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This work presents laboratory-based operando X-ray absorption spectroscopy (XAS) measurements on
electrodes for rechargeable batteries. Using the “Developed in Aarhus: New Operando In-house
Scattering Electrochemical” (DANOISE) cell, operando XAS measurements were performed with two von
Hamos spectrometers, optimized for X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS). Selected battery electrodes, including commercial LiFePO, (LFP) for Li-
ion batteries and layered transition metal oxides, Na,TMO, (TM = Fe, Mn), electrodes for Na-ion
batteries, were measured to present a proof of principal for the applicability of these spectrometers in
battery research. The von Hadmos spectrometers used in this study offer a high efficiency and the ability
to measure a large spectral bandwidth (up to 1500 eV beyond the edge). Fe K-edge XANES
measurements of LFP with an acquisition time of 15 minutes per spectrum successfully captured the
transition of Fe species to FePO,4 during cycling. Additionally, Mn K-edge XANES measurements on Na-

ion battery materials highlight the challenges associated with Na-ion batteries, particularly due to their
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Accepted 22nd July 2025 higher absorption compared to Li-ion counterparts. Nevertheless, the Mn K-edge was successfully
measured, allowing for oxidation state determination in the material. Fe K-edge EXAFS measurements on

DOI-10.1039/d5ja00155b Na-ion battery materials revealed the transition of Fe species during charging, within an acquisition time
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1 Introduction

Rechargeable batteries are crucial in moving modern society
towards a more sustainable future powered by renewable and
green energy sources. Between 2020 and 2023, the International
Energy Agency (IEA) reported a fourfold increase in the global
energy-storage capacity using Li-ion batteries." This develop-
ment creates a constant push for new and improved recharge-
able battery technologies.> A key aspect is to lower the cost and
improve the sustainability of the functional battery materials as
the most widely employed battery technologies primarily rely on
scarce or critical minerals such as lithium and cobalt.? This is
a challenge as battery performance is closely linked to the
chemical composition of the functional materials.
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Simultaneously, novel battery technologies must be competitive
and preferably surpass current rechargeable Dbattery
performance.>*

Optimizing, designing and developing new technologies
require a profound understanding of the functional materials
hereunder, the active electrode materials, which should pref-
erably be studied during charge and discharge, as the dynamic
conditions in an operating battery are far from equilibrium. X-
rays are extensively used to probe the changes in an operating
battery using various operando diffraction or absorption tech-
niques.® Powder X-ray diffraction (PXRD) reveals the changes in
the crystal structure of the active battery materials, while
element-specific changes in valence state and the local atomic
environment can be probed using XAS.® Having the two as
complementary techniques makes a strong analytical tool,
allowing for, e.g. coupling structural transitions directly to the
redox activity of a specific element.

XAS, also referred to as X-ray absorption fine structure (XAFS)
spectroscopy, is typically divided into two regions: XANES and
EXAFS. This well-established and highly versatile method is
widely used to study the electronic structure of atoms, as well as
the coordination and bonding distances between them. Due to
the high brilliance and flux achievable in synchrotron radiation
facilities, operando experiments are often carried out at these
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large-scale facilities.””® However, it is worth noting that operando
XAS has been applied in battery research for more than two
decades. Pioneering contributions by McBreen,' Cramer,"
Wagemaker,"” and others laid the groundwork for many of
today's in-depth mechanistic studies. XAS has also gained
traction in laboratory environments with the advent of
advanced laboratory spectrometers.”*** The laboratory spec-
trometers used in this work already demonstrated their capa-
bilities to measure ex situ within the fields of catalysis
research,? material science**? and other.**** As shown by
recent works of Kallio et al. and Praetz et al.,, among other,
laboratory XAS spectrometer are not limited to ex situ
measurement.**** Using laboratory-based X-ray sources for
operando studies creates flexibility and options for material
screening, which is a great aid for scientific progress and
promotes the development of novel battery technologies. While
the high brilliance and flux of synchrotron radiation sources
offers a high versatility, e.g., to probe low concentrations or
reach a high temporal resolving power, especially for time
consuming studies such as long-term degradation of batteries
or routine analysis, laboratory-based methods have an advan-
tage over synchrotron-based techniques, where access and
beam time are limited. Additionally, laboratory measurements
can also complement synchrotron experiments to efficiently
render beam time or accelerate material development when
rapid feedback is required.

Operando XAS battery studies naturally require a suitable
battery cell that is easy to assemble, transparent to X-rays at the
desired photon energies, provides a high and homogeneous
stack pressure, ensures good electronic contact to the stack and
an airtight battery cavity to prevent air poisoning of the battery
components.*® These are all features that the DANOISE cell**
fulfills (see Fig. 1). The two 300 pm thin glassy carbon (SIGRA-
DUR® G, Hochtemperatur Werkstoffe GmbH) windows, ensure
49%?* transmission at the Mn K-edge (6.538 keV*®) and 58%*” at
the Fe K-edge (at 7.112 keV*®). The high rigidness and precise
manufacturing of glassy carbon windows ensure a homoge-
neous and high stack pressure. The large pinhole diameter
(@ 10 mm) of the cell accommodates the larger beam size of
laboratory spectrometers, enabling a more efficient use of the
incoming photons. In addition to its use as an operando cell, it
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can also serve as an inert environment for sensitive sample
systems.

In this work, investigations on different battery materials
were conducted by measuring the absorption K-edge of two
different 3d-elements (Fe and Mn) to provide a proof of prin-
ciple for the applied von Hamos spectrometers. The main focus
of the manuscript is to demonstrate and discuss the capabilities
and limitations of the spectrometer for operando Dbattery
research. In addition to the investigation of the Fe K-edge in
LFP, which is widely used as a cathode material in batteries due
to its low cost and long cycle life,> Na-ion batteries were
analyzed at the Mn and Fe K-edges. Na-ion batteries are
becoming increasingly important alternatives due to their
higher abundance, lower production costs, and reduced envi-
ronmental impact compared to Li-ion batteries.*

2 Experimental section

In Section 2.1 the cell design (Section 2.1.1), the synthesis of Na-
ion battery cathodes (Section 2.1.2) and the electrode prepara-
tion and assembly of the cell (Section 2.1.3) will be described.
Furthermore, the electrochemical cycling of the cell is explained
in Section 2.1.4. In Section 2.2 the used laboratory XAS setups
are discussed. Finally, reference materials, along with the
synthesis procedure for the LFP standard, are presented in
Section 2.3.

2.1 DANOISE cell

2.1.1 Cell design. The concept of the DANOISE (Developed
in Aarhus: New Operando In-house Scattering Electrochemical)
cell* is inspired by the AMPIX cell (Borkiewicz et al., 2012)*"* and
is compatible with multiple X-ray scattering and spectroscopy
methods, including X-ray diffraction (XRD), small-angle X-ray
scattering (SAXS) and XAS.* The cell and its components are
shown in Fig. 1 (left). The cell consists of a bottom and top part
3D printed with a polylactic acid (PLA) filament,** a J 10 mm
pinhole covered by a & 20 mm glassy carbon window
(300 pm SIGRADURA® G, HTW Hochtemperatur Werkstoffe
GmbH)* fastened using conductive silver epoxy. Electrical
contact for the cell is facilitated through these glassy carbon
windows, which are connected to external 2 mm banana jacks.
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angle

a Kapton =
Cu-foil Cu-foil
a Rubb | Rubb
u er u er
eter GF seperator | i
a Cathode pellet

(Left) Exploded view of the DANOISE cell. (Right) Schematic view through the battery cavity of the DANOISE cell with the battery stack

composed of anode, GF/B separator and cathode pellet. The illustration is based on Johansen et al. 202434
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The top part has an additional opening angle of 100° for e.g.
XRD. Inside the cell, a 0.8 mm thick fluorosilicone rubber
gasket prevents direct physical contact between the glassy
carbon windows, thereby avoiding a short circuit between the
two poles, and seals the battery cavity to protect the stack from
air exposure. The battery stack comprises the anode material (Li
or Na-metal), a Whatman glass fiber (GF/B) separator, and
a free-standing cathode pellet. Hence, the stack is a two-
electrode cell, wherein the metal anode served both as the
reference and counter electrode. A thin disc of Kapton® tape
placed on the anode window prevents the intercalation of Li or
Na into the glassy carbon structure. Due to the insulating nature
of Kapton®, a Cu-foil ring is placed between the Kapton®-
covered window and the anode side of the battery cavity. Fig. 1
(right) shows a schematic view through the assembled cell. For
more details, we refer to Borkiewicz et al. 2012 ** and Johansen
et al. 2024.**

2.1.2 Synthesis of layered Na-ion battery cathodes. Layered
O3-type materials Nag;,Feq¢Mng 40, (denoted F6M4), Nag g4-
Feo sMn, 3Mg, 10, (denoted FMM) and Na, ;gFeq 4sMng 45Tio 1-
O, (denoted FMT) were synthesized using Mn,0; (>99.9%,
Sigma Aldrich), Fe,O; (99.8%, Alfa Aesar), anhydrous Na,COj3
(99.8%, VWR Chemicals) and anatase-TiO, or MgO (99.8%,
Sigma Aldrich) for the dopant. The different precursors were
weighed according to Table 1 and transferred to an 80 mL
tungsten carbide (WC) crucible for high-energy ball milling
containing 10 WC (Z 10 mm balls (7.8 g per ball) giving a ball-to-
powder mass ratio of 40:1. After adding ~1 mL acetone, the
crucibles were closed, and the mixtures were milled using
a Pulverisette P6 for 30 min at 400 rpm using ten repetitions of 3
minutes milling and 4 minutes resting. The precursor mixture
was subsequently pressed into a J 20 mm pellet under an
uniaxial pressure of 3 tonnes for one minute. The pellet was
heated to 900 °C at 300 °C h™" rate, annealed for 16 h, cooled
down, and transferred to an Ar-filled glove box before cooling
below 300 °C.

2.1.3 Electrode preparation and cell assembly. Free-
standing cathode pellets of LFP (MTI Corporation) and FMT
were prepared by mixing the active material with polyvinylidene
fluoride binder (HSV900, MIT), acetylene black (VXC72, Cabot
Corporation) and graphite (C-NERGY SFG6L, IMERYS) in a mass
ratio of 4:2:2:2. Cathode pellets of F6M4 and FMM were
prepared by mixing active cathode material, polyvinylidene
binder (HSV900, MIT) and carbon black (C-NERGY Super C45,

Table 1 The masses of different precursors used for synthesizing
Nao 72Fe0 6Mno 402 (F6M4), Nao 84Feo,6Mn0 3M90 102 (FMM) and
Nao 78F€0.45MNg 45Tip 10, (FMT). See PXRD Rietveld refinement profiles
and structural information for the as-synthesized materials in Section
2.1 of the SI

Precursor
Sample Mn,0;/g Fe,03/g Na,CO;/g Dopant/g
F6eM4 0.4283 0.6508 0.7193
FMM 0.4283 0.6508 0.7193 0.0560
FMT 0.5399 0.5464 0.7405 0.1214

This journal is © The Royal Society of Chemistry 2025
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IMERYS) in a 44:33:23 mass ratio. This results in Fe concen-
trations ranging from 13 wt% to 14 wt% for LFP, F6M4, and FMM
pellets, and 9 wt% Mn for the FMT pellet. The mixed powders
were transferred to an agate mortar, and the components were
carefully mixed under an inert Ar-atmosphere to obtain a homo-
geneous composite. The free-standing pellets were obtained by
applying an uniaxial pressure of 2 tonnes for one minute. To
accommodate the relatively large X-ray beam size, pellets of
& 8.5 mm and & 10 mm were used for the LFP and Na-ion battery
materials, respectively. All pellets were prepared to obtain an
absorption length between 2 and 3 for 50 eV (7162 eV) above the
Fe K-edge®® using the XAFSmass* program.

Operando laboratory XAS was performed using the
DANOISE** cell mounted at the spectrometer (see Section 2.2)
directly in front of the X-ray source, at a distance of approxi-
mately 8 cm from the source spot. LFP was cycled against a 50
um thick Li-metal disc serving as the anode with a Whatman
GF/B separator wetted with eight drops of 1 M solution of
lithium hexafluorophosphate (LiPF¢) in a 1:1 v/v mixture of
ethylene carbonate and dimethyl carbonate (99.9%, Solvionic).
The Na-ion battery cathodes were cycled against a thinly rolled
Na-metal disc separated from the cathode pellet by a Whatman
GF/B separator wetted with eight drops of a 1 M solution of
sodium trifluoromethanesulfonimide (NaTFSI) in a 1:1 v/v
mixture of ethylene carbonate and dimethyl carbonate (99.9%,
Solvionic) serving as the electrolyte. Lithium-containing cells
were assembled in an Ar-filled glovebox while Na-containing
cells were assembled under N,-atmosphere.

2.1.4 Electrochemical cycling. The batteries were cycled at
a current rate of C/10 within potential limits of 2.5-4.2 Vvs. Li'/
Li for LFP and at a current rates of C/20 for F6eM4 and C/15 for
FMM and FMT within the potential limits of 1.5-4.3 V Na*/Na.
The electrochemical cycling was controlled using a Yokogawa
GS610 potentiostat and a self-written LabVIEW program. After
charging and discharging, pausing steps of up to 2 hours for
relaxation were conducted. The theoretical gravimetric capacity,
which will be compared to the measured capacity in the
following (see Section 3), is calculated based on the complete
extraction of one Li (or Na for FeM4, FMM and FMT) ion per
formula unit from the cathode.

2.2 Laboratory XAS setups

XAS measurements were carried out with two self-developed
wavelength-dispersive spectrometers in von Hamos geometry
- one optimized for EXAFS measurements, and the other for
XANES measurements with short acquisition times.'*** The
spectrometers are equipped with a micro focus X-ray tube,
a curved Highly Annealed Pyrolytic Graphite (HAPG) mosaic
crystal and a hybrid photon counting CMOS detector with 512 x
1030 pixel and a pixel size of 75 x 75 um. The X-ray tube is
optimized to reach 30 W at 15 kV with an emission angle of 18°
and a source spot of 70 x 70 um. For the Fe K-edge measure-
ment the tube was operated with a voltage of 13.5 kv and
a current of 1790 pA and for the Mn K-edge measurement with
avoltage of 12.2 kV and current of 1580 pA. The sample or cell is
positioned directly in front of the X-ray source, at a distance of

J. Anal. At. Spectrom., 2025, 40, 2447-2461 | 2449
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approximately 8 cm from the source spot. The distances to the
optic and the detector depend on the selected X-ray energy and
the type of optic used, and increase with higher energy and
a larger bending radius of the optic. Due to the von Hamos
geometry, the area illuminated by the divergent X-ray beam is
larger than the sample area effectively detected by the spec-
trometer. The simultaneously measured sample area depends
on the set energy and typically covers a few square millimeters.
These von Hamos spectrometers are measuring the whole
spectral bandwidth simultaneously, which means scan free
without any moving parts during the measurements. The
differences between the two spectrometers, primarily arising
from the use of different HAPG optics, are discussed in more
detail in the following sections.

2.2.1 XANES. The XANES optimized spectrometer employs
a dispersive optic with a crystal thickness of 40 pm, a bending
radius of 150 mm, and a length of 5 cm in the dispersive plane.
It is optimized for short time XANES acquisition with a spectral
resolving power of at least E/AE = 2000, offering significantly
shorter measurement times than optics optimized solely for
highest resolution, such as demonstrated by Schlesiger et al.
2020.” In our setup, measurement times of approximately 5
minutes per spectrum are sufficient to quantify fractions of
pure iron oxide mixtures via linear combination fitting (LCF), as
shown in Schlesiger et al. 2015."¢

In comparison, synchrotron-based XANES enables signifi-
cantly faster data acquisition (<30 s) due to higher photon flux.”
In operando experiments, the acquisition time directly influ-
ences the applicable C-rate, as each spectrum represents an
average over the state-of-charge changes occurring during
exposure. To ensure sufficient temporal resolution, the C-rate
and acquisition time must be balanced such that the state-of-
charge change per spectrum is limited to a few percent.

The spectral bandwidth which can be measured at the same
time is about 500 eV. Vacuum tubes (5 mbar pressure inside)
with 35 pym Kapton® windows are installed between the X-ray
source and crystal and between the crystal and detector to
lower the air absorption and increase the efficiency of the
spectrometer.

2.2.2 EXAFS. The EXAFS optimized spectrometer uses
a dispersive optic with a crystal thickness of 40 pm, a bending
radius of 100 mm and a length of 16 cm in the dispersive plane.
With this optic it is possible to measure a spectral bandwidth of
1500 eV at the Fe K-edge simultaneously. While the spectral
bandwidth and the efficiency (better signal-to-noise ratio (SNR)
in the same measurement time) is higher compared to the
XANES optimized spectrometer, the resolving power of E/AE =
1500 to 1800 at the absorption edge,* but strongly decreasing
with increasing energy, is lower. To reduce air absorption and
increase efficiency, all components are in a vacuum chamber
with an inside pressure of 5 mbar.

A side-by-side comparison of spectra measured with the
EXAFS optimized and XANES optimized setup, highlighting the
differences between the two spectrometers, is shown in the SI in
Fig. $27-529.

In the following, we refer to measurements performed using
the XANES optimized optical setup as XANES optimized

2450 | J Anal. At. Spectrom., 2025, 40, 2447-2461
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measurements, and to those conducted using the EXAFS opti-
mized setup as EXAFS optimized measurements.

2.3 Reference materials

For the Fe K-edge measurements of the LFP two reference
materials have been measured. For the discharged state of the
LFP-cell, as-synthesized LFP was used. LFP was prepared by
combination of two co-precipitation reactions and subsequent
hydrothermal treatment after Chen et al. 2006 *” and Lee et al.
2011."® As starting materials LiOH-H,0 (>98%, Merck), FeSO,-
-7H,0 (>99%, p.a, Roth) and H;PO, (85%, p.a, Chemsolute) were
used. H;PO, was dropwise added to LiOH-H,O until pH of 8 and
precipitation of Li;PO, was observed. FeSO,-7H,0 was dissolved
in destilled water and dropwise added to the mixture until pH of 7
and precipitation of Fe3(PO,4), 8H,0 was reached. The solution,
including precipitate, was transferred directly into an autoclave
and underwent a hydrothermal treatment at 120 °C for 5 hours to
form LiFePO,. The resulting LFP powder was filtered off and
dried. In order to prevent the oxidation of Fe(u) to Fe(m) all steps
were performed in Ar-atmosphere. Fig. S8 in the SI shows the
XRD pattern of the synthesized LFP. All diffraction peaks can be
indexed to an orthorhombic Pnma lattice structure, which is
characteristic of LiFePO,. The powder pattern was measured
between 18° and 70° 26 using a Bruker D8 Diffractometer (Bruker,
Germany) with Co Ka radiation. Rietveld refinement on the XRD
data was done with Diffrac TOPAS software.*>*

For the charged state of LFP, FePO,-4H,0 (FP, =24% Fe,
Sigma-Aldrich)® powder was purchased and used without
further purification. The synthesized LFP and FP were prepared
as pellets with 13 mm diameter by using a hydraulic pellet press
and adding Hoechst Wax C as a binder. Different manganese
oxides (MnO, MnO, and Mn,0;) were already prepared on
adhesive tape and were used as references for the Mn K-edge
investigation of the FMT cathode material. Furthermore, for
the EXAFS measurements of F6M4 and FMM different iron
oxides (FeO,* Fe,0; ** and Fe;0, **), already prepared as powder
on adhesive tape, were used as references.

3 Results

Section 3.1 presents the results measured with the XANES
optimized setup on the commercial LFP and the synthesized
FMT. This is followed by the results with the EXAFS optimized
setup on F6M4 and FMM in Section 3.2. A demonstration of the
capabilities and limitations of laboratory XANES and EXAFS
optimized measurement for operando application is presented.
The absorption is expressed in units of uQ (where u is the mass
attenuation coefficient and Q is the mass deposition of the
analyte). The normalization and further processing of the data
was done by using ATHENA of the Demeter software package.>

3.1 XANES on LFP and FMT

The operando XANES optimized measurement (see Section
2.2.1) for the commercial LFP material has been performed at
the Fe K-edge and for the FMT material (see Section 2.1.2) at the
Mn K-edge as a proof of concept for von Hamos operando XAS

This journal is © The Royal Society of Chemistry 2025
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measurement. The results of the operando XANES optimized
measurements of charging LFP against a Li-metal anode with
the corresponding galvanostatic potential profile are shown in
Fig. 2. A spectrum was recorded every 300 s. To improve the data
quality 3x binning of the data was applied resulting in 900 s (15
min) measurement time per spectrum. The complete charge
process took about 9 h resulting in a total of 36 (3x binned)
spectra in Fig. 2 (top). The full potential profile of the charge-
discharge cycle, along with the unnormalized data, is provided
in the SI in Fig. S1 and in Fig. S9 and S10 respectively. The
change of the Fe K-edge as Li is extracted from LFP is clearly
recognizable in the spectra shown in Fig. 2. This is also in
agreement with the results presented in Johansen et al. 2024 3*
were operando XANES measurement has been performed on
LiFePO, using the HelXAS spectrometer at the Center for X-ray
Spectroscopy at the University of Helsinki.'® The results for LFP
in Fig. 2 (top) further indicate that upon completion of the
charging period and reaching the potential limit of 4.2 V vs. Li'/
Li, the Fe in the cell is not fully converted to FePO,. The theo-
retical specific capacity for LFP is 170 mA h g~' (based on

1.5 T T T T T
LiFe(I)PO, 0% charged
........ Fe(llPO, —— 50% charged
—— 100% charged
1.0 -
. energy / eV
g 7110 7120 7130 7140
S . . . r
C
¢}
3
0.5
0.0 gj | L
7100 7200 7300
energy / eV
ol . - . . . . .
> 40} '
T
S 38f
Q
o
836l j
34 >| L 1 1 1 L 1 L 1 |
0 1 2 3 4 5 6 7 8 9
time / h
Fig. 2 (Top) Normalized XANES spectra recorded with the XANES

optimized setup, during charge from 3.4 V to 4.2 V at a constant
current of 115 pA, shown together with the references (dashed and
dotted line) of LiFePO,4 and FePO,4. The 0% and 100% charged samples
refers to the points at the lower and upper potential limits, while 50% is
the time-point in the middle between the two. A capacity of
151 mA h g~ was measured at the potential limit. (Bottom) The gal-
vanostatic potential profile collected during charge of LiFePO, vs. Li*/
Li at C/10. The complete profile of charge and discharge is shown in
the Sl (see Fig. S1).
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extraction of one Li), while the actual obtained capacity was
151 mA h g™, which explains this observation.

LCF of the first and last spectra of the charge cycle, per-
formed over a broad energy window (24 eV below to 250 eV
above the absorption edge), using LiFePO, and FePO, as refer-
ence standards, yields 100% =+ 1% LiFePO, for the initial
spectrum, while the final spectrum indicates 83% =+ 1% FePO,.
These fits are shown in Fig. S11 (SI). To improve the quality of
the fit in the region most sensitive to changes in oxidation state
and local structure, an additional LCF analysis was performed
in a narrower energy window (from 24 eV below to 30 eV above
the absorption edge). This restricted range emphasizes the
white line region (approximately 7125-7150 eV), which contains
the most diagnostic information on speciation. This approach,
illustrated in Fig. S12 (SI), minimizes the influence of multiple
scattering at higher energies and allows a more focused evalu-
ation of changes in the white line shape, in line with established
XAS methodology.*® While the narrow-window fitting more
directly targets the white line feature, the overall trend in the
weighted components remains consistent with the full-range fit,
with no significant differences observed within the fit uncer-
tainties. The evolution of the fitted component weights across
all 36 spectra during charging is presented in Fig. S13 (SI).

Additionally, the Fe K-edge position was determined by
interpolating the energy at uQ norm. = 0.5 of the normalized
spectrum (Fig. S14, SI), showing a shift from the LFP reference
toward—but not reaching—the FePO, reference. This supports
the 83% FePO, fraction obtained by LCF at the end of charge.
While we note that edge position alone is not a direct measure
of oxidation state, its evolution agrees with the trends observed
via LCF. Together with the persistence of isosbestic points at
approximately 7127 eV, 7160 eV, and 7175 eV, this supports
a two-phase equilibrium mechanism during charging,®” which
could be corroborated through principal component analysis
(PCA) techniques,”®*® however, such an analysis exceeds the
scope of the present work.

The investigation of sodium (Na)-based batteries presents
greater challenges compared to those of LFP as a result of the
higher absorption by the metallic Na-anode. Furthermore, these
cathode materials, compared to LFP used in this work, typically
contain additional 3d transition metals (TM), such as Fe, Mn
and Ti in the case of FMT, which further increases overall
absorption. Additionally, the usable photon flux of the spec-
trometer decreases with lower photon energies, leading to
a longer measurement time at the Mn K-edge (6539 eV)
compared to the Fe K-edge (7112 eV) to achieve the same SNR
for the same elemental concentration.®®

Due to electrochemical malfunction of the battery cell con-
taining the FMT electrode - potentially caused by improper
stack pressure or an improper assembly - it was not possible to
obtain a complete C/15 dataset. Charging the cell at a C/15 rate
abruptly ended after 600 s when the potential limit of 4.3 V vs.
Na'/NA was reached. A discharge to reset/restart the battery cell
resulted only in a charge period of approximately 1 h. The gal-
vanostatic potential profile collected during this process is
presented in the SI (see Fig. S2). Therefore, no adequate
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operando XAFS measurement during charge and discharge
could be conducted.

Nevertheless, despite these challenges, XANES spectra at the
Mn K-edge of FMT within a battery stack in the DANOISE cell
were successfully measured, allowing for the identification of
the Mn oxidation state. Fig. 3 shows the normalized XANES
spectra of FMT with three different binning intervals, corre-
sponding to measurement times of 5 min, 15 min and 25 min,
in comparison with reference spectra of Mn,0; and MnO,. The
unnormalized data of the first 14 spectra with a 3 x binning of
the FMT during the charge and discharge attempts are provided
in the SI in Fig. S15, which shows an overall absorption of the
cell of uQ > 7 and an edge step/jump of about 0.7 uQ. When
comparing the normalized FMT results in Fig. 3 with the
reference spectra, the best description is obtained using MnO,,
suggesting that the Mn oxidation sate in FMT is mainly Mn(wv).
For pristine FMT (prior to any electrochemical cycling), an
oxidation state between Mn(u1) and Mn(wv) is expected as the Na-
content is usually ~5% below <1 in the as-synthesized material.
LCF of the 5x binned FMT spectra prior to electrochemical
cycling was performed using MnO, Mn,0; and MnO, as refer-
ence standards (see SI Fig. S15, right). The LCF results indicate
a composition of 30% £ 5% Mn,0; and 70% =+ 5% MnO,,
corresponding to an Mn(wv) oxidation state of approximately
70%. LCF on the 3x binned data results in the same composi-
tion for the oxidation state/species.

Despite the challenging absorption conditions of this sodium-
based battery cell, the data quality of the Mn K-edge measure-
ment is sufficient to qualitatively investigate the oxidation state of
FMT within a 15 minutes measurement time frame.

3.2 EXAFS on F6M4 and FMM

The EXAFS optimized measurements (see Section 2.2.2) were
performed at the Fe K-edge for the synthesized layered Na-ion

UQ norm.

- = = Mn(Ill),0,
- = = Mn(IV)O,
—— FMT 25 min

—— FMT 15 min
FMT 5 min

6600 6800

-0.5

1

energy / eV

Fig. 3 Normalized XANES spectra of pristine FMT (prior charging)
measured at the Mn K-edge for different measurement times in
comparison with the references Mn,Oz and MnO, using the XANES
optimized spectrometer. The lower SNR is mostly due to the sodium
(Na) as anode material, instead of lithium compared to the LFP in Fig. 2.
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battery FeM4 and FMM (see Section 2.1.2). In Fig. 4 (top, left)
the normalized EXAFS spectra of F6M4 during the charge cycle
is shown. The binning for this data set was 3x, resulting in
15 min measurement time per spectrum. The C/20 charge took
about 12 h to reach the potential limit of 4.3 V vs. Na'/Na (see
Fig. S3 in the SI) resulting in 48 spectra. The unnormalized data
is shown in Fig. S16 in the SI. Despite the higher total absorp-
tion of >5.5 uQ after the edge, compared to LFP, which is caused
by the metallic Na-anode and the additional TM Mn in the cell,
the data quality is comparable to the LFP measurement.
Damping effects are present at the edge and extend up to 300 eV
beyond the edge. These damping effects are caused by the use of
the EXAFS optic and intensify with increasing edge jump. They
can result in a reduced absorption edge jump and a lower
amplitude in the Fourier transformation (FT) of the EXAFS
spectra, causing, among others, distortions in coordination
numbers and bond distances. In the SI a direct comparison of
LFP measured with both spectrometers is shown in Fig. S27
highlighting the extent of the effect. These damping effects are
currently under investigation, with ongoing efforts to minimize
their impact on the spectrum. Further extreme cases of
pronounced damping, along with the optimal sample thick-
ness, are provided in the SI (see Fig. S28 and S29).

Compared to XANES optimized measurements of LFP
a broader spectral bandwidth could be measured at the same
time, which is also shown by the unnormalized spectra (cf.
Fig. S10 and S16 in the SI). The evolution of the spectral features
for F6M4 is observed during charge, although the scale of
change is substantially lower compared to the results of LFP
(see Fig. 2). This was anticipated based on previous studies of
other comparable layered O3-type materials. Additionally, while
LFP cycles between Fe(u) and Fe(i), the layered materials are
expected to cycle between Fe(ur) and Fe(wv).

Fig. S21 (top, SI) shows the first and last spectra of the F6M4
sample during charging, compared to reference spectra of
Fe,0; (Fe(u)) and Fe;O, (Fe(u,m)) measured on the same labo-
ratory XAS setup, and SrFeO; (Fe(wv)), measured at beamline B18
of the Diamond Light Source (DLS) and published by Mahato
et al. 2025.°* The spectra have been aligned and normalized to
allow for comparison of their absorption edge positions. The
edge position of F6M4 lies between that of the Fe(m) and Fe(v)
references, indicating an average oxidation state of Fe in F6M4
that is higher than +III. This interpretation is further supported
by the quantitative determination of the edge positions, ob-
tained by interpolating the energy at which the normalized
absorption crosses is 0.5: Eo(Fe,03) = 7124.90 eV + 0.03 eV,
Eo(SrFeO;) = 7127.89 eV + 0.06 eV, and Ey(F6M4) = 7125.79 eV
+ 0.03 eV.

While this supports the presence of Fe in an oxidation state
between Fe(m) and Fe(iv), we emphasize that absorption edge
position alone is not a definitive measure of oxidation state, as it
can also be influenced by coordination environment and cova-
lency.**** Additionally, although reference compounds provide
a useful guideline, the different chemical composition and
structure of SrFeO; compared to the Fe-Mn oxide phase in
F6M4 precludes its use in quantitative LCF analysis. For accu-
rate LCF, reference standards should closely match the local

This journal is © The Royal Society of Chemistry 2025
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(Top, left) Normalized operando EXAFS optimized measurement of FEM4 during charge at a C/20 rate (within the potential window of

1.5-4.3V vs. Na*/Na), with a measurement time of 15 min per spectrum (3 x binning). The inset highlights changes in the pre-edge. (Top, right)
k2—weighted EXAFS signal of F6M4, measured over 25 min using 5 x binning to improve SNR. (Bottom, left) FT of the EXAFS signal of FEM4.
(Bottom, right) FT-EXAFS of FMM recorded with a measurement time of 25 min and 5 x binning (see Fig. S19, left in the Sl for the corresponding
k?-weighted EXAFS signal). For both FT plots, the transformation was performed in a k-range of 3-11 A=%. The raw (unnormalized) data of F6M4

and FMM, including the discharge period, are shown in Fig. S16 and S17

chemical and structural environment present in the sample,***
however, reference Fe(v) oxides resembling the F6M4 and FMM
materials are generally lacking. Furthermore, the SrFeO; spec-
trum was not collected on the same instrument as the sample
data, introducing potential instrumental shifts and resolution
differences. For these reasons, we include the comparison to
Fe(iv) compounds as qualitative context only. Notably, the edge
position of F6M4 remains effectively unchanged throughout the
charging process (see Table S4, SI, for a summary of E, values of
all measured references and first and last F6M4 states). While
electrochemical data and the sample composition suggest
a change in Fe oxidation state towards Fe(wv), this change is
difficult to confirm solely based on the edge position, as no
significant shift is observed.

This journal is © The Royal Society of Chemistry 2025

in the SI.

As shown in the inset of Fig. 4 (top, left), a small pre-edge
feature appears during charging, which may indicate distor-
tions in the [FeOq] octahedra by the cooperative Jahn-Teller
effect (CJTE),** or Fe migration to tetrahedral sites.®® When
comparing the first and last spectrum of the charge and
discharge cycle it is observed that this change is almost
completely reversible, as shown in Fig. 5 (left). This reversibility
of the species change is also supported by the measured
capacity. During charge a total capacity of 141 mA h g~ ' was
reached, while during discharge a total capacity of 150 mAh g™*
was measured. The discharge capacity exceeding the charge
capacity is expected as the pristine (as-synthesized) electrode
materials contain less than one Na per formula unit, i.e., less
than one Na can be extracted during the first discharge, while
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Fig. 5 First and last Fe K-edge spectrum, measured with the EXAFS optimized spectrometer, of charge and discharge of FEM4 (left) and FMM
(right) with an enlargement of 150 eV beyond the edge in the insets. The data was 3x binned resulting in 15 min measurement time per spectrum.
The raw spectra of the complete cycle for both materials, as well as the normalized spectra of FMM, are shown in the Sl (see Fig. S16-S18).

insertion of up to one Na per formula unit is possible during
charge.

The k*>-weighted EXAFS signal of F6M4 is shown in Fig. 4
(top, right) and was obtained from 5x binned (25 min
measurement time) data to increase the SNR for higher -
values. In the k*weighted EXAFS of F6M4 the shifts and
decrease/increase in intensity of the oscillation are more
observable compared to the normalized spectra. The FT of the
EXAFS signal in Fig. 4 (bottom, left) can provide information on
the bond distance, disorder, and redox effects, among other
factors.The dominant peaks in the FT-EXAFS of F6M4 are
located at ~1.2 A, accompanied by a smaller peak at ~1.6 A, and
~2.5 A. Deviations between the peak positions in the FT-EXAFS
and the actual bonding distances of 0.2-0.5 A are expected due
to the uncorrected phase shift that leads to lower apparent FT-
EXAFS peak values.*>*” Hence, the dominant peak at ~1.2 A and
the smaller peak at ~1.6 A likely correspond to first shell Fe-O
bonds, which are in the range of 1.7-2.3 A.%7° The observation
of two distinct peaks in the FT-EXAFS suggests the presence of
multiple Fe-O bonding environments in the material, which
likely arise from distortions of the [FeOq] octahedra. These
distortions may be attributed to a CJTE induced by the presence
of Mn**.”%72 While mild Fe-O bond splitting has previously been
reported in the literature - for example, by Kwok et al. 2024 7*
and Behera et al. 20257 (preprint) - the degree of splitting
observed in our study is notably stronger. Similar or even more
pronounced TM-O bond splittings have been observed in other
systems, including Mn-O,”*’* Co-0,” Ni-0,”>”” and Cu-0."*
While such behavior is not unprecedented, further verification
of the observed Fe-O bond splitting is necessary. Complemen-
tary techniques such as temperature-dependent FT-EXAFS”
(where the splitting is expected to diminish at elevated
temperatures if driven by CJTE), Raman spectroscopy,” hard X-
ray photoelectron spectroscopy (HAXPES),”? pair distribution

2454 | J. Anal. At. Spectrom., 2025, 40, 2447-2461

function (PDF) analysis via neutron scattering,”>”® and Moss-
bauer spectroscopy’® could provide additional insights to
confirm the origin and nature of the distortion.

During charging, the peak intensity at ~1.6 A decreases
significantly, accompanied by a broadening and the emergence
of a shoulder in the second-shell peak at ~2.5 A. This behavior
suggests a reduction in local structural distortion, potentially
related to the diminishing Jahn-Teller effect as Mn’* is
oxidized.” Although the feature at 1.6 A might partially result
from overlapping contributions or superposition of multiple
scattering paths, its distinct shift to higher R - contrary to the
second-shell peak, which shifts to lower R - points to a real
change in the local coordination environment. As shown in the
SI (Fig. S25), the individual path contributions from the EXAFS
fits (see discussion below) do not indicate any significant
superposition at ~1.6 A within the applied model.

The reversible nature of these changes upon discharge (see
Fig. S20 in the SI), coupled with the pre-existing peak splitting
in the pristine state, supports a CJTE where correlated distor-
tions across multiple Fe sites create long-range ordered struc-
tural modifications. The second dominant peak at ~2.5 A is
assigned to an Fe-TM bond (Fe-Mn or Fe-Fe between 2.5-3.0
A)"®* or to an Fe-Na bond (2.7-3.2 A).%

For a quick analysis of the Fe-O bond distance, a quick first
shell (QFS) path can be fitted using ARTEMIS from the Demeter
software package.* It provides a structureless way of computing
the scattering amplitude and phase shift of the first coordina-
tion shell well enough to offer a preliminary estimate of real
bond distances.®* The QFS function is only fitting one path
using the EXAFS equation.®*®* For an accurate fit and/or to
include contributions from the second shell and beyond,
several scattering paths need to be included, which are obtained
from the complete atomic structure. This will be further di-
scussed below. The QFS fit, shown in Fig. S25 (left) in the SI,

This journal is © The Royal Society of Chemistry 2025
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demonstrates that the model fails to properly reproduce the
spectrum due to the splitting of the Fe-O bond. The fit attempts
to compensate for this limitation by applying an nonphysically
high amplitude reduction factor S§ of 7.4 and high E, shift of
—13,5 eV. As shown in Fig. S25 in the SI, the individual path
contributions from the EXAFS fits do not indicate a superposi-
tion (see discussion above) of scattering paths at ~1.6 A within
the current used model. Although the resulting bond distance
of 1.89 + 0.14 A falls within literature reported values,®®7 it
cannot be considered reliable.

For a more accurate fit and/or for fitting the beyond the first
shell several paths need to be included. These are obtained
from the model of the complete atomic structure. When
applying the structural model based on the layered oxide O3-
Na,Fe, sMng s0, derived from XRD measurements, the second-
shell contribution can be successfully fitted, as illustrated in
Fig. S25 (right). However, due to the limitations of the model -
which does not account for the CJTE - the split Fe-O bond still
cannot be accurately fitted. Even attempts to include a second
Fe-O path with different initial parameters failed to resolve this
issue. A more accurate structural model that incorporates the
CJTE, as done in the work by Nagle-Cocco et al. 2024,” is
therefore required. In the O3-model EXAFS fit, only the Fe-Fe
bond was modeled for the second peak. Due to the significant
overlap between the Fe-Fe and Fe-Mn scattering paths, di-
stinguishing between these contributions is not feasible. The
fitting results are summarized in Table S5 in the SI, yielding
a bond distance of 2.94 + 0.06 A for the Fe-TM (Fe/Mn) inter-
action and 3.21 4 0.06 A for the Fe-Na bond. These values are
consistent with literature data®®®*° and preliminary Rietveld
refinement of the XRD pattern.

During charge, the second peak is decreasing significantly,
indicating disorder or oxidation/reduction effects in the mate-
rials. To better visualize the evolution of the peaks during
charging, Gaussian profiles were applied to extract the absolute
height and position of the two main features. The results are
presented in Fig. S22 and S23 in the SI and confirm the strong
decrease in intensity for the second dominant peak and show
a small shift of the first peak and its adjacent smaller peak of
approximately 0.06 A and 0.01 A respectively.

The second material investigated with Fe K-edge EXAFS
optimized measurement was FMM (see Section 2.1.2). This
sample, like F6M4, was compared to measured reference
spectra of Fe,O3 (Fe(m)), Fe;0, (Fe(u,m)), and SrFeOj; (Fe(wv)), the
latter obtained from Mahato et al. 2025.* Changes in the
spectra during charge are observed for this material as well (see
Fig. 5 (right) and Fig. S17-S19 in the SI). Upon closer exami-
nation of the white line (first peak beyond the edge), this feature
exhibits a more pronounced shift towards higher energies or
peak broadening compared to F6M4 (Fig. 5 (left)). This behavior
is also evident from the edge position shift of nearly 1 eV
between the first and last spectrum, as shown in Fig. S21
(bottom) and summarized in Table S4 in the SI. This could be
attributed to a transition to a different species in FMM, possibly
due to the doping of Mg, or by the fact, that the calculated
specific capacity for this material of 224.6 mA h g~" (close to
242.6 mA h g~ for F6M4) was closer reached with a measured
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capacity of 183 mA h g~ ! after reaching the potential limit of
4.3 Vvs. Na'/Na. The results in Fig. 5 (right) also show that the
change of the Fe species in the cell does not completely reverse
during discharge. The measured capacity for the discharge cycle
is only 94 mA h g~! which is only about 50% of the capacity
reached during charge of the FMM and could be related to the
incomplete reversal of the species. Additionally, we see signs of
poor electrical contact through the battery 4.5 h after starting
discharge (see SI Fig. S4, right). This could have increased the
overpotential resulting in a faster discharge. However, this
could also be due to irreversible structural rearrangements such
as Fe migration or severe stacking faults as discussed in
previous work. 487

The FT-EXAFS signal of FMM (see Fig. 4, bottom right) also
exhibits two dominant peaks around 1.49 A and 2.52 A.
However, in contrast to F6M4, no peak splitting or signatures of
cooperative Jahn-Teller distortions are observed in the pristine
or charged states. This behavior may be attributed to the pres-
ence of Mg>", which stabilizes the lattice and shifts the oxida-
tion state of Mn closer to +1V, thereby suppressing local Jahn-
Teller distortions and promoting a more uniform Fe-O
coordination.®®* A smaller peak at ~2.0 A in FMM can be
attributed to a superposition of Fe-O and Fe-Fe/Na paths, as
supported by the individual path contributions from the EXAFS
fits shown in the SI (Fig. S26).

When comparing the FT-EXAFS of FMM and F6M4, it is
evident that both exhibit a decrease in peak intensity during
charging, with the second dominant peak in the FT-EXAFS of
FMM decreasing by approximately 40%. Additionally, the first
peak shifts toward higher radial distances by about 0.03 A. A
peak analysis similar to that performed for F6M4 was also
carried out for FMM, with the results shown in Fig. S22 and S24
in the SI. The first peak is most likely associated with an Fe-O
bond, but with a significantly longer bond length than observed
in F6M4, likely due to the absence of the CJTE. The second peak
can be attributed to Fe-TM and Fe-Na bonds, similar to F6M4.
QFS fitting and full O3-model EXAFS fitting on the initial
spectrum of FMM, as done for F6M4, support these interpre-
tations. For FMM, both fitting approaches yielded good agree-
ment, successfully reproducing the first and second
coordination shells. This improved fit performance is most
likely due to the absence of the CJTE in FMM.

The results, shown in Fig. S26 in the SI, yield bond distances
of 1.96 4 0.04 A for the Fe-O bond from the QFS fit, and 1.95 +
0.04 A from the 03 model fit. Additionally, the O3-model EXAFS
fit provides bond distances of 2.96 + 0.03 A for the Fe-TM bond
and 3.16 + 0.08 A for the Fe-Na bond, which are in good
agreement with values reported in the literature.®*7** It should
be noted that this represents a preliminary attempt at a full
EXAFS fit, but it demonstrates that the O3 structure is an
appropriate model for FMM. A more detailed fit, including
additional scattering paths, would be required for improved
accuracy but lies beyond the scope of this study.

When comparing the Fe K-edge XANES region of the spectra
of F6M4 and FMM with those of FeO, Fe,03, Fe;0, and SrFeO; **
no clear match is observed (see Fig. S21, SI) as mentioned
already for F6M4. This lack of correlation likely results from

J. Anal. At. Spectrom., 2025, 40, 2447-2461 | 2455


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ja00155b

Open Access Article. Published on 29 July 2025. Downloaded on 4/2/2026 8:29:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

JAAS

differences in both oxidation state distribution and local coor-
dination environment between the binary iron oxide standards
and the more complex iron-manganese oxide phases present in
the samples. In contrast, the Mn K-edge XANES optimized
measurements of FMT shows a clear resemblance to a known
Mn-oxide reference, suggesting a simpler speciation for Mn in
that case. These findings suggest that Fe in F6M4 and FMM is
not present as a single, well-defined binary phase, but rather
incorporated within a mixed Fe-Mn oxide framework and/or
distributed over multiple species. This interpretation is
further supported by XRD analysis of the pristine materials (see
Fig. S6 and S7, SI), which confirms that Fe and Mn are incor-
porated into the same layered NaTMO, (O3-type) host structure.
The XRD patterns show single-phase materials with minor
unidentified impurities, indicating no separation into distinct
Fe-only or Mn-only phases.

Operando EXAFS optimized measurements at the Fe K-edge
were successfully performed during the cycling of F6M4 and
FMM. The data acquired—within a measurement time of 15 to
25 minutes per spectrum—were of sufficient quality to yield
valuable insights into the local structure and coordination
environment of Fe within the cells. FT-EXAFS analysis provided
qualitative information on the evolution of Fe coordination
during cycling. For FMM, QFS fitting resulted in Fe-O bond
distances that are consistent with values reported in the liter-
ature and those obtained from Rietveld refinement of XRD data.
Furthermore, applying the O3-structural model enabled EXAFS
fitting of the second shell, allowing the extraction of Fe-TM and
Fe-Na bond distances and demonstrating the feasibility of
detailed FT-EXAFS analysis when an accurate structural model
is available.

In contrast, for F6M4, neither the QFS nor the O3-model
EXAFS fits produced reliable Fe-O bond distances, likely due
to the influence of the CJTE. Consequently, Fe-TM and Fe-Na
bond distances obtained from the O3-model fit for F6M4 should
be interpreted with caution, given the structural model's limi-
tations. Structural models used for EXAFS fitting, such as the
one in this work, can be derived from X-ray diffraction
measurements (e.g., via Crystallographic Information Files,
CIF*"). A comprehensive EXAFS fitting of all operando spectra
was not conducted, as it would exceed the scope of this study.

4 Conclusions

Laboratory operando XANES and EXAFS measurements on
battery materials with the DANOISE cell were successfully con-
ducted on two different von Hamos spectrometers with HAPG
optics. The Fe K-edge of LFP and of two O3-type layered oxides
for Na-ion batteries was measured during charge and discharge
as a proof of principle. Mn K-edge measurements of O3-NaFMT
were conducted as well. However, due to electrochemical mal-
function, the operando experiment was not possible. With
measurement times of 15 min per spectrum the SNR was
sufficient enough to perform LCF on the LFP and FMT XANES
optimized measurements used to investigate the ratios of Fe
valence states in the materials and thus tracking the redox
reaction for LFP or proving possible air poisoning of the FMT
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within the cell. Furthermore, EXAFS was acquired on F6M4 and
FMM using 25 minutes of exposure time with an EXAFS opti-
mized spectrometer. The FT-EXAFS showed changes in bonding
distances, distortion effects and changes in coordination
geometry. To obtain reliable quantitative results from this data,
especially when performing EXAFS-fitting, longer measurement
time are required, compared to only conducting a XANES
experiment.

Since the usable photon flux of the spectrometer increases
with higher energy, investigation of other 3d TM such as Co, Ni,
Cu, etc. can be conducted with shorter measurement time per
spectrum compared to the Fe K-edge, if the elemental concen-
tration is the same. The current spectral limitation of the
XANES optimized spectrometer is about 18 keV, which means
that K-edges up to Zr (17998 eV)*® and L-edges of the 5d-TM are
measurable. One crucial part to measure with such short
acquisition times was the use of an optimized micro focus X-ray
tube, which already reached 30 W at 15 keV. Further develop-
ment in novel X-rays sources, optics and detectors can increase
the efficiency and measurable spectral bandwidth of these
spectrometers even further.

Nevertheless, despite the high efficiency of these laboratory
spectrometers, short cycle rate such as C/0.5 or C/1 as shown in
Yan et al. 2021 ° are not applicable for the operando investiga-
tion of Na-ion based materials with the elemental concentration
in this work.

This work demonstrates the feasibility of conducting
laboratory-based operando XAS measurements on batteries,
providing insights into the evolution of the electronic structure
under realistic operating conditions. In addition to synchrotron
XAS and XRD measurements, these findings enable further
development and optimization of battery materials through in
situ and operando laboratory investigations. Synchrotron beam
time for operando studies can be prepared and used more effi-
ciently by focusing on measurements that cannot be performed
in the laboratory, such as high-speed cycling or spatially
resolved experiments. Additionally, in combination with crys-
tallographic information (CIF) from XRD measurements, FT-
EXAFS fitting can be performed. For amorphous battery mate-
rials,”” laboratory XAS serves as a valuable alternative to XRD.
These results highlight the potential of laboratory-based tech-
niques, such as the von Hamos spectrometers in this work, to
complement large-scale facilities and advance battery research.
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