fluorescence: a four-element
SDD from Vortex and a position-sensitive detector (PSD)
from PILATUS 100K. While charge-coupled devices are
often used to record X-ray images, an additional shutter
must be installed on the incident path to suppress dark cur-
rent and readout noise. Furthermore, the relatively poor
conversion efficiency of photons to signals (i.e., approxi-
mately 50%) hinders the collection of abundant emission
lines at synchrotron radiation facilities. PSD is generally
utilized in point-to-point spectrometers, which require a
short readout time, high single-to-noise ratio, and a wide
energy range. As a hybrid pixel detector, PILATUS 100K
with direct deposition of X-ray photons in a readout chip

avoids secondary conversion and increases the counting rate,
making it suitable for high-flux stations [34, 35]. The good
detective quantum efficiency of high-energy photons ensures
a wide energy range of 3.5 to 18 keV, using only silicon sen-
sor instead of GeTe or GaAs. With an energy resolution of
approximately 1000 eV, the threshold can be set to subtract
undesired low-energy photons to improve the single-to-noise
ratio. A large active area of 83.8 mm X 33.5 mm is also pre-
ferred for optimizing the spectrometer’s orientation. Based
on the merit of approximately 130 eV energy resolution,
the SDD can restrain stray photon collection and further
improve the spectrometer’s energy resolution. By setting the
rational energy threshold for the PSD to approximately half
the target energy, the undesired scattering distance is gener-
ally hindered. Unlike the von Hamos-type spectrometer, the
PSD is used only for counting, instead of position-sensitive
recording. The 172 pm X 172 pm pixel size of PILATUS
100K is sufficiently small for high-energy resolution spec-
troscopy measurements, even though it is larger than the
beam spot (80 pm X20 pm).

Although incident X-rays are primarily utilized to excite
core-level electrons, the precise energy set is crucial, extend-
ing beyond mere surpassing of the absorption edge. Multiple
excitations should be considered because they result in an
additional undesired satellite KL# peak at the high-energy
tail of the Kf, s peak. This phenomenon poses challenges in
signal normalization and background subtraction [36]. The
highest energy of the incident X-rays should not exceed the
sum of the binding energies of the 1s and 2p orbitals of Z
and Z + 1, respectively. For example, it will be best to set the
incident energy below 7383.6 eV during the XES measure-
ment of Mn species, calculated from the K-edge energy of
Mn (6539 eV) plus the L-edge energy of Fe (844.6 eV). In
an undulator beamline, the photon flux is strongly depend-
ent on the gap and taper of the poles [37]. During the XES
measurements, the incident energy was fixed, and the taper
was set to zero to ensure the incident flux was at the har-
monic peak. For HERFD-XAS and RIXS measurements, an
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Fig.4 (Color online) a The elastic scattering peak and correspond-
ing Gaussian fitting at 6499.5 eV; b In La; X-ray emission spectrum
based on the Si(220) crystals at the Bragg angle of 79.1°; ¢ the elastic

appropriate taper should be set to avoid a sharp decrease in
flux in the XANES range. The incident X-ray intensity was
recorded to normalize the XES spectra. An ion chamber was
installed on an X-ray emission spectrometer. Gas inflation
was controlled using automatic mixture equipment based on
X-ray energy (Fig. 2c¢).

In addition to the intrinsic influence of the beamline and
spectrometer on the energy resolution, the contribution of
the sample (mainly the thickness) was also visible in the
spectrum width. The thickness distorts the XES spectrum by
changing the effective source point of emission. Assuming a
sample thickness of 6x, the difference in the emission points
can result in a deviation in the Bragg angle 66 (Fig. 3a). The
relationship between these two parameters was calculated
as follows:

ox

60 = ———.
2R - tan @

(13)
Correspondingly, energy offset can cause spectral broaden-
ing (Eq. (14)):

2
SE = 12398.5 _cos 0 )
4d - R

ox. 14
sin® 0 (14
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scattering peak at 19,507.5 eV based on the Si(220) crystals with the
6th order at the Bragg angle of 83.5°

Based on this, loading an excess sample volume into the
tablet is not reasonable, even though the emission count
is increased. Hence, the balance between the fluorescence
quantum efficiency and spectral broadening should be con-
sidered during sample preparation. For example, MnCl,
powders with loading contents of 5 and 17 mg were pressed
into tablets to directly verify the influence of the sample
thickness on the broadening of the XES spectrum (Fig. 3b).
The Kp, 5 peak of the 17 mg tablet clearly exhibits a wider
peak with a full width at half maximum (FWHM) of 0.3 eV
compared to that of the 5 mg tablet. Moreover, the thickness
effect can result in errors during the quantitative analysis of
the peak intensity. Thus, identical sample contents should be
loaded into the tablet to avoid undesired spectral broadening
during measurements. To achieve uniform sample thickness,
holders with a fixed thickness of several hundreds of microns
can be used to pack the fine-ground sample powder, and thin
Kapton tape can be used to seal the sample.

In addition, elastic scattering at 6499.5 eV using a Si
(440) crystal was performed to demonstrate the energy res-
olution of the spectrometer. Figure 4a illustrates the peak
with a FWHM of 0.8 eV, which was considerably lower
than the core-hole lifetime broadening of emission lines of
most heavy elements. This result clearly demonstrates the
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excellent capacity of the XES spectrometer to determine
imperceptible electronic dynamics [38, 39]. Furthermore,
the energy range covered by the spectrometer determined the
targets of the elements of interest. In this study, the In Le,
emission spectrum was obtained using Si(220) crystals. Fig-
ure 4b, whereas the emission line at approximately 3289 eV
was efficiently collected by tuning the Bragg angle to 79.1°
with a helium bag. The extremely low energy limit promotes
the investigation of L-edge XES of 4d transition elements
and M-edge XES of actinium series elements. Elastic scat-
tering at 19,507.5 eV was obtained using the same crystals,
demonstrating the capacity to measure partial 4d/5d transi-
tion elements and uranium-series elements (Fig. 4c).

4 Experiments

By utilizing seven Si (440) crystals and the PILATUS 100K
PSD, the local electronic structure changes of MnCO; pyrol-
ysis under ambient atmosphere were investigated through
in situ VtC-XES. The incident X-ray energy was 7.0 keV
with a flux of ~ 10'2 photons/s. Considering the influence of
attenuation in air, transition probability, and elemental con-
tent, the counts reaching each crystal were ~ 10° photons/s.
In the experiment, the Bragg angle was scanned at approxi-
mately 81.52°, indicating that the selected fluorescence
X-ray could travel in the air for 1 m and that the transmission
fraction was less than 10%. A helium bag was fixed between
the crystals and the detector, especially for VtC-XES col-
lection, as the intensity was approximately two orders of
magnitude weaker than that of the Kf main line (Fig. 5a).
A proper counting area is crucial for high-energy resolution

routine XAFS of Co,05; and e the final-state configurations of local
1s'3d® quadrupole (A) transitions and non-local 1s'3d”4p(3d®) dipole
transitions (B)

because the energy of photons recorded within broad pixels
can be shifted by aberrations; therefore, no more than 10
rows of pixels were selected. In addition, an in situ ther-
mal cell was specially designed for the XES measurements
(Fig. 5b). The beryllium window was curved to the hemi-
sphere to maximize the exit angle and maximize the collec-
tion of signals from the seven crystals. The distance from the
center of the detector to the top edge of the sample holder
was shorter than SDyy of 70 mm, while ensuring a reason-
able layout for the gas and cool water pipelines. The energy
step for the in situ measurement was set to 0.2 eV. The inte-
gration time was set as 10 s. The MnCOj solid was ground
into a fine powder, which was then pressed into tablets.

As the temperature increased from room temperature to
400 °C, MnCO; dissociated rapidly along with the release
of CO, and evolved into oxides, as evidenced by the appear-
ance of the Kf, s peak at 6532 eV (Fig. 5c). With a further
increase in temperature, the Kg” peak at 6520 eV arising
from the ligands’ 2 s to the metal’s 1 s transition gradually
shifts by approximately 0.7 eV. The same shift was observed
for the Kf, s peak. As illustrated in Fig. 5a, the position dif-
ference from the Kf, 5 peak to the K" peak is determined
by the energy level difference between the ligands’ 2s and
2p orbitals. Kwon et al. reported that the peak position of
Kp, s mainly depends on the valence state of the Mn spe-
cies [40]. Compared with the reports on Mn,0; and MnO,
in the literature, the Mn species in MnCO; were oxidized to
Mn* and Mn** at extremely high temperatures. Thus, this
demonstration experiment verified the in situ capability of
XES measurements under rigorous conditions.

HERFD-XAS was performed with the emission
energy fixed by scanning the incident energy and tuning

@ Springer



156 Page8of10

B.-B. Mei et al.

a double-crystal monochromator [41]. HERFD-XAS was
generally collected at the Kf, ; main line because the peak
broadening of the Ka line was extremely large and the emis-
sion energy of Kf, 5 was close to the incident energy, which
could lead to elastic scattering. During the HERDF-XAS
measurements, the Kf; 3 XES spectrum was collected to
determine the peak position and calibrate the energy position
to the corresponding emission line. To ensure background
subtraction, the starting energy must be at a minimum of 20
eV lower than the absorption edge. During the ex situ meas-
urement, the sample was pressed into a tablet and within a
specialized holder matching the clamp to reduce the degrees
of freedom and maintain constant emission energy. As a
representative stable bulk oxide, Co,05 is typically used as
a reference to demonstrate its valence state and coordination
configuration. Thus, determining the accurate origin of fine
structures is vital for investigating the characteristics of the
materials of interest [42]. In this study, HERFD-XAS of Co,
O, was conducted. Figure 5d compares the HERFD-XAS
and routine XAS of Co,0;. The pre-edge feature in HERFD-
XAS was more intense, and the second pre-edge peak was
clearly resolved, further implying that HERFD-XAS is a
powerful tool for investigating weak features in the pre-edge
region. Co,0; is a typical low-spin oxide with a fulfilled t,,
orbital and an empty e, orbital corresponding to the first pre-
edge peak at 7711.4 eV (3d” —1s'3d® transition). In contrast,
the second pre-edge peak at 7713.7 eV originated from the
delocalized transition from 1s to the mixing orbital of the
local 4p and 3d of the neighboring Co atom bridged with
oxygen (Fig. Se) [43, 44].

5 Conclusion

As is commonly known, a thorough comprehensive of the
reaction mechanisms occurring at the catalyst surface/
interface is essential for the informed design of novel, cost-
efficient, and stable catalysts, given that the majority of reac-
tions take place at these locations. Traditional hard X-ray
spectroscopy can be used to obtain bulk-averaged structural
information straightforwardly owing to its strong penetrating
depth. Although soft or tender X-ray spectroscopy is more
surface sensitive, operando measurements are hindered by
vacuum conditions. Toward this end, high-energy-resolution
SRXS technology combined with operando/in situ measure-
ments offers a conclusive tool for obtaining valuable infor-
mation on the chemical nature of catalysts.

The development of a seven-crystal Johann-type X-ray
spectrometer with a high-energy resolution at the E-line in
SSREF is discussed in detail herein. Covering a wide Bragg
angle range from 73° to 86°, the spectrometer can detect
emission lines from 3.2 to 19.5 keV with appropriate Si
or Ge crystals, which can meet most demands from both

@ Springer

fundamental and applied research fields. The sub-eV energy
resolution benefits the accurate detection of fine electronic
structures under in situ or operando conditions, including
charge transfer, orbital splitting, and electron spin states.
A large solid angle ensures that dilute samples or weak
transition probability emission lines can be detected with a
reasonable single-to-noise ratio. A spectrometer operating
at the E-line will promote a deep investigation of the rela-
tionship between dynamic electronic structures and activity,
further guiding the rational design of high-performance and
long-term stability catalysts.
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