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Time-resolved X-ray absorption spectroscopy (XAS) offers the possibility to
monitor the state of materials during chemical reactions. While this technique
has been established for transmission measurements for a number of years, XAS
measurements in fluorescence mode are challenging because of limitations in
signal collection as well as detectors. Nevertheless, measurements in fluores-
cence mode are often the only option to study complex materials containing
heavy matrices or in samples where the element of interest is in low
concentration. Here, it has been demonstrated that high-quality quick-scanning
full extended X-ray absorption fine-structure data can be readily obtained with
sub-second time resolution in fluorescence mode, even for highly diluted
samples. It has also been demonstrated that in challenging samples, where
transmission measurements are not feasible, quick fluorescence can yield
significant insight in reaction kinetics. By studying the fast high-temperature
oxidation of a reduced LaFe(gNijgO5 perovskite type, an example where the
perovskite matrix elements prevent measurements in fluorescence, it is shown
that it is now possible to follow the state of Ni in situ at a 3 s time resolution.

1. Introduction

X-ray absorption spectroscopy (XAS) is a potent tool to study
the oxidation state and local coordination environment of
heterogeneous catalysts during operation (operando metho-
dology) (Nachtegaal et al., 2017). When XAS is achieved with
good time resolution (10 s or better) it allows for the deter-
mination of the structure of reactive species in transient
experiments (Marberger et al., 2018). Both energy-dispersive
XAS (Nagai et al., 2008; Pascarelli et al., 1999) and quick-
scanning extended X-ray absorption fine-structure
(QEXAFS) spectroscopy allow the collection of full EXAFS
spectra in transmission mode with sub-second time resolution
(Frahm, 1988; Fonda et al., 2012; Miiller et al., 2016; Liitzen-
kirchen-Hecht et al., 2001). In previous years, QEXAFS has
been mainly exploited for the collection of transmission
spectra using gas-ionization chamber detectors, as these offer
excellent linearity and simple adjustability of the signal
intensity (Nachtegaal er al, 2015). Furthermore, the intro-
duction of gridded ionization chambers allowed one to
significantly increase the response time of the ionization
chambers and thus the time resolution of XAS (Miiller et al.,
2013). There exist cases where the collection of time-resolved
spectra is desirable but the material of interest does not allow
the acquisition of transmission spectra. Materials with a low
concentration of the element of interest and/or the presence of
heavy elements, which absorb very strongly in the selected
energy range, result in transmission XAS measurements not
being feasible. In this case, fluorescence measurements are
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desirable but present additional challenges. Since the fluor-
escence radiation is emitted isotropically, a large detector area
is necessary to achieve high efficiency.

Multi-element solid-state detectors (SSDs), which are
commonly used for fluorescence XAS measurements, suffer
from low saturation count rates and low response times, which
typically limit their application in time-resolved studies
compared with gas-ionization chambers (Nachtegaal et al.,
2015). SSDs are typically limited to a count rate of several
MHz when operating in photon-counting mode with modern
readout electronics. For recording QEXAFS spectra, with
1 MHz counting rate from an SSD, with up to ten spectra per
second and 1000 data points each, each data point would be
acquired in ~100 ps or 100 counts per point at maximum
count rate, which gives a too large statistical error of 10%
(based on the Poisson limit, signal-to-noise ratio ~ N, where
N is the number of samples at each data point). In order to
achieve acceptable data quality, reducing the statistical error
to 1%, count rates well in excess of 100 MHz would be
required (Hansen er al, 2008). Typically, experiments
performed on all but very dilute samples yield a fluorescence
flux in excess of 10° photons s™*, which causes saturation in a
SSD detector. Alternatively, avalanche photodiodes (APDs)
with maximum count rates of ~100 MHz could be used. Such
systems are often used in pump-probe XAS experiments
(Smolentsev et al, 2018, Wang et al., 2017). However, in
contrast to large-area partially depleted passivated implanted
planar silicon (PIPS) detectors, typically both SSDs and APDs
are limited by the area of the detectors and as such the
measureable solid angle of the fluorescence emitted from a
sample.

Previously it has been shown that high-quality X-ray
absorption near-edge structure (XANES) spectra can be
recorded on a sub-second time scale using fluorescence-
detected QEXAFS (Liitzenkirchen-Hecht et al., 2001). Else-
where, using a highly reversible system, the application of a
modulation approach to recover time resolution through
repeatedly cycling the experiment at different incident X-ray
energies allowed for the reconstruction of the XANES spectra
with a moderate time resolution (Guda et al., 2018). However,
such an approach requires significant time to perform a single
experiment and a full reproducibility of the chemical process.
There are many cases, however, where such a time resolution
is potentially of great value to enable the observation of fast
irreversible processes.

Alternative methods have been employed to gain time
resolution with fluorescence measurements. For instance,
Turbo-XAS allows for the collection of spectra in fluorescence
mode at second time resolution at energy-dispersive beam-
lines by scanning a slit along the energy axis of the detector
(Pascarelli ef al., 1999). By using Turbo-XAS the redispersion
of Pt on a ceria—zirconia support has been elucidated with
moderate time resolution achieved for reasonable quality
XANES spectra (6 s) (Nagai et al., 2008). However, the Turbo-
XAS method has its limitations. In particular, the limited
energy bandwidth resulting from the Bragg angle variation
along the incident-beam footprint on the polychromator

crystal. As a consequence, the total energy range measureable
is significantly reduced at low energies (Abe et al., 2018). This
limitation typically makes full EXAFS data acquisition using
Turbo-XAS infeasible at energies lower than ~7 keV. Addi-
tionally, the change in direction of the slit motion results in
significant dead-time between acquisitions, ~800 ms (Pascar-
elli et al., 1999). Furthermore, the advent of new-generation
lower-emittance storage rings brings significant new chal-
lenges to energy-dispersive XAS beamlines. As a consequence
of the XAS spectrum being acquired as a one-dimensional
image, the larger horizontal coherence length and its negative
effects on the spatial homogeneity of the beam will affect
energy-dispersive XAS more than any other XAS method
(Abe et al., 2018).

Another method for measuring fluorescence XAS spectra
with high time resolution is by means of high energy resolved
off-resonant spectroscopy (HEROS) using highly resolving
X-ray emission spectrometers (Szlachetko et al, 2012,
Btachucki et al., 2014). In this case, an XAS-like spectrum is
collected at one incident energy, below the resonant region of
the absorption edge of interest. A dispersive emission spec-
trometer then allows collecting the high energy resolved XAS
spectrum in a single shot (Marchionni et al., 2016). However,
since the X-ray cross section becomes small below the
absorption edge, and the solid angle of the X-ray emission
spectrometer is typically limited, this method is not applicable
for dilute samples. Moreover, HEROS cannot probe the
EXAFS region. Nevertheless, it is an excellent method to
collect fluorescence XAS spectra free of self-absorption
(Btachucki et al., 2014).

Here we present the current state of fluorescence-detected
XAS spectra, as can be collected at the SuperXAS beamline
using a QEXAFS monochromator, with the best time reso-
lution presented to date for the study of both dilute samples or
elements in samples with a heavily absorbing matrix.

2. Results and discussion

For fluorescence-detected time-resolved quick-scanning XAS
measurements reported herein, a PIPS fluorescence detector
with an active diameter of 39 mm and a thickness of 300 pm
from Mirion Technologies has been utilized. No bias potential
was applied and the capacitance of the PIPS detector used is
294 pF. The current yield from the PIPS is amplified using a
very simple amplifier consisting only of the LMP7721 inte-
grated circuit, together with a corresponding gain resistor and
a tiny capacitor to limit the internal bandwidth of the chip,
Fig. 1(a). The so-called trans-impedance amplifier is battery
powered (£4.5 V) to reach the best possible signal-to-noise
ratio. The internal capacitance of the PIPS detector introduces
several instabilities like ringing, showing in spectra as addi-
tional oscillations behind the edge. To suppress such effects,
it is therefore necessary to use a feedback capacitor. The
drawback of increasing feedback capacitance results in the rise
time of the amplifier chain being limited to several micro-
seconds.
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Figure 1

(a) Circuitry diagram for the amplifier. C1 describes the capacitance of
the PIPS detector, C2 describes the feedback capacitance, R1 describes
the gain resistor and A1 describes the trans-impedence amplifier. (b) The
effect of increasing the feedback capacitance on the step response and
rise time of the amplifier utilized and comparison with the gridded ion
chamber and Keithley amplifier.

To optimize the feedback capacitance and as such reduce
artefacts in measurements recorded with fast scanning
through an absorption edge, the step response of the amplified
PIPS signal was measured using a fast X-ray chopper rotating
at 200 Hz at the SuperXAS beamline. An idealized 13 mm
diameter NiO pellet (transmission edge step of 1) was
mounted after the X-ray chopper and before the second
ionization chamber at 90° to the incident X-ray beam. The
PIPS detector was placed at ~30° angle from the incident
beam and facing the NiO pellet. The incident beam was tuned
to 8.4 keV to yield fluorescence emission from the NiO pellet.
The measurement data were recorded using a National
Instruments PXIe-6366 multifunctional data-acquisition
board (DAQ). The detector currents from either ion chambers
or the PIPS fluorescence detector are amplified and the
resulting voltages are digitized by analogue-to-digital
converters of the DAQ with 16 bit resolution and sampled
at 2 MHz.

The step response of the PIPS diode to incoming X-rays has
a negligible rise time for QEXAFS applications but is followed
by strong oscillations for several hundred microseconds when
insufficiently damped. The influence of the damping with

increasing feedback capacitance is demonstrated in Fig. 1(b).
Ringing of the step response is observed when insufficient
feedback capacitance is used. However, increasing the feed-
back capacitance, whilst alleviating the ringing of the step
response to the incident fluorescence, results in a slight
increase in the rise time of the amplifier.

Using the optimized amplifier feedback capacitance, the
sensitivity and data-collection repetition rates were explored
to determine the potential useable operation limits. Three
dilutions of NiO were prepared and pressed into 13 mm
pellets. The mass of NiO within each pellet was estimated by
consideration of the transmission XAS edge step obtained.
Transmission edge steps of 0.120, 0.018 and 0.008 were
observed from ~0.7, 0.1 and 0.05 mg of NiO diluted in cellu-
lose. The total mass of each pellet was measured as ~50 mg.
The quick-scanning fluorescence and transmission XAS data
were processed using ProQEXAFS (Clark et al., 2020) and
utilized third-order Butterworth filtering for high-frequency
noise suppression. Significant signal-to-noise ratio improve-
ments, approximately by a factor of four, are readily achiev-
able using Butterworth filtering applied to highly oversampled
XAS data (Clark et al, 2020). The subsequently obtained
normalized quick-scanning fluorescence XAS spectrum for
each sample with a data-acquisition time of 1s (averaging
both the up and down directions) at a monochromator oscil-
lation repetition rate of 1 Hz are shown in Fig.2(a).
Comparison between the XAS data collected in transmission
geometry and in fluorescence geometry is given in Fig. 2(b)
demonstrating the fluorescence XAS quality and agreement
between the two measurement modes for 1 s data-acquisition
periods.

The data quality achievable on such low concentrations of
NiO, and in short acquisition periods (1 s), shows the versa-
tility of the PIPS detector for time-resolved fluorescence
detection XAS. Comparison of the XANES obtained at 1 Hz
monochromator oscillation for the most dilute sample
(transmission edge step of 0.008) for 60 s averaged spectrum
and 1s (averaged in the up and down motion of the mono-
chromator) data-acquisition period obtained in total fluores-
cence yield and with 1 s in transmission geometry are shown in
Fig. 3(a). It is evident that for 1s acquisition time the data
obtained in fluorescence is of a higher quality compared with
the transmission data and is similar to the 60s averaged
spectra. The extraction of the EXAFS in k space and R space
is given in Figs. 3(b) and 3(c), respectively. The Fourier
transform window used was between 2.5 and 10.2 A~'. From
these figures, it is further evident that the transmission signal
has a significantly increased noise level compared with what is
achieved in total fluorescence yield with the PIPS detector.
The transmission signal shows a greatly increased noise level
in k space and yields an R-space pattern with significant
artefacts as a result. In contrast, the 1s and 60 s data acqui-
sition in fluorescence demonstrate very similar profiles in both
k space and R space. As such it can be noted that the 1 s data
acquisition, even in the case of a very dilute sample, is not
limiting the quality of the data obtainable from this sample
using the PIPS detector.
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Figure 2

(a) Normalized Ni K-edge (8333 eV) XAS spectra measured in the
fluorescence of NiO samples with decreasing sample mass pressed into
13 mm pellets. The absorption-edge step from each sample was measured
from the transmission geometry data. (b) Comparison of the normalized
XAS spectra obtained in 1 s for the 0.120 edge-step NiO pellet obtained
in transmission and fluorescence modes.

Normalised Absorption

To explore the effect of the data-acquisition period on the
quality of the data obtainable in fluorescence detection,
increasing monochromator oscillation frequency from 1 Hz to
10 Hz has been undertaken. Fig. 4(a) gives the XANES region
of the very dilute NiO sample with increasing monochromator
oscillation frequency. The data plotted are the average of 60 s
data acquisition at each oscillation frequency. With increasing
monochromator oscillation frequency, slight distortions in the
XANES region are observed. Higher monochromator oscil-
lation frequencies lead to a smoothing effect as a result of the
finite rise time of the amplifier used. As such using the PIPS
detector with monochromator oscillation frequencies in excess
of 1Hz should be carried out with care. However, for
following trends in oxidation-state changes and speciation
changes during reactive chemistry, the resolution on the
XANES is still sufficient even at 10 Hz. Fig. 4(b) gives the
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Figure 3

Normalized Ni K edge (8333 eV) XAS data of a very dilute NiO sample
comparing the 1s transmission (0.008 edge step), 1s fluorescence
detection and 60s averaged fluorescence in blue, red and black,
respectively. The XANES region, k*weighted k space and R-space
spectra are shown in (a), (b) and (c), respectively.
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(a) Normalized Ni K-edge (8333 e¢V) XANES data measured in
fluorescence of a very dilute NiO sample (0.008 edge step), comparing
a 60s averaged data-acquisition period for increasing monochromator
oscillation frequency. (b) A stacked plot of the extended XAS data
collected with increasing monochromator oscillation frequency and
decreased total signal-acquisition period. (¢) Obtained R-space data of
1 to 0.25 s data-acquisition periods.

average of the up and down spectra acquired at each mono-
chromator oscillation frequency corresponding to 1 to 0.1s
data-acquisition periods from 1 to 10 Hz. Here it is demon-
strated that even at very short data-acquisition periods the
quality of the obtainable data is still outstanding considering
the high dilution (transmission edge step of 0.008) of the NiO
sample. Whilst transmission data could not yield high enough
quality for the EXAFS region on this sample, useable quality
EXAFS data are obtained from the PIPS detector with
even 4 Hz monochromator oscillation frequency (0.25 s data
acquisition), Fig. 4(c). The noise level at frequencies higher
than 4 Hz did not allow for the Fourier transformation to R
space between 2.5 and 10.2 A to give reliable data from the
very dilute NiO sample investigated (0.008 edge step).

Being able to measure time-resolved XAS spectra in
fluorescence mode has obvious advantages. For the study of
dilute materials, where transmission XAS no longer yields
useable data, we have demonstrated that fluorescence XAS
spectra can be acquired with 0.1 s time resolution for XANES
and 0.25 s for EXAFS. Another class of materials which are
otherwise not measureable in transmission can also signifi-
cantly benefit from quick fluorescence data acquisition. One
example involves the study of perovskite-type oxides (ABO3)
(Pefia & Fierro, 2001) where obtaining XAS of dopant
elements substituting the B-site transition metal is often
challenging. The heavy A-site element (lanthanide, alkali or
Earth alkali element) typically absorbs very strongly at the
lower energies needed to probe the local environment of the
catalytically active B-site elements. As such, transmission
measurements become infeasible because of the total
absorption of the X-ray beam by the sample with a typical
quantity of material used in operando XAS experiments.

Perovskites have attracted great attention in recent years
for their application as active materials in electrochemical
cells (e.g. electrolyzers, solid oxide fuel cells) (Sapountzi et al.,
2017; Jiang, 2008; Neagu et al., 2015; Fabbri et al., 2017). They
have also received attention in classical heterogeneous cata-
lysis in part because of their ability to reversibly segregate
their B-site elements to produce active metal nanoparticles at
the oxide surface during reduction and reincorporate these
elements back into their structure during reoxidation (Nishi-
hata et al., 2002; Steiger et al., 2017; Onn et al., 2018). This so-
called structural reversibility allows for the generation of
redox stable and regenerable metal catalysts (Steiger et al.,
2018). Here we demonstrate the combination of fluorescence
QEXAFS, which enables the speciation of Ni in
LaFegNiy,03 (4.8 wt% Ni) using fluorescence QEXAFS at
the Ni K edge (8333 eV), and the in situ observation of Ni
reincorporation during reoxidation at 650°C at a time reso-
lution of 3 s.

Fig. 5 displays XANES spectra of LaFe,gNij,03 collected
around the Ni K edge (8333 eV) in fluorescence mode for a
single spectrum and averaged data. Because of the strongly
absorbing nature of the perovskite there is no transmission
through the sample. The spectra were collected at 1 Hz and
the fluorescence signal was recorded with a 2 MHz sampling
frequency and processed using ProQEXAFS (Clark et al.,
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Normalized Ni K-edge (8333 eV) XANES spectra of the calcined
LaFe,gNij,0; perovskite-type oxide for different averaging times
(1-100 s). The quality of a normalized single raw spectrum (untreated,
0.5 s) and the same spectrum after noise filtering (0.5 s) are shown for
comparison.

2020). Suppression of high-frequency noise was achieved using
a third-order Butterworth filter in combination with a weak
moving time-frame Savitzky—Golay filter. The Butterworth
filter is a smooth and continuous low-pass filter allowing for
the removal of high-frequency noise signals. Through this
procedure it is possible to achieve a temporal resolution of at
least 3 s for the XANES region. Averaging over longer times
(10-100 s) did not further improve the quality of the XANES,
as shown in Fig. 5. Therefore, we demonstrate that time
resolutions in the second range can also be achieved on
challenging materials, such as the perovskite-type oxides
presented here, using the PIPS fluorescence detector and the
continuous signal readout applied in this work. The time
resolution achievable in this case is lower than what was
possible in the dilute NiO pellet because of the significant
background fluorescence from La and Fe within the perov-
skite sample.

The possibilities offered by using the appropriate instru-
mentation and data-processing methods were exploited to
observe in situ the reincorporation of Ni metal back into the
perovskite-type lattice of LaFe gNij,03 during reoxidation in
20 vol% O,/N, at 650°C. This process is

methodological advancements presented in this work it is now
possible to follow such transient changes in the state of Ni in
situ at suitable time resolutions. Fig. 6(a) displays the results of
Ni speciation by linear combination analysis using the spectra
of Ni in the perovskite octahedral coordination of
LaFe,sNiy,05 (Ni't, n > 2) (Steiger et al, 2017) and of
metallic Ni (Ni’) and NiO reference spectra [Fig. 6(b)]. Upon
subjecting reduced LaFeqgNij,O3 to the oxidizing feed at
650°C, Ni’ is oxidized simultaneously to Ni’ and NiO species
in the first 10-15 s. Within this time, Ni” vanishes completely.
The fraction of NiO passes through a maximum at 24 s before
decreasing continuously, while the concentration of Ni’t
species increases steadily. After ~1 h all Ni has been rein-
corporated back into the B site of the perovskite lattice. At
this point, the octahedral coordination environment of Ni is
identical to that obtained after synthesis and its absorption
spectrum resembles that observed for LaFeqgNip,0;
[Fig. 6(b)]. Acquisition times of a single spectrum with
previously applied methods of collecting the fluorescence
signal using slow energy scanning and silicon drift detectors
were in the range of ~10 min, which limited the observation of
transient processes with faster kinetics significantly.

Further improvements can be made to the detection system
by increasing the solid angle of the fluorescence detection,
either by increasing the detector area or through the use of
multiple detectors to enhance the collected fluorescence signal
per time and therefore the potential time resolution. Never-
theless, these results demonstrate that it is possible with the
current technology to achieve respectable time resolution
through fluorescence detection in situ QEXAFS, and on
challenging samples, and elucidate previously unresolvable
time-dependent processes with application of the metho-
dology presented in this work.

3. Experimental

LaFe(gNip,0O; was prepared via the amorphous citrate
process (Marcilly et al, 1970) using La(NO3);-6H,O
(Sigma-Aldrich, 99.999% trace-metals basis), Fe(NO3);-9H,O
(Sigma-Aldrich, >99.95% trace-metals basis), Ni(NOj3),
6H,O (Sigma-Aldrich, 99.999% trace-metals basis) and citric
acid (Sigma-Aldrich, ACS reagent, >99.5%). The precursor

known to occur in some pre-reduced perovs- 100
kite-type oxides at sufficiently high tempera- 804 =
tures. Furthermore, this process is known to 9
be essential for the observed redox stability of 'g 60+
the catalyst and can be exploited to oxida- B 404
tively regenerate the catalyst from poisoning E
species (Steiger et al., 2018, 2017; Burnat et al., 20+
2016). Prior to the experiment, LaFe,gNij,05 0.
was reduced (10 vol% H,/Ar, 600°C, 1h), 0
which is known to cause the preferential
reduction and segregation of metallic Ni from .

Figure 6

LaFe(gNip,05 leading to the formation of
metallic Ni particles on the surface of the Ni-
depleted perovskite crystallites. With the

— References
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(a) Time-resolved in situ Ni speciation obtained through linear combination fitting during
reoxidation of pre-reduced LaFe,gNi;,O3 at 650°C in 20 vol% O,/Ar. (b) Ni K-edge
XANES spectra of reference components used for linear combination fitting.
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was calcined at 700°C for 2 h after drying (70°C, 12 h) to
obtain the perovskite-type mixed oxide. Extensive material
characterization has already been reported elsewhere (Steiger
et al., 2017, 2018). Ni K-edge (8333 eV) XAS data were
collected at beamline X10DA (SuperXAS) of the Swiss Light
Source (SLS, Villigen, Switzerland). The beam energy and
beam current within the storage ring were 2.4 GeV and
400 mA, respectively. XAS spectra were collected in fluores-
cence mode using an ionization chamber filled with N, to
measure incoming beam intensity and a PIPS detector
mounted at 90° to the incoming X-ray beam and the sample
mounted at 45°. The beam was collimated using a Si-coated
mirror, which was also used for the reduction of higher
harmonic contributions while the X-ray energy was continu-
ously scanned around the Ni K edge using a Si (111) channel-
cut monochromator at a monochromator oscillation frequency
of 1 Hz (Miiller et al., 2016). The beam was focused to a spot
size of 1.0 mm x 0.2 mm (height x width) using an Rh-coated
toroidal mirror. Measurements were performed on powder
samples mounted inside a quartz capillary (Hilgenberg, outer
diameter 3.0 mm/inner diameter 2.9 mm). Gas flow was
controlled during in situ measurements using mass-flow
controllers (Bronkhorst) and heating provided using a hot-air
blower (Leister). The sample temperature was monitored
using a 0.5 mm K-type thermocouple placed in the centre of
the sample bed. The data treatment was performed using in-
house developed ProQEXAFS software (Clark et al., 2020).
Calibration of the monochromator angle to energy of the
incident X-ray beam was performed through measurement of
an Ni foil. Prior to normalization, the data were filtered for
high-frequency noise with a Butterworth filter and the appli-
cation of a weak Savitzky—Golay moving time point smoothing
(window size, five spectra). Edge-step normalization was
performed using a first-order polynomial and Victoreen
function in the pre-edge and post-edge regions after the time-
frame averaging. The data were then interpolated onto an
energy grid with 0.25 eV steps in the XANES region and
0.025 A" steps in the EXAFS region. Ni speciation was
performed through linear combination analysis of the treated
spectra using reference spectra of LaFe,gNij,05, NiO and
metallic Ni. The Demeter software package (version 0.9.24)
was used for linear combination fitting of the normalized
spectra within the energy range 8.313-8.363 keV (Ravel &
Newville, 2005).
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